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Abstract  

After decades of research, crystalline silicon technology dominates the global 

photovoltaic market by 92%.1 To gain market share from crystal silicon solar 

cells, emerging photovoltaic technologies have to demonstrate a combination of 

high power conversion efficiency (PCE), easy and cost-effective manufacturing 

processes and long-term stability. Recent researches suggest that organic-

inorganic halide perovskites have the potential to meet these conditions and 

become competitive in the marketplace.2-7 

The work presented here is comprised of an experimental study on the fabrication 

of perovskite solar cells using a two-step hybrid evaporation-spincoating method. 

Solution processing enables easy fabrication processes2-8 with possibility of band-

gap tuning9 for tandem application9-14 while vacuum basted methods15-20 offer the 

advantages of deposition on non-planar surfaces like light trapping pyramidal 

textured structures, interesting for tandem configuration on high efficiency 

silicon solar cells.21-22 The hybrid two-step evaporation-spincoating deposition 

method, gains benefit from both solution processing and vacuum based 

deposition advantages while not suffering from the drawback of hazardous 

solvents consumption in solution processing.18-20  

With maturing of the fabrication methods, a deepened understanding of which 

factors determine PCE, becomes more and more important for further 

improvements. Especially understanding of the crystallization and the layer 
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ripening is crucial as those determine the occurring of defect centers that could 

limit performance. Accordingly, the role of excess PbI2 in perovskite structures 

and its impact on crystallization quality, optoelectronic properties and 

photovoltaic performance of different perovskite solar cells is studied in this 

thesis. It is found that a higher concentration of remnant and unconverted PbI2 

correlates with smaller and stronger interconnected grains, as well as with an 

improved optoelectronic performance of the solar cells with higher efficiencies 

and the mitigation of hysteresis.  

Moreover, the issue of ''Interface Engineering'' at the perovskite top and bottom 

interfaces is addressed. Optimization of the charge carrier transport layers 

improved the optoelectronic and photovoltaic parameters. The impact of different 

transparent conductive oxides is also investigated in this thesis. The optical and 

electrical parameters of the perovskite absorber deposited on FTO and ITO 

transparent conductive oxides are compared. This is interesting especially for the 

tandem applications where the interface engineering is crucial for decreasing the 

parasitic losses.  

Tandem perovskite on silicon architecture is presented as an outlook for this 

thesis. Implementation of perovskite absorber fabricated by hybrid method atop 

highly efficient silicon bottom cell would lead to the efficiencies beyond 

theoretical efficiency limit of single junction solar cells. 

 



 3 

Preface 

This thesis work has been initiated at the Department of Physics, University of 

Pavia where I have started my PhD in 2015 under supervision of Prof. Lucio 

Claudio Andreani.  

The initial investigation on the perovskite solar cells fabrication and 

characterization was done under supervision of Dr. Annamaria Petrozza at the 

Center for Nano Science and Technology (CNST) in Milan/Italy, which is a 

research center within the Italian Institute of Technology (IIT). I spent the second 

year of my PhD in this prestigious center and got familiar with the basics of 

perovskite materials and realization of perovskite solar cells. 

The main experimental goals of this thesis has been followed in the Fraunhofer 

Institute for Solar Energy Systems ISE in Freiburg/Germany, where I joined as a 

visiting PhD student and could use the opportunity of working in high-tech labs 

with advanced facilities for fabrication and characterization of high efficiency 

perovskite solar cells utilizing the novel two-step hybrid evaporation-spincoating 

method.  

Working in the field of perovskite solar cells was extremely challenging for me 

because I had to gain a lot of knowledge from the Material and Chemistry 

sciences and combine them with my Physics and thin film technology background 

within a short time period to fulfill an innovative and productive research work. 
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The necessity to gain these knowledges made me get to know many talented and 

interesting people from whom I learned a lot during my PhD. I hope the results 

achieved in this study would be useful for the researchers of photovoltaics, 

especially those who have been focused on perovskite solar cells fabrication and 

characterization.  
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Chapter 1: Introduction  

 

1.1 Perovskite solar cell materials and interfaces  

Perovskite is calcium titanium oxide with the chemical formula CaTiO3. The 

mineral was found in the Ural Mountains by Gustav Rose in 1839 and was named 

after Russian mineralogist Count Lev Perovski (1792-1856). All materials with 

the same crystal structure as CaTiO3, namely ABX3 are termed perovskites. 

However, CaTiO3 is an insulator and not suitable for photovoltaic applications.  

The useful materials from perovskite family for solar cells fabrication are lead 

halide perovskites with an ABX3 structure where A is an organic cation like 

methylammonium (MA) or formamidinium (FA) or inorganic cation like cesium 

(Cs) or rubidium (Rb), B is a metal like lead (Pb) or tin (Sn) and X is a halide like 

iodine (I), chlorine (Cl) or bromine (Br).  
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Figure 1. The CaTiO3 mineral (a) and the ABX3 perovskite crystal structure 

(b).25 

The first successful implementation of perovskite materials in solar cells was 

realized in 2009 by using the MAPbI3 and MAPbBr3 as the semiconductor 

sensitizer in liquid electrolyte dye-sensitized solar cells.23-25 In recent years the 

perovskite solar cells (PSCs) have soared by power conversion efficiencies 

(PCEs) reaching more than 25 % in 2019.26 This class of perovskite materials 

have a tunable band gap from 1.15 eV (MASn0.8Pb0.2I3) to 3.06 eV (CsPbCl3) by 

interchanging the cations, metals and/or halides.27  
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Figure 2. Band-gap tuning in perovskite solar cells. 

The variety of ions that can occupy the A, B and X-sites enables variation of 

optoelectronic properties in perovskite solar cells.  The possible combinations of 

A and B sites are determined by Goldschmidt tolerance factor, which is derived 

from a close-packing of spherical hard ions. The best performing recently 

reported perovskite solar cells are employed complex stoichiometry based on 

cesium (Cs), formamidinium (FA) and methylammonium (MA) cations on A-site 

and iodine and bromine on the X-site. This complexity affects performance and 

stability of the solar cells due to variation of trap states in the material bulk and 

interfaces as well as energy alignment and chemical reactions.  

A combination of unique characteristics of hybrid perovskites such as high 

absorption coefficient, long carrier diffusion length and shallow trap energy 
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levels puts them within a potential application space beyond photovoltaic 

application.  

1.2 Perovskite deposition methods 

The unprecedented progress in perovskite solar cells performance is strongly 

correlated to the improvements in deposition methods. The formation of a pin 

hole-free, compact and uniform layer is a prerequisite for high efficiency. This is 

especially more pronounced in planar structure where the pin holes may become 

shunt paths.   

Different fabrication methods have been employed so far.27-30 Spin-coating,2-8 

either one-step or two-step, has been the most common perovskite deposition 

method. In one-step method, a precursor from a solution containing a metal-

halide like PbI2 and organo-halide like MAI in a solvent such as 

dimethylformamide (DMF) and/or dimethylsulfoxide (DMSO) was prepared and 

spin-coated. While spin-coating, an anti-solvent like toluene was dropped on top, 

this induces rapid dissolution of perovskite salt within the solution and causes a 

good quality film formation after annealing at 120 °C for 30 min under nitrogen 

atmosphere. In two-step solution processing method, two separate solutions of 

metal-halides and organo-halides in DMF and IPA were prepared, respectively. 

In first step, PbI2 in DMF was spin-coated followed by annealing at 100 °C for 

10 min. To convert the PbI2 into perovskite, deposited layer was immersed in 

MAI solution in the second step. The MAI solution could also be spin-coated for 
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perovskite layer formation. Both methods were followed by annealing at 120 °C 

for 30 min in nitrogen atmosphere. In general, spin-coating enables easy 

fabrication processes with control over crystallization by solution modification 

using additives,7-8 or band-gap tuning,27 for tandem applications9.  

Vacuum-based deposition methods,15-20 demonstrated high throughput and 

reliability due to well stablished fabrication methods in electronic industry. In this 

case both metal-halide and organo-halide components could be co-evaporated 

resulting in a fully evaporated perovskite layer formation or evaporation of 

metallic part and spin-coating of organic part to form a perovskite layer with a 

hybrid deposition route.  Additionally, vacuum basted methods would offer the 

advantages of deposition on non-planar surfaces like light trapping pyramidal 

textured structures, interesting for tandem configurations on high efficiency 

silicon solar cells with light trapping structures. It also worth to mention that in 

vacuum deposition methods, there is no need to use toxic and flammable solvents 

such as DMF and DMSO, which is indeed a drawback for solution processing 

method. The hybrid two-step evaporation-spincoating deposition method,17-20 

gains benefit from both spin-coating and vacuum based deposition advantages 

while not suffering from the drawback of aggressive solvents consumption in 

solution processing. Non-hazardous solvents consumption offers the possibility 

of deposition on variety of substrates which are sensitive to aggressive solvents.  
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Blade coating28, Slot die coating29 and inkjet printing30 are other deposition 

methods especially important for large area deposition. In blade coating a sharp 

blade moves over a solution droplet perpendicular to the substrate. In slot die 

coating precursor solution pumps over a moving substrate at a fixed substrate-to-

nozzle height. Variation of substrate moving speed and ink flow rate enable the 

layer thickness control. Inkjet printing provides a controlled layer formation 

through rapid and digital deposition.  

All the above mentioned processing methods are potentially scalable for large 

production lines.27-30 In the end, this is the target application, which determines 

the best deposition method. For instance, realization of tandem configuration 

requires a precise and more controlled deposition method like full evaporation or 

hybrid method while for the consumable electronics solution-based techniques 

are cost-effective.  
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Figure 3. Different deposition methods of perovskite solar cells. 

 

 

1.3 Perovskite solar cell architectures 

At first halide perovskite was used as a dye in dye-sensitized solar cells (DSSC) 

and then in more stable solid-state DSSC.24 In both cases the TCO coated glass 

substrates were covered with a mesoporous titanium oxide as an electron 

transport layer. The perovskite was then deposited on mesoporous electron 

transport layer. Later the mesoporous was substituted by insulating Al2O3 or 

removed to form a planar heterojunction. Finally the device was completed by 

deposition of a p-type hole transport layer and subsequent metal contact.  Later 

other oxides such as SnO2
45and ZnO34 were tested as electron transport layers. 
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This architecture of perovskite solar cells is called standard or n-i-p. Over time 

different perovskite solar cell architectures have been developed. In general, 

perovskite solar cells have been realized in two architectures, standard n-i-p and 

inverted p-i-n.32-33  In p-i-n, the perovskite layer was deposited on a p-type hole 

transport layer such as inorganic NiOx35 or polymers like PEDOT:PSS33 and 

PTTA33. Then the device would be completed by deposition of an organic 

electron transport layer such as fullerene derivatives (C60, PCBM) or 

bathocuproine (BCP) followed by a metal contact. 

To realize highly efficient working devices utilizing the unique optoelectronic 

properties of perovskite bulk materials, the interfaces between perovskite and 

adjacent materials plays a crucial role. This bolds the importance of choosing the 

proper ELT and HTL layers. Compact or pinhole-free layers prevent shunt paths 

between top and bottom electrodes while transparent layers avoid parasitic 

absorption. Electrically conductive with aligned energy levels facilitates charge 

carrier transport with minimum energy losses.    
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Figure 4. Different perovskite solar cells architectures. 

 

1.4 Challenges for high efficiencies  

The challenges for high efficiencies in perovskite solar cells can be categorized 

in four levels, perovskite atoms, grains, layers and charge carrier extraction 

interfaces.   

Standard or n-i-p Inverted or p-i-n 
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In atomic level, perovskite crystals are made of ions which can move within the 

perovskite lattice.36 These ionic motions play an important role in outstanding 

photovoltaic behavior of perovskite solar cells.37-40 However under cell working 

conditions (voltage and light bias) these ions accumulate at the interfaces and turn 

to the trap states and limit the charge carrier extractions and thereupon decrease 

the cell performance.41 The hysteresis which is known as an intrinsic drawback 

in perovskite solar cells, where the forward and backward current-voltage curves 

differ, is correlated to halide migration in perovskite lattice.34-41 To deal with the 

drawback of ions migration, the passivation of defect traps at the 

perovskite/charge carrier interfaces and also within the perovskite bulk is 

extremely crucial.42-47  The perovskite grains are formed by interconnection of 

perovskite crystal atoms. The role of grain boundaries on the device performance 

is widely investigated, although there is no definite answer to the question of 

whether the grain boundaries are detrimental or beneficial for the solar cell 

performance.48-54 Further investigations addressing this challenge should be done 

to clarify the optimum grains formation and interconnection situation. Indeed the 

well-impinged grains form a uniform and compact (pinhole-free) bulk layer, 

exactly where the charge carrier generation takes place. Furthermore, a good 

passivation of bulk and interface trap states, enhances the photo carrier generation 

and paves the charge injection ways into the charge transport layers.  
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The fourth challenge on the way of a high efficiency perovskite solar cell 

fabrication is the selection of proper charge carrier transport layers with aligned 

energy bands to collect the carriers before being recombined.55-67  

 

1.5 Perovskite solar cells record efficiencies 

The perovskite solar cells efficiencies have increased with an unprecedented pace 

from 3.8% in 2009 to certified 24%> in 2019.23,26  This outstanding increase in 

PCE have been achieved by tailoring the perovskite compositions like mixing the 

cations and/or halides which resulted in an improvement in optoelectronic and 

photovoltaic performance of the perovskite solar cells. More recently the NREL 

chart is updated with a perovskite new record of 25.2%.26 These mentioned results 

are all from solution processed solar cells. As mentioned before, consumption of 

hazardous solvents, reproducibility and scalability are drawbacks of the solution 

processing methods. Thereby, vacuum based fabrication methods gained a huge 

attention very recently. The highest value reported so far for the fully vacuum 

deposited perovskite solar cells is 20.3% from a planar MAPbI3 cell15 and 15.9% 

from a mixed halide perovskite solar cells17 suitable for tandem applications.  
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Figure 5. NREL chart for the best solar cell efficiencies.16 

1.6 Other optoelectronic applications of perovskites 

 

The band-gap tunability characteristic of peroskites made them good candidates 

for a variety of applications out of photovoltaics. Light emitting diodes,68-69 

lasers,70 sensors71 and photodetectors72-73 as well as X-ray74 and particle 

detection75 are examples of widespread applications of perovskites.  

1.7 Challenges for industrialization of perovskites   

Perovskites need to address some challenges on the way of industrialization. 

Stability for instance is the main issue in perovskite devices fabrication. 

Perovskites are humidity,76-77 light and temperature sensitive,78 therefore they are 

prone to severe degradation while being exposed to ambient situation. Moreover, 

highly efficient perovskites are lead-based materials and lead is a toxic element 
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with high solubility in water. All these issues bold the importance of good 

encapsulation to mitigate the chance of degradation and environmental pollution 

in a long term use. Nevertheless, widespread investigations have been done 

recently upon stability enhancement by perovskite composition engineering as 

well as improvements in encapsulation materials and methods.79-81 However, still 

these challenges are not fully answered and more investigations are required.   

Besides stability and toxicity, scalability is another important matter to accelerate 

the perovskites commercialization. So far all the reported record efficiencies have 

been achieved with the solar cells having small active areas <1 cm2, which is 

sufficient for proof-of-concept. Regarding industrial applications it is crucial to 

realize the perovskite devices on large areas with high throughputs.82-83 Over past 

few years, significant progress have been done for instance in roll-to-roll,84-85 

spray coating,86 doctor blading,87 ink-jet printing88 and evaporation deposition 

methods15-21 but still the efficiencies are far behind the reported efficiencies on 

lab scale devices. This requires intensive investigations to realize higher 

efficiencies on larger areas making them cost-effective for commercial 

applications. 

1.8 Motivation and goals of this thesis 

The efficiencies of perovskite solar cells are mainly limited by their Voc values 

due to nonradiative recombination.101-102 In recent years many investigations have 

been done on the recombination in perovskite solar cells suggesting that the 
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defects at perovskite bulk (grain boundaries) and interfaces between perovskite 

absorber and charge transport layers are the possible reasons for nonradiative 

recombination.40-45 To tackle this important loss mechanism and to boot the 

efficiency of the perovskite solar cells a detailed understanding of the underlying 

physical process is necessary. Therefore, the main scopes of this thesis are (1) 

investigation on how to modify the grain growth and layer formation, and (2) 

interface engineering by optimization of charge transport layers targeting the bulk 

and interface defects passivation. Hybrid two-step evaporation-spincoating 

method is chosen for fabrication of perovskite solar cells in this thesis. 

Development of this fabrication method is important, which enables deposition 

of perovskite layer on textured surfaces, this is important for deposition of 

perovskite on highly efficient silicon bottom cells with textured front surfaces in 

a tandem configuration. So far only few papers are published reporting perovskite 

solar cells fabrication with this method. Tao et al18 presented a PCBM-based 

electron transport layer with efficient charge extraction leading to 17.6% 

stabilized efficiency. This was the highest efficiency reported for the single 

junction perovskite solar cells fabricated with hybrid method at the time of 

starting this thesis work. Sahli et al22 recently deposited a high band-gap CsFA-

based mixed cation perovskite layer on top of a textured heterojunction silicon 

bottom cell yielding efficiencies beyond 25%. Improving the efficiency of 

perovskite/silicon tandem solar cells to surpass the single junction efficiency 

limits is an outlook for this thesis.  
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Chapter 2 : Experimental techniques  

 

2.1 Perovskite solar cells fabrication  

To fabricate the perovskite solar cells, FTO (fluorinated tin oxide) coated glass 

substrates were cleaned through sequential cleaning steps using an ultrasonic 

bath. The substrates were sonicated first in a 1% Hellmanex solution followed 

with two times sonication in deionized water. Then cleaning procedure continued 

with sonication in isopropanol, acetone and again isopropanol respectively. Each 

step was done for 10 minutes. Immediately after cleaning, the substrates were 

heated at 400 °C for 20 minutes.  

A compact 30 nm TiO2 hole blocking layer was deposited by electron beam 

evaporation. To create an electron transport bilayer, a 10 mg PCBM in 1 ml 

anhydrous chlorobenzene solution was prepared and deposited atop TiO2 by 

spinning at spin speeds ranging from 1000 rpm to 4000 rpm for 30 s followed by 
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a 10 min annealing at 80 °C. The PCBM deposition and annealing was done under 

nitrogen atmosphere in a glove box.  

The perovskite layer was deposited via a two-step hybrid evaporation-spincoating 

method. Accordingly, a 185 nm PbI2 layer was thermally evaporated at ~10-6 torr 

vacuum pressure and a constant deposition rate of 0.5 Å/s. During deposition, the 

substrate temperature was kept at 20 °C. MAI solution was prepared by dissolving 

40 mg MAI in 1 ml IPA. To convert the PbI2 porous layer into perovskite, MAI 

solution was spin-coated at 2000 rpm for 35 s followed by 90 min annealing at 

100 °C. Just before spincoating the solution was filtered with a PTFE 0.45 μl filter 

to remove undissolved MAI particles.  

The Spiro-OMeTAD hole transport layer (HTL) solution was prepared by 

dissolving 72.3 mg Spiro-OMeTAD in 1 ml anhydrous chlorobenzene and doping 

with 28.8 μl 4-tert-butylpyridine and 17.5 μl from a stoke solution of 520 mg 

lithium bis(trifluoromethylsulphonyl)imide dissolved in 1 ml acetonitrile. The 

HTL layer was spun at spin speeds of 2000 rpm for 30 s. Afterwards the samples 

where left in ambient air over night for HTL oxidation. 

Finally, 80 nm gold electrodes were thermally evaporated at ~10-6 mbar vacuum 

pressure.  

The materials used for fabrication of the solar cells were as follow: 
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Spiro-MeOTAD, [6,6]-phenyl-C61-butyric acid methyl ester (PCBM), bis (trifl 

uoromethane) sulfonimide lithium salt (Li-TFSI,99.95%), 4-tertbutylpyridine 

(96%), chlorobenzene (≥99.5%), and acetonitrile (anhydrous, 99.8%) were 

purchased from Sigma Aldrich. Lead (II) Iodide (PbI2, 99.99%) was purchased 

from Tokyo Chemical Industry (TCI). Methylammonium iodide (MAI) was 

purchased from Greatcell Solar, and isopropanol (anhydrous, 99.5+%) was 

purchase from Alfa Aesar. 

The two-step hybrid evaporation-spincoating method was used to fabricate the 

perovskite solar cells with an n-i-p structure shown in figure 6.  

 

 

Figure 6. Schematic of the perovskite solar cell fabricated in this thesis. 
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2.2 Structural investigation  

2.2.1 X-ray diffraction  

XRD measurements were performed with a PANalytical Empyrean 2 

diffractometer with Copper K alpha 1 radiation (lambda = 0.154060 nm). A 

PIXcel-3D detector was used in “receiving slit mode” with a range of 1.0 mm. 

2theta-theta-scans with step size of 0.02 degree and integration time of 1s were 

recorded. 

 

Figure 7. XRD setup used in this thesis. This setup was used in the Fraunhofer 

IAF.  
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2.2.2 Scanning electron microscopy 

SEM images were taken using a Zeiss Auriga 60 Crossbeam Workstation, field 

emission SEM with InLens detector at 5 kV acceleration voltage.  

 

 

 

Figure 8. SEM setup used in this thesis. This setup is used in the Fraunhofer 

ISE. 

2.2.3 Atomic force microscopy 

The AFM images were taken via a Bruker dimension edge AFM. The 

measurements have been done in the tapping mode over 10×10 μm surface area 

of the samples with 512 data points each line. 
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Figure 9. AFM setup used in this thesis. This setup is used in the Fraunhofer 

ISE. 

 

2.3 Optical measurements 

2.3.1 Optical properties  

Reflection and transmission optical properties were measured utilizing a Lambda 

950 UV/Vis spectrophotometer.  
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Figure 10. Spectrophotometer setup used in this thesis. This setup is used in the 

Fraunhofer ISE.103 

2.3.2 Photoluminescence spectroscopy 

Transient photoluminescence decay spectra were measured using a fiber coupled 

confocal microscope. A pulsed laser diode (635 nm, 0.26 mW, spot diameter 0.2 

mm) was used for local excitation. The emitted light was detected using a silicon 

single photon avalanche diode. The optical components in the light path from 

laser to detector were: laser band-pass filter 635 nm, cold-light mirror, sample, 

focusing lens with a numerical aperture of 0.26, cold-light mirror followed by 

650 nm long-pass filter for suppressing spurious laser light, Ø 100 µm pinhole.  

The spectrally resolved detection can be applied in a fixed position and monitored 

over time with measurement frequencies up to 100 Hz, thereby allowing to track 

the spectral evolvement of the signal over milliseconds up to several hours. For 

this purpose, Time-Correlated Single Photon Counting (TCSPC) is used to 
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determine the photoluminescence lifetime. In TCSPC, one measures the time 

between sample excitation by a pulsed laser and the arrival of the emitted photon 

at the detector.  

To do spectrally resolved photoluminescence measurements a movable x-y-z 

stage was mounted below the lens to map the sample. To get highest spatial 

resolution, a piezo-stage was used, allowing steps in the sub-micrometer range. 

Controlling the height of the stage during the mapping is crucial for an efficient 

collection exclusively from the focal plane.  

All measurements were performed in ambient conditions with no significant 

temperature increase related to the sample illumination. 

2.4 Electrical measurements 

2.4.1 Current-voltage characteristics 

A SINUS–220 PRO solar simulator from WAVELABS with LED lamp was used 

to measure the photovoltaic performance. The solar spectrum was calibrated to 

1sun (100 mW/cm2) using a reference silicon solar cell. Current-Voltage (J-V) 

characteristics were measured in reverse and forward scan directions respectively 

with a slow scan rate of 43 mV/s. Stabilized measurements were done, with the 

voltage fixed at the maximum power point as determined from the average of J-

V scans. A shadow mask was used during the measurements to define a 0.16 cm2 

active are. 
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Chapter 3: Two-step hybrid evaporation-spincoating 

fabrication method 

To prepare the perovskite films, a two-step hybrid evaporation-spincoating 

method was utilized. In a first step, the PbI2 was deposited via thermal 

evaporation, which is subsequently converted into a perovskite layer by MAI 

spincoating. To improve the crystallization quality and form a uniform and 

compact layer, the two-step was followed by an annealing process at 100 ◦C. Due 

to the porosity of PbI2 layer, intercalation of MAI was effective. The perovskite 

layer formed with this method was compact and pinhole free. This was achievable 

with a rather simple process because unlike solution processing methods where a 

precise stoichiometry is crucial to form a crystallized and compact perovskite, 

here only isopropanol (IPA) solvent (for dissolution of MAI) was used. Therefore 

controlling the MAI/PbI2 ratio was much easier in hybrid method. The MAI/PbI2 

ratio is important because it plays an important role on the quality of 

crystallization, grain size and surface morphology.  
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3.1 Optimization of charge transport layers 

Besides the importance of a compact and highly crystallized perovskite layer 

formation, considerable attention had to be paid to the charge transport layers. 

This is because without implementation of an appropriate charge transport layer, 

the charge carrier collection and thereupon output efficiency would be negatively 

affected. Therefore, in this thesis the role of interface engineering at perovskite 

and charge carrier interfaces is investigated. Moreover, optimization study is 

performed on the TiO2/PCBM electron and Spiro-MeOTAD hole transport layers 

of the perovskite solar cell. 

 

 

Figure 11. Schematic of hybrid evaporation-spincoating method. 
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3.1.1 Optimization of TiO2/PCBM Electron Transport Layer 

Fullerene derivatives such as PCBM or C60 are known to be passivation layers 

for TiO2 or SnO2 metal oxides.45 The combination of fullerene derivatives with 

metal oxides to form an electron transport bilayer is extremely important for the 

performance of the solar cell. This is because in general, the dissociated charge 

carriers and here the electrons need to be injected into ETL very fast before being 

recombined with holes. Implementation of a bi-layer like TiO2/PCBM paves the 

electron transport paths while blocking the hole transport paths. This leads to a 

mitigation of the non-radiative losses and also intrinsic hysteresis defect. In this 

thesis, the role of TiO2/PCBM as ETL on the photovoltaic performance of 

MAPbI3 perovskite solar cells has been investigated. Optimization studies were 

done to understand the optimum thickness ratio of TiO2/PCBM combination. A 

30 nm TiO2 thickness was kept constant while to modify the PCBM thicknesses, 

throughout the optimization studies, deposition spin speeds were varied ranging 

from 1000 rpm to 4000 rpm.  

X-ray diffraction (XRD) patterns of the perovskite layers deposited atop spun 

PCBM with different spin speeds are depicted in Figure 12. 
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Figure 12. X-ray diffraction patterns of the perovskite layers deposited on spun 

PCBM with different spin speeds. 

 

As can be seen, the formed layers were well crystallized and the known perovskite 

peaks (marked with stars) were appeared. Also the PbI2 peak (marked with a 

circle) was appeared at around 12.67°. The presence of PbI2 peak is reported to 

be beneficial for the solar cell performance. Although, too intensive or too small 

peaks towards no peak is detrimental.  

The compactness of the formed perovskite layer is one of the advantages of 

hybrid deposition method. This is illustrated in Figure 13, where the crystal grains 

are strongly impinged into each other and formed a pinhole-free layer. 
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Figure 13. SEM top view images of the perovskite layers deposited on spun 

PCBM with different spin speeds. 

 

As it can be seen, there was a slight difference in crystal grain sizes of perovskite 

layers formed on PCBM spun with different spin speeds. The crystal grains were 

very small in perovskite layer deposited on thick PCBM (1000 rpm). By 

increasing the spin speeds to 2000 rpm and 3000 rpm, larger and more impinged 

grains formed during the layer ripening. In the perovskite layer deposited atop 

thin (4000 rpm) PCBM, a combination of large and small grains formed. This 
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difference in nucleation and gains growth could be associated to surface strains 

imposed by different substrate thicknesses. The perovskite layers formed atop 

spun PCBM with 2000 rpm and 3000 rpm (~ 30-40 nm) spin speeds looked more 

homogenous than a very thick or a very thin PCBM.  

To have an in-depth understanding of perovskite grains growth on different 

PCBM layer thicknesses, atomic force microscopy (AFM) measurements were 

performed. Figure 14 presents the AFM images of the perovskite layers formed 

atop PCBM spun with different spin speeds.  

 

Figure 14. AFM images of the perovskite layers deposited on spun PCBM with 

different spin speeds. 

Looking carefully at the crystal grain growth mechanism, AFM images supplied 

a close analogy to SEM images. As can be seen in AFM images, more 
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homogenous layers were formed atop 2000 rpm and 3000 rpm spun PCBM while 

smaller grains formed in case of 1000 rpm and a combination of small and large 

grains with huge roughness in case of 4000 rpm.  

The TRPL measurements (Figure 15) were performed on perovskite layers 

deposited atop PCBM spun with different spin speeds. A bi-exponential decay 

model was used to fit the PL decay data and extract the life time values (Figure 

16). The fitting was done over 6-10 TRPL curves of each PCBM spin speed. The 

fast life time components were in the range of few hundred picoseconds 

independently from the spin speed. On the other hand, there were significant 

differences for the slow components (t2). The highest mean life time of 19±3 ns 

was determined for the sample with 3000 rpm, which coincides with the highest 

efficiency. Accordingly, the shortest life time of 12±3 ns was determined for 1000 

rpm, where we also found the lowest efficiencies. If short decay times were the 

result of an increased recombination at the interface or in the perovskite volume, 

we would expect that short life time values correlate with low Voc. However, no 

such correlation could be found. On the other hand, if long life times would be a 

sign of good charge extraction, we would see a positive correlation with the Jsc, 

as it is indeed present in our data. This is somehow surprising, as a quenched PL 

signal has been identified in literature previously as a sign of good charge 

extraction. A possible explanation is that in the case of efficient charge extraction 

electrons are first extracted from the perovskite via the PCBM/TiO2 interface and 

then re-injected into the perovskite when the electron concentration has decreased 
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due to (radiative) recombination in the perovskite. This would result in an 

apparent longer lifetime. However, in order to test this hypothesis extensive 

additional characterization would be necessary. 

 

Figure 15. TRPL curves of the perovskite layers deposited on spun PCBM with 

different spin speeds. 

 

Steady state PL and light beam induced current (LBIC) measurement were 

performed on completed devices made with 1000 and 3000 rpm spun PCBM 

layers. From the PL measurements, the PL intensity as well as the spectral 

position of the peak were determined, which are typically associated with the 

splitting of the Quasi-Fermi levels and hence the presence of recombination 

pathways, and the bandgap of the perovskite, respectively. The LBIC imaging 

gives spatial information about the charge generation and extraction. As can be 



 43 

seen in Figure 16, a more homogeneous layer is formed in case of PCBM 

deposition with 3000 rpm spin speed compared with 1000 rpm. A precise 

interpretation of the spatial information, however, is difficult. Regions can be 

found where a low LBIC signal coincides with high PL intensity, e.g., for the 

edges of both devices. This could point to problems with the charge extraction. If 

compared on the device level, PL intensity is also higher in average for the sample 

spun with 1000 rpm than with 3000 rpm. This would fit to the observation of 

higher voltage but lower current and FF for the sample with 1000 rpm compared 

with 3000 rpm. On the other hand, there are also regions where high LBIC signal 

coincides with high PL intensity especially for the sample produced with 3000 

rpm (labeled with a star). One could argue that in this case charge extraction is 

sufficiently good, so observed inhomogeneities are being caused by differences 

in the crystal quality or surface passivation. However, there are also structures 

clearly visible in both PL intensity and peak position that apparently do not affect 

charge extraction at all, e.g., the set of lines visible on the 3000 rpm sample. 

Overall, one can conclude that a balance has to be reached between effective 

charge extraction, crystal quality, and interface passivation to simultaneously 

achieve high Voc, FF, and Jsc and thereby the highest PCE. 
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Figure 16. Steady state PL measurements of the perovskite layers deposited on 

spun PCBM with 1000 and 3000 rpm spin speeds. 

 

 

 

As the initial argumentation was that an important clue for high performance lays 

at the perovskite/charge carrier interfaces, the photovoltaic performance of the 
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solar cells implementing different thicknesses of PCBM and Spiro-MeOTAD 

charge transport layers, was analyzed. The main photovoltaic figures of merit are 

depicted in Figure 17.  

 

 

Figure 17. The photovoltaic parameters of the perovskite solar cells fabricated 

with PCBM layers deposited with different spin speeds. 

 

As it can be seen, for all photovoltaic parameters, the perovskite solar cells made 

atop PCBM spun with 2000 rpm and 3000 rpm showed higher performances than 

1000 rpm and 4000 rpm. Based on the results, the 3000 rpm was convincingly 

the best recipe for PCBM deposition. Comparing the short circuit current (Jsc) 
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values, the higher values measured for PCBM deposited with 3000 rpm and 2000 

rpm spin speeds, were due to a compact and more homogenous perovskite 

absorber layer formation. Moreover, the lowest currents measured in case of 1000 

rpm could be associated to the small perovskite crystal grains formation. The 

combination of larger and smaller grains in case of 4000 rpm resulted in slightly 

better Jsc values while for homogenous and larger grains in case of 2000 rpm and 

3000 rpm the results were improved. The Voc values for 4000 rpm was lower 

than the other spin speeds. Based on AFM measurements, roughness was the 

significant difference of perovskite layers formed atop 4000 rpm spun PCBM 

with the other spin speeds. Thereby, in case of 4000 rpm, a perovskite layer with 

less homogeneity was formed with deep valleys between crystal grains which 

may act as recombination centers and decrease the Voc. In the same manner as 

Jsc and Voc, FF values in case of 3000 rpm were the highest. This could be 

associated to an effective passivation of interface trap states by PCBM layer as 

well as a good electronic coupling between perovskite absorber and electron 

transport bilayer, which enabled an efficient electron transport. Finally the 

champion PCE is achieved from the solar cells fabricated with PCBM spun at 

3000 rpm.  
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3.1.2 Optimization of Spiro-MeOTAD hole transport layer 

To optimize Spiro-MeOTAD deposition parameters, different spin speeds 

ranging from 1000 rpm to 6000 rpm were tested. Utilizing the optimum recipe 

for ETL, the perovskite solar cells were fabricated with different HTL 

thicknesses. Cross-section SEM images of these perovskite layers are shown in 

Figure 18.   

 

Figure 18. SEM cross-section images of the perovskite solar cells fabricated 

with different Spiro-MeOTAD spin speeds. 
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As can be seen in this figure, a very compact and highly crystallized perovskite 

was formed and very well covered by Spiro-MeOTAD layer.  

Again, main photovoltaics figures of merit were measured and analyzed to 

understand the optimum deposition parameters for Spiro-MeOTAD. Figure 19 

presents the photovoltaic parameters versus Spiro-MeOTAD deposition spin 

speeds. Convincingly, the 2000 rpm spin speed, has shown to be the optimum 

value. Comparing the results of HTL and ETL optimizations, a significant Voc 

gain and a slightly increase in Jsc were achieved by HTL optimization.  

 

Figure 19. The photovoltaic parameters of the perovskite solar cells fabricated 

with Spiro layers deposited with different spin speeds. 
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By implementing the optimum recipes for charge transport layers, using the two-

step hybrid fabrication method, perovskite solar cells were fabricated. Figure 20 

presents the current-voltage characteristics of the champion cell along with the 

stabilized power conversion efficiency at the maximum power point. As can be 

seen, an 18.2% stabilized efficiency has been achieved. This efficiency have been 

achieved as a result of optimization on perovskite layer and HTL which is 

discussed in section 3.2 and 3.3. 
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Figure 20. J-V (a) and stabilized PCE (b) curves of the solar cells measured 

with scan rate of 43 mV/s. 
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External quantum efficiency (EQE) spectra of the champion cell was measured 

with a custom-made spectral response set-up where the samples were irradiated 

with chopped light and the response was measured with a lock-in amplifier 

(Figure 21). Both J-V and EQE measurements were carried out in air.  

 

Figure 21. External quantum efficiency (EQE) of the champion solar cell. 
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3.2 The role of crystal growth conditions for achieving high 

efficiencies    

    

With maturing of the fabrication methods, a deepened understanding of the 

factors determining PCE becomes more and more important for further 

improvements. Especially understanding of crystallization and layer ripening is 

crucial as those effects determine the occurrence of defect centers that could limit 

the performance. Accordingly, the role of excess PbI2 in perovskite structures and 

its impact on crystallization quality, optoelectronic properties and photovoltaic 

performance of different perovskite solar cells has been studied recently.89-93 

However, among all these studies, perovskites produced via the highly 

reproducible and efficient two-step hybrid evaporation-spincoating deposition 

method have not been investigated.   

Therefore, in this thesis the role of excess PbI2 on the morphological properties 

and thereupon the photovoltaic behavior of MAPbI3 perovskite solar cells 

produced via hybrid method has been investigated. X-ray diffraction (XRD) and 

scanning electron microscopy (SEM) were employed to study the crystallization 

quality and surface morphology. TRPL measurements were performed to 

evaluate the charge extraction quality. Finally, photovoltaic parameters of the 

cells were measured and compared. 

FTO (fluorinated tin oxide) coated glass substrates were cleaned through 

sequential cleaning steps using an ultrasonic bath. The substrates were sonicated 
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first in a 1% Hellmanex solution followed with two times sonication in deionized 

water. Then cleaning procedure continued with sonication in isopropanol, acetone 

and again isopropanol respectively. Each step was done for 10 minutes. 

Immediately after cleaning, the substrates were heated at 400 °C for 20 minutes.  

To implement a standard n-i-p structure (Figure. 22a), a 30 nm compact TiO2 hole 

blocking layer was deposited via electron beam evaporation. Subsequently, to 

create an electron transport bilayer, a 10 mg/ml PCBM (Sigma-Aldrich) solution 

in anhydrous chlorobenzene (Sigma-Aldrich) was deposited atop TiO2 by spin-

coating at 3000 rpm for 30s followed by a 10 min annealing at 80 °C. The PCBM 

deposition and annealing was done under nitrogen atmosphere in a glove box. 

The combination TiO2/C60 as an electron transport bilayer was also tested. A 30 

nm layer of C60 (Solenne) was thermally evaporated atop a 30 nm evaporated 

TiO2 layer at ~10-6 torr vacuum pressure.  

The perovskite layer was deposited using a hybrid evaporation-spincoating two-

step method. Accordingly, a 185 nm PbI2 (Tokyo Chemical Industry) layer was 

thermally evaporated at ~10-6 torr vacuum pressure and a constant deposition rate 

of 0.5 Å/s. During deposition, the substrate temperature was kept at 20 °C. To 

convert the PbI2 porous layer into perovskite, a 45 mg/ml CH3NH3I (MAI, 

Dyesol) solution in isopropanol was spin-coated at 2000 rpm for 35 s followed 

by 90 min annealing at 100 °C. Just before spin-coating, half of the MAI solution 
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was filtered by a PTFE 0.45 μm filter to remove undissolved MAI particles. The 

other half was used as it is.  

The Spiro-OMeTAD hole transport layer (HTL) solution was prepared by 

dissolving 72.3 mg Spiro-OMeTAD (Sigma-Aldrich) in 1 ml anhydrous 

chlorobenzene and doping with 28.8 μl 4-tert-butylpyridine (Sigma-Aldrich) and 

17.5 μl from a stoke solution of 520 mg/ml lithium 

bis(trifluoromethylsulphonyl)imide (Sigma-Aldrich) in acetonitrile (Sigma-

Aldrich). The HTL layer was spin-coated at 2000 rpm for 30s. Afterwards the 

samples were left in ambient air over night for HTL oxidation. 

Finally, 80 nm gold electrodes were thermally evaporated at ~10-6 mbar vacuum 

pressure.  

 

 

Figure 22. Schematic of the solar cell structure (a), the hybrid evaporation-spin 

coating two-step process (b) and energy band diagram of the material stack (c).  

 



 55 

Figure. 23a presents the XRD pattern of the perovskite layer formed on a 

TiO2/PCBM electron transport bilayer using the MAI solution without filtration. 

In contrast, Figure. 23b, presents the results for the perovskite layer using the 

filtered MAI solution. In both cases perovskite peaks are clearly visible, which 

indicates formation of the perovskite phase. Nevertheless, there is also a 

diffraction peak associated with (001) crystal orientation of PbI2 at 12.67°. The 

intensity of the PbI2 peak is stronger in case of the filtered MAI solution. This 

means that more PbI2 is present in the perovskite structure.  
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Figure 23. X-ray diffraction patterns of the perovskite layers fabricated with 

low and high PbI2 contents. 

Differences between the two samples are also visible in the SEM images (Figure. 

25). Both top view SEM images show a compact perovskite layer formation, but 
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with a clear difference in nucleation quality and thereupon crystallites sizes. As 

it can be seen in Figure 24a, the crystallites sizes of the layer with the lower PbI2 

content are slightly bigger than the one with more PbI2. But looking carefully at 

the quality of crystallization in the case of excess PbI2, the crystallites are strongly 

impinged into each other. This is also visible in cross section SEM images 

(Figure. 24c,d). For the sample with more PbI2, the cross section SEM image 

(Figure. 24c) shows a more compact and tight crystallization, while for the lower 

PbI2 content, gaps between the different crystallites are visible.   

Figure 24.  SEM images of the perovskite layers with low PbI2 content (a) top 

and (c) cross section views and with high PbI2 content (b) top and (d) cross 

section views.  

To include a larger variety of PbI2 concentrations in this study, XRD pattern of 

perovskite layers formed on a TiO2 electron transport single layer (Figure. 25a) 
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and a TiO2/C60 bilayer (Figure. 25b) was also determined. As it can be seen, the 

PbI2 to perovskite peak ratios are different for different substrates. The PbI2 peak 

disappeared for the cell with only TiO2 as electron transport layer. Also for the 

perovskite made on TiO2/C60, the PbI2 peak is very small, in comparison to the 

TiO2/PCBM sample. This variation in PbI2 peak could be due to different 

perovskite growth on substrates of different roughness. 
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Figure 25. X-ray diffraction patterns of the perovskite layers formed on (a) 

TiO2 and (b) TiO2/C60. 

TRPL measurements were performed to evaluate the charge extraction quality of 

the samples with different contents of PbI2 but a similar TiO2/PCBM electron 
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transport bilayer. As can be seen in Figure. 26, the TRPL curve, decays slower in 

case of higher PbI2 content. This can be due to the reduction of non-radiative 

recombination as a result of passivation in the cell with higher PbI2 content, 

resulting in the dramatic increase in open-circuit voltage. 

 

Figure 26. TRPL curves of the perovskite layers prepared on the TiO2/PCBM 

electron transport bilayer.  

 

 

Two sets of solar cells both featuring a TiO2/PCBM electron transport bilayer but 

a different PbI2 content were prepared by decreasing the MAI concentration via 
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solution filtration. Furthermore, solar cells were prepared using different electron 

contact configurations, which have shown different PbI2 concentrations in the 

XRD spectra. The photovoltaic parameters are listed in Table І. As can be seen, 

the solar cells with the higher PbI2 content clearly show a better performance. 

Comparing the photovoltaic parameters between two sets of cells prepared with 

the TiO2/PCBM electron transport bilayer, the difference between Voc and FF is 

prominent while the Jsc is rather equal with slightly higher values for the solar 

cell with higher PbI2. Considering solar cells with different electron contact layers 

in the comparison, a clear correlation between PbI2 content and all photovoltaic 

performance parameters can be seen (Figure 27).  

Table І. Photovoltaic performance of the solar cells fabricated with different 

electron transport layers (ELTs) and PbI2 contents. 
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Figure 27. Photovoltaic parameters of the solar cells made with different PbI2 

contents. 

The J-V characteristics (a,b) and stabilized power conversion efficiencies (c,d) of 

the champion solar cells featuring a TiO2/PCBM electron transport bilayer are 

plotted in Figure 28. Additionally to the superior performance of the cell with 

higher PbI2 content, also the hysteresis mitigated in the solar cell with higher PbI2 

content.  
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Figure 28. J-V and stabilized PCE curves of the champion solar cells made with 

low (a,c) and high (b,d) PbI2 contents. 

Better photovoltaic performance is correlated with higher PbI2 content, smaller 

but more strongly impinged grains and faster current extraction. All samples have 

seen differences in processing (filtering/no filtering, different electron contacts), 

which could cause some of the observed differences. However, the clear trend 

between PbI2 content and performance over the whole set of samples suggest that 

the PbI2 content is an important parameter for performance. This beneficial role 

of a slight excess in PbI2 is also reported for the perovskite solar cells made with 

solution processing. It is emphasized that a precise stoichiometry is important to 
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reach the optimum performance. The observations could be convincingly 

explained by the presence of remnant PbI2 between the perovskite crystal grains. 

There, the PbI2 could act as a surface passivation. Moreover, the unreacted PbI2 

atop ETL, may passivate the ETL/Perovskite interface. Therefore, the higher VOC 

and the reduced hysteresis would be due to either surface passivation or band 

edge matching between ETL and perovskite. This band edge matching also 

facilitates the electron injection which is elucidated by TRPL measurements and 

is also consistent with the sizeable increase of fill factor shown in Table ІІ. With 

passivated surfaces, the discontinuity of the crystal at grain boundaries would also 

be less detrimental. In contrast, it is even possible to profit from improved charge 

collection close the grain boundaries. Hence, the smaller crystal grains observed 

for the sample with high PbI2 content, would even be beneficial.  

To achieve even higher efficiencies it is necessary to increase the understanding 

of crystallization, grains formation and layer ripening. Therefore in this thesis, by 

a systematic variation of the MAI concentrations, the stoichiometry and 

thereupon the crystal growth conditions in MAPbI3 perovskite solar cells 

prepared by a two-step hybrid evaporation-spincoating deposition method, were 

varied. 

The XRD patterns of the perovskite layers formed on a TiO2/PCBM electron 

transport bilayer using the MAI solutions with different concentrations are shown 

in Figure 29. In all samples, perovskite peaks are clearly visible, which are the 
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indication of perovskite phase formation. Nevertheless, there is also a diffraction 

peak associated with (001) crystal orientation of PbI2 at 12.67°. Between the 

samples, the intensity of the PbI2 peak is higher in case of 40 mg/ml MAI solution. 

This means that more PbI2 is present in the perovskite structure. By increasing 

the MAI concentrations towards 55 mg/ml, the PbI2 peak disappeared and the 

intensity of the perovskite peak increased. This is an indication of more 

perovskite phase formation and less remnant PbI2 in the formed perovskite layer. 

 

Figure 29. X-ray diffraction patterns of the perovskite layers formed with 

different MAI concentrations. 

The grain sizes of the perovskite layers formed with different MAI concentrations 

were calculated using the Scherrer equation by taking the full width at half-
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maximum (fwhm) of the dominant lattice reflection of 2Ɵ at 14.02°. The results 

are shown in Table II. The error bars of estimated perovskite grain sizes are also 

provided in Figure 30. 

Table II. Estimated perovskite grain size using Scherrer equation by taking the full-

width-at-half-maximum (FWHM) of the dominant lattice reflection of 2θ at 14.02°. 

MAI Concentration 

(mg/ml) 

Grain Size (nm) 

55 236 

50 212 

45 208 

40 206 

35 202 

 

 

Figure 30. Error bars of estimated perovskite grain size using Scherrer equation 

by taking the full-width-at-half-maximum (FWHM) of the dominant lattice 

reflection of 2θ at 14.02°. 
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Differences between the samples are also visible in the SEM images (Figure 31). 

The pristine PbI2 layer is porous, this facilitates the efficient MAI intercalation 

and perovskite phase formation. In all MAI concentrations highly crystallized 

perovskite layers were formed, but with clear differences in nucleation quality 

and crystallites sizes. As can be seen in Figure 31, the crystallites sizes of the 

layers of the higher (50-55 mg/ml) MAI concentrations are slightly bigger than 

those with lower (35-45 mg/ml) concentrations. Comparing the quality of 

crystallization in case of 40 mg/ml MAI concentration, which contain excess PbI2 

with 50-55 mg/ml, the crystal grains are more strongly impinged into each other. 

In case of 35 mg/ml, the lowest MAI concentration in this study, the compactness 

of the formed perovskite layer is less than the other concentrations. It seems that 

40 mg/ml was a threshold for the MAI concentration, less than that the perovskite 

phase formation was not complete and a lot of voids appeared in the formed layer. 
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Figure 31. SEM images of the porous PbI2 and the perovskite layers formed 

with different MAI concentrations. 

The variations in grains growth conditions are also shown with AFM images in 

Figure 32. For the sample of lower MAI concentration (40 mg/ml) with remnant 

PbI2, smaller and more impinged perovskite grains were formed while in case of 

the highest MAI concentration (55 mg/ml) with full perovskite phase formation 

and no remnant PbI2, big grains with deep valleys between them and a highly 

rough surface were formed. This is in a good agreement with SEM images in 

Figure 31. 
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Figure 32. AFM images of the perovskite layers formed with 40 mg/ml and 55 

mg/ml MAI concentrations. 

Cross-section SEM images are depicted in Figure 33. As can be seen, in case of 

MAI concentrations of 40-45 mg/ml the formed perovskite layers are highly 

compact and the grains are strongly impinged but in very low 35 mg/ml or very 

high 50-55 mg/ml concentrations many gaps appeared between the grains. These 

gaps could act as the defect centers, which decreases the power conversion 

efficiency of a solar cell. Different sizes of the crystallites are also visible in cross-

section SEM images (Figure 31). The grains formed with higher (50-55 mg/ml) 

MAI concentrations are bigger but less impinged while in case of 40-45 mg/ml 
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the crystal grains are smaller and compact. Therefore a very good agreement 

between all microscopic results in explanation of the grain growth conditions 

under variable stoichiometries can be seen. 

 

Figure 33. Cross-section SEM images of the perovskite layers formed with 

different MAI concentrations. Gaps and cracks are shown with circles. 
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The absorption spectra of the perovskite layers formed with different 

stoichiometries are shown in Figure 34. As can be seen, the perovskite layers of 

40-45 mg/ml MAI concentrations yield higher absoption than the low 35 mg/ml 

and high 50 mg/ml concentrations. The difference in absorption by stoichiometry 

variation could be attributed to the variable grains growth conditions explained 

by microscopic measurements. In case of 40-45 mg/ml, the formed perovskite 

layers were compact and uniform while in very low or very high MAI 

concentrations the voids appeared between grains and decreased the compactness 

and uniformity of the deposited layer. Accordingly the more compact and 

uniform perovskite layer formed and the higher absorption achieved.  

 

Figure 34. UV-vis absorption spectra of the perovskite layers formed with 

different MAI concentrations. 
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The photovoltaic parameters are shown in Figure 35. As can be seen, the Jsc and 

Voc values are higher for the samples prepared with lower MAI concentrations 

or higher PbI2 contents. This could be attributed to passivation role of excess PbI2 

both at perovskite-ETL interface and grain boundaries. In case of 35 mg/ml the 

intercalation of MAI in PbI2 was not efficient and the perovskite phase formation 

was not complete. The FF of the solar cells made with this stoichiometry is lower 

than 40-45 mg/ml due to the remnant and intact PbI2 layer at the perovskite-ETL 

interface. By increasing the MAI concentrations to 50-55 mg/ml the Jsc and Voc 

values decrease while the FF is still high. Accordingly the 40-45 mg/ml MAI 

concentrations are found as the optimized stoichiometries where the solar cells 

gain benefit from the passivation role of excess PbI2 both at grain boundaries and 

interfaces and thereupon not suffering from charge transport problems at the 

interfaces. This indicates that by decreasing the PbI2 contents or increasing the 

MAI concentrations, passivation of grains and grain boundaries diminish while 

the perovskite-ETL interfaces are still transporting well.  
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Figure 35. Photovoltaic parameters of the perovskite solar cells made with 

different MAI concentrations. 

The photovoltaic parameters are also listed in Table ІII. Hysteresis is known as a 

challenge for perovskite photovoltaics.36-40 Therefore in this study the role of 

grain growth conditions by stoichiometry variation and their impact on hysteresis 

level was investigated. As we already know from the literature, the ionic 

movements within the perovskite lattice and the interfaces at perovskite-charge 

transport layers play the most important roles in the origin of hysteresis.36-40 Here 

in this study, by variation of stoichiometry the PbI2 contents in the solar cells were 

varied, which elucidated direct impact on grain growth conditions, interfaces and 
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thereupon hysteresis level. As can be seen in table III, the hysteresis level is lower 

for lower MAI concentrations of 35-45 mg/ml. This is due to the passivation role 

of remnant PbI2. However, the sample with 35 mg/ml suffered from interface 

problems and the positive role of excess PbI2 tends to be negative. The 40-45 

mg/ml yielded the lowest hysteresis levels. This is due to both grain boundaries 

and interface passivation. Moving towards higher MAI concentrations of 50-55 

mg/ml, the Jsc and Voc values dramatically dropped, which is an indication of 

diminished grain boundaries passivation by excess PbI2. Accordingly, the origins 

of hysteresis could be addressed by manipulation of the grain growth conditions 

and the hysteresis could be mitigated as an important challenge in perovskite 

photovoltaics.  

Table IІІ. Photovoltaic parameters of the perovskite solar cells made with 

different MAI concentrations. 10-15 solar cells are made and analyzed for each 

MAI concentration. 

The J-V characteristics (a) and stabilized power conversion efficiencies (b) of the 

champion solar cells featuring different MAI concentrations are plotted in Figure 

36. Additionally to the superior performance, the hysteresis mitigated in the solar 

MAI (mg/ml) 35 40 45 50 55 

Scan 

Direction 

Forward Reverse Forward Reverse Forward Reverse Forward Reverse Forward Reverse 

)2Jsc (mA/cm 18.4 19.5 22.7 22.95 21.9 22 12.4 13.6 14.5 16.5 

Voc (mV) 1092.2 1111.4 1090.6 1103.3 1091.5 1100.6 980.1 990 997.4 1000.6 

FF (%) 54.9 64.6 69.9 74.5 55.4 62.75 59.6 72.7 41.75 60.9 

PCE (%) 11 14 17.3 18.9 13.25 15.2 7.25 9.8 6.1 10 

Hysteresis 

(%) 

21.4 8.4 12.8 26 39 
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cells with lower MAI concentrations of 35-45 mg/ml. Finally the highest 

stabilized efficiency of 18.2% with the lowest hysteresis has achieved from the 

solar cell made with 40 mg/ml MAI concentration.  

 

Figure 36. (a) J-V curves measured with scan rate of 43 mV/s and (b) stabilized 

PCE of the champion solar cells of different MAI concentrations. 

TRPL measurements were done to evaluate the charge extraction quality of the 

samples with different stoichiometries but a similar TiO2/PCBM electron 

transport bilayer. To increase the accuracy of the PL measurements, three 

measurements on different locations over each sample (Figure 37a) were 

performed. A bi-exponential decay model was used to fit the PL decay data and 

extract the life time values (Figure 37b). As can be seen in Figure 37a, the curves 

represent more or less the same trend for each stoichiometry. To explain the 

variable PL curve decay in different stoichiometries, it is important to note that 

these measurements were performed on the half-cell level where the perovskite 
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layers were deposited atop ETL and there were no hole transport layers and metal 

contacts deposited to collect the carriers before being recombined. This is 

important because the low life-time values derived from fitting calculations 

should not be considered as an indication for the weak performance of the full 

solar cell. For instance, the microscopic and optical properties of the perovskite 

layers formed with MAI concentrations of 40-45 mg/ml promised a higher 

performance than the other stoichiometries. However the fitted life-time values 

for 40-45 mg/ml concentrations were the lowest, which seems to be a 

contradiction. Indeed, evaluating the performance of the full solar cell based on 

the half-cell measurements will not deliver an accurate anticipation of the full cell 

performance. These kind of measurements could be useful to evaluate the 

stoichiometry-dependant passivation at perovskite-ETL interface or crystal 

grains levels. As an example, the lowest life-time calculated is for the 40 mg/ml 

MAI concentration but on the other hand this stoichiometry represents the highest 

efficiency (Figure 35). The key point here is the high quality of the perovskite-

ETL interface due to the passivation by excess PbI2, which facilitates the electron 

injection. Therefore the highest Jsc and FF are measured for this stoichiometry 

on the full-cell level while in the half-cell life-time measurements as collecting 

the dissociated charge carriers is impossible and due to the high quality of the 

interface, they reinject and recombine very fast. That is why the lowest life-time 

calculated from the data fitting does not necessarily correspond to the lowest Voc 

in full-cell level. By increasing the MAI concentrations towards 50-55 mg/ml the 
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passivation role of excess PbI2 diminishes. Here however the half-cell life-time 

values increase but in the full-cell performance the Voc and Jsc values 

dramatically decrease and this is again due to the positive role of passivation at 

interface and grain boundaries by excess PbI2, which is diminished by increasing 

the MAI concentrations. In case of 35 mg/ml the highest life-time value is 

calculated in the half-cell level but looking at the photovoltaics parameters of the 

solar cells made with this stoichiometry it could be understandable that the thick 

PbI2 remaining at the perovskite-ETL, passivates the interface so that in a half-

cell level the recombination process is delayed therefore high life-time value is 

achieved but in a full-cell level the FF is suffered from this thick barrier of PbI2 

layer, therefore the final efficiency decrease. Accordingly, to have a reliable 

anticipation of the cell performance it is tricky to only evaluate the life-time 

values achieved from half-cell TRPL measurements.    

 

Figure 37. TRPL decay curves of the perovskite layers formed with different 

MAI concentrations (9a) and corresponding life time values (9b). 
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Steady-state PL intensity measurements were done on two different locations 

over each sample to achieve reliable understanding from the PL properties of each 

stoichiometry. As can be seen in Figure 38, the two PL intensities for each 

stoichiometry represent the same trend. In comparison with TRPL measurements 

the results are in good agreement. The differences in PL intensities could be 

correlated to the crystallization and grains growth conditions in different MAI 

concentrations. For the MAI concentrations of 40-45 mg/ml as confirmed by 

microscopic analysis, the grains are tightly connected to each other leaving no 

pinholes as defect centers. This is due to positive contribution of excess PbI2 for 

passivation of the grains and perovskite-ETL interface. The PL intensity peaks of 

the PbI2-rich samples or 35-45 mg/ml MAI concentrations are slightly red-shifted 

suggesting less defects. The highest PL quenching is measured for the MAI 

concentrations of 40-45 mg/ml, which is consistent with their Jsc values. By 

increasing the MAI concentrations to 50-55 mg/ml or decreasing the passivation 

role of excess PbI2, the PL quenching efficiency decrease, which is also consistent 

with low Jsc values of these concentrations. As confirmed with TRPL and 

photovoltaic performances, here also the sample with the lowest MAI 

concentration (35 mg/ml) is strongly suffering from thick intact PbI2 layer at 

perovskite-ETL interface, therefore the lowest quenching efficiency is measured 

for this stoichiometry. 
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Figure 38. Steady-state PL curves of the perovskite layers formed with different 

MAI concentrations. 

To present a rational explanation for the positive role of access PbI2 observed in 

the samples with PCBM layer, kelvin probe force microscopy (KPFM) 

measurements on the samples with different crystallization conditions were 

performed. KPFM has been used as a tool to measure the contact potential 

difference (CPD) and the surface photovoltage (SPV).48  Under illumination, the 

excited electrons and holes build an open-circuit potential across the film, which 

desociates the positive and negative ions. This could decrease the recombination 

and improve the charge carrier injection into the electron transport layer. At an 8 
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V bias voltage the mean potential values for the samples with different PbI2 

incorporation were measured (Figure 40). First the surface topography was 

mapped and then the KPFM measurements were done in dark and under 

illumination and finally the mean potentials were measured. As it can be seen, 

different PbI2 contents yield different mean potentials. The highest mean potential 

corresponds to the highest efficiency and lowest hysteresis. This highlights the 

important role of passivation where the excess PbI2 could passivate both the 

perovskite-ETL interface and crystal grains. This could eventually decrease the 

charge carrier recombination and improve the hysteresis in perovskite solar cells.   

 

Figure 39. KPFM measurements setup. 
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Figure 40. KPFM measurements of samples deposited with different MAI 

concentrations. For the well passivated sample of 40 mg/ml MAI concentration 

the mean potential is higher. 
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3.3 Interface engineering in two-step hybrid method, ITO vs FTO 

FTO coated glasses are electrically conductive and ideal for use in a wide range 

of devices, including applications such as optoelectronics, thin film 

photovoltaics, energy-saving windows and other electro-optical and insulating 

applications. FTO has been recognized as a very promising material because it is 

relatively stable under atmospheric conditions, chemically inert, mechanically 

hard, high-temperature resistant, has a high tolerance to physical abrasion. Indium 

tin oxide (ITO) is widely used as a transparent conducting oxide. Its major 

characteristics are electrical conductivity, optical transparency and the ease to be 

deposited as a film. ITO and FTO are transparent conductive oxides which are 

frequently used as cathode contacts. ITO provided a flat substrate while FTO a 

rough one to grow the perovskite on top. The structural, optical and electrical 

properties of the perovskite layers formed atop ITO and FTO transparent 

conductive oxides were studied in this thesis. 

The XRD graphs are shown in  Figure 41. As can be seen, the PbI2 peak is 

intensive in case of ITO. This can be attributed to the excess PbI2 in perovskite 

structure due to the incomplete perovskite crystals growth. This incomplete 

perovskite crystal growth can be correlated to a better surface wettability offered 

by rough FTO where the MAI solution during the second step of hybrid 

deposition intercalated more effectively.   
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Figure 41. XRD patterns of the perovskite layers deposited atop FTO and ITO 

coated glass substrates and in presence of TiO2/PCBM as ETL.  

The cross section SEM images of the perovskite layers formed atop ITO and FTO 

coated glass substrates are illustrated in Figure 42. As can be seen, the ITO 

provides a flat substrate and FTO a rough one. The perovskite crystal grains 
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formed in case of FTO are more impinged than ITO. This is beneficial due to 

providing a pinhole free layer and mitigation of shunt passes from HTL to ETL 

through perovskite absorber.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 42. Cross-section SEM images of the perovskite layers deposited atop 

FTO/TiO2/PCBM and ITO/TiO2/PCBM coated glass substrates.  

Optical spectroscopy measurements have been done to analyze the optical 

properties of the perovskite layers formed on ITO and FTO coated substrates. A 

100 nm MgF2 antireflection coating (ARC) was deposited on the glass side to 
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decrease reflection losses. The reflection and transmission of the solar cells were 

measured with a spectrophotometer and the absorption was calculated based on 

the following formula:  A = 1- (R + T) 

The optical properties of the solar cells fabricated with ITO coated glass with and 

without ARC are depicted in Figure 43. 

 

 

Figure 43. Optical properties of the perovskite layers deposited atop ITO coated 

glass substrates with and without ARC layer.  
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The 0% transmission measured is due to the gold contacts deposition and the fact 

that gold is a 100% reflector. As can be seen in Figure 43, deposition of a 100 nm 

MgF2 enhanced the light absorption.  

The same measurements were performed for the solar cells fabricated atop FTO 

coated glass substrates. As can be seen in Figure 44, similar to ITO, the presence 

of MgF2 enhanced the light absorption in perovskite absorber. 

 

 

Figure 44. Optical properties of the perovskite layers deposited atop FTO 

coated glass substrates with and without ARC layer.  
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Optical properties of the perovskite solar cells made with ITO and FTO 

transparent conductive oxides were compared. The result of this comparison is 

illustrated in Figure 45. As can be seen, a higher optical absorption and lower 

transmission is measured for the sample deposited on FTO coated glass substrate. 

This can be explained by different perovskite formation atop different substrates, 

which is clear in SEM images.  

 

 

 

Figure 45. Comparison of the optical properties of the perovskite layers 

deposited atop ITO and FTO glass substrates.  
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The photovoltaic parameters were analyzed and compared for the solar cells made 

with ITO and FTO coated glass substrates (Figure 46). Slightly higher Jsc values 

in case of FTO is due to higher absorption in perovskite layers grown on top. Voc 

values are known to be correlated to the charge recombination in absorber bulk 

and interfaces. As can be seen in SEM images, the PCBM is well capped the 

smooth ITO substrate. This results in a good interface passivation, therefore 

higher Voc. FF values were higher for the solar cells made atop FTO. This is due 

to the interconnected grains and higher quality layer formation, while shunt 

passes can be seen in case of perovskite layer formed atop ITO substrate. 

Ultimately the PCE of the solar cells made using FTO substrates were higher than 

ITO.   

 

Figure 46. Comparison of the photovoltaic parameters of the perovskite layers 

deposited atop ITO and FTO glass substrates. 
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TRPL measurements were performed to compare the charge extraction qualities 

for the solar cells made atop FTO and ITO coated glass substrates. As can be seen 

in Figure 47, the decay trend is more or less the same with slightly more quenched 

PL signal in case of ITO.   

 

Figure 47. Comparison of the TRPL curves of the perovskite layers deposited 

atop ITO and FTO glass substrates. 
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The impact of the concentration of PCBM as an effective passivation layer on 

morphological and optoelectronic properties of perovskite solar cells has also 

been studied in this thesis. The PCBM concentration varied in the range of 0 (no 

PCBM layer) to 15 mg/ml. As can be seen from the cross-section (a) and top-

view (b) SEM images in Figure 48, the crystallization and grain growth condition 

strongly affected by the PCBM concentration variation.  
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Figure 48. Cross-section (a) and top-view (b) SEM images of the perovskite 

solar cells made with PCBM layer with different concentrations. 

Also the role of PCBM layer in perovskite layer formation atop flat and textured 

silicon was investigated. As can be seen in Figure 49 and 50, in presence of 

PCBM layer the crystal grains are strongly impinged while in case of no PCBM, 

the formed layer is not uniform and many voids appear between the grains. 
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Figure 49. Perovskite layer formation atop flat and textured silicon without 

PCBM layer. 

 

Figure 50. Perovskite layer formation atop flat and textured silicon with PCBM 

layer. 
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The steady-state PL measurements were done on the perovskite layers formed 

atop PCBM layer of different concentrations. The PL signal is strongly quenched 

for 10-15 mg/ml concentrations which promises a good charge carrier generation 

and extraction and thereupon high PCE.  

 

 

 

Figure 51. Steady-state PL measurements of the perovskite layers formed atop 

PCBM with different concentrations. The measurements are done from the back 

(glass) side. 

 

Steady-state PL measurements depicted in Figure 51 were performed from the 

back side of the samples. These measurements are also done from the front side 
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(perovskite side). As can be seen in Figure 52, the trend of the curves are the same 

in comparison with Figure 51, but the curves are more separated. This could be 

due to the more photoexcited charge carriers generation closer to the 

perovskite/ETL interface. 

 

Figure 52. Steady-state PL measurements of the perovskite layers formed atop 

PCBM with different concentrations. The measurements are done from the top 

(perovskite) side. 

 

JV and stabilized PCE measurements are shown in Figure 53 and 54. The 

impressive passivation role of the PCBM layer is visible where the efficiency and 

hysteresis are notably improved by increasing the PCBM concentration. The 

PCBM concentration of 10 mg/ml yielded the highest efficiency and lowest 

hysteresis.  
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Figure 53. JV curves of perovskite solar cells made with PCBM layer of different 

concentrations. 

 

Figure 54. Stabilized PCE of perovskite solar cells made with PCBM layer of 

different concentrations. 

The main photovoltaics figures of merit were measured and analyzed to 

understand the optimum concentration of PCBM in the solution used to prepare 
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passivation layer. Table IV presents the photovoltaic parameters of the champion 

solar cells made with PCBM layers of different concentrations. With 10 and 15 

mg/ml, higher efficiencies and lower hysteresis were achieved. Comparing the 

results of concentration optimization, significant Voc, Jsc, and FF gains were 

achieved. This could be due to the uniform and compact layer formation as well 

as grains and interface passivation in case of higher PCBM concentrations. 

Table IV. Photovoltaic parameters of the perovskite solar cells made with PCBM 

layer of different concentrations. 10-15 solar cells are made and analyzed for each 

concentration. 

 

The highly reproducible 18%> efficiencies reported in sections 3.1-3.3 were 

achieved as a result of optimization of PbI2 content (or MAI concentration) as 

well as both ETL and HTL layers.  For all the results reported in experimental 

section of this thesis at least 10-15 samples were analyzed to have logical statics 

for reliable conclusions.  
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Chapter 4: Outlook 

As single junction crystalline silicon (c-Si) solar cells approach their practical 

efficiency limits, new technologies are required to continue to this upward trend 

and further reduce the levelized cost of electricity (LCOE) of installed systems. 

Perovskite-silicon tandem solar cells are one very promising technology to 

achieve these goals by increasing the efficiency of c-Si cells with minimal 

additional fabrication costs. Such tandem cells have recently demonstrated 

certified efficiencies of up to 28%.26  

 

Figure 55. Schematic of perovskite/silicon monolithic tandem solar cell.   
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The perovskite-silicon tandem solar cells could be fabricated with three 

configurations. Monolithic two-terminal with direct contact between top and 

bottom cells,22 mechanically stacked four-terminal with independently connected 

top and bottom cells13 and optically coupled four-terminal featuring a mirror to 

reflect the light wave of longer wavelength to the bottom cell.104 Each 

configuration has its pros and cons, two-terminal enables a direct electric 

connection between two cells through a tunnel junction. In this case only one 

TCO would be required resulting in low manufacturing costs and minimized 

parasitic absorption. Although, current matching between the two cells and 

possible fabrication damages on the bottom cells could be mentioned as draw 

backs of this configuration. Regarding four-terminal configuration, the 

fabrication of tandem solar cells which are mechanically stacked could be less 

demanding due to the separate top and bottom cells fabrication causing no 

damage on the bottom cell. However in this case there TCOs are required 

resulting in higher fabrication costs and parasitic absorption.  Using a dichroic 

mirror within a four-terminal configuration could be a solution for lowering the 

parasitic absorption, however the expensive dichroic mirror could make the 

fabrication costly and less interesting. To choose the best strategy one should 

weigh up the pros and cons and find the best compromise.  
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Figure 56. Schematic of different perovskite/silicon tandem solar cell 

configurations (a) monolithic 2-terminal, (b) mechanically stacked 4-terminal 

and (c) spectral splitting.   

Different methods have been utilized for deposition of perovskite top cells on 

silicon bottom cells. From solution processing to evaporation-based methods. 

Solution processing enables easy compositional engineering in perovskite 

structure and band-gap tuning, interesting for tandem applications.94-96 Figure 57 

represents the CsFAPb(I(1-x)Brx)3 perovskite layers formed with different Br 

contents in perovskite structure. By increasing the Br content the bad-gap 

increases but the color of absorber layer changes from dark black to amber and 

orange, which can negatively affect the light absorption in very high band-gaps. 

To realize an efficient tandem solar cell, band-gap engineering of top and bottom 

solar cells is crucial. Ability to band-gap tuning made perovskite a promising 

candidate as a top cell in tandem configuration on Silicon bottom cell.  
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Figure 57. Perovskite layers formed with different Br contents. This study is 

carried out in CNST IIT lab in Milan. 

Variable band-gaps of perovskite layers formed with different Br contents are 

illustrated in Figure 58. 

 

Figure 58. Band-gap engineering in perovskite layers by varying the Br contents.  

This study is carried out in CNST IIT lab in Milan. 
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As can be seen in Figure 58, by increasing the Br content a blue shift in absorption 

edge is visible. Based on theoretical and experimental investigations, a perovskite 

with band-gap of 1.68-1.72 eV is suitable for an efficient tandem 

perovskite/silicon solar cell. 

To improve light trapping and reduce reflection at the front of the solar cell, 

industrial silicon cells are typically textured on both sides by a wet chemistry 

treatment, resulting in a pyramidal texture of a few micrometers in height. As the 

perovskite absorber is usually deposited via wet chemistry and its thickness is <1 

m, most of the tandem devices reported so far have featured a bottom cell that 

was mechanically polished on its front. Targeting compatibility with industrial 

monocrystalline c-Si process lines, a hybrid sequential deposition method could 

be a good candidate for the perovskite top cell deposition. Along with vacuum-

deposited charge selective contacts, this approach enables to demonstrate a 

monolithic tandem solar cell featuring an n-type silicon heterojunction (SHJ) 

bottom cell textured on both sides, which has the potential to reach efficiencies 

beyond 30%.  
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Figure 59. Perovskite-silicon tandem solar cell fabrication procedure using 

hybrid method for perovskite deposition and final schematic of perovskite-silicon 

tandem solar cell. 

Basically, tandem configurations of a high band-gap top cell on a low band-gap  

bottom cell such as  perovskite/silicon94-96, perovskite/CIGS97-98 

perovskite/CdTe99  and perovskite/perovskite100 solar cells aiming to surpass the 

single junction efficiency limit, could pave the way of photovoltaics to become a 

game changer in the energy market.  This is extremely important nowadays, as 

production of the greenhouse gases, resulting from consumption of the 

conventional energy sources, are seriously threating our environment. The global 

warming and climate change are the dangerous consequences. Therefore 

introducing a low-cost, highly efficient and highly stable source of energy such 

as tandem solar cells could be a solution. However, a lot of engineering and 

optimization works need to be done to address these three challenges in tandem 

solar cells. 
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Chapter 5: Conclusions  

In this thesis a two-step hybrid evaporation-spincoating method was employed to 

fabricate low-temperature processed MAPbI3 planar perovskite solar cells. The 

important role of charge transport layers and interface engineering on the 

perovskite grains growth and photovoltaic parameters of the final solar cells were 

addressed within an optimization study. The optimized value for PCBM 

deposition, as a substrate for perovskite top layer, resulted in a homogeneous and 

compact perovskite layer formation with well impinged grains and thereupon 

superb photovoltaic performance.   

The role of crystallization and grain growth conditions on the morphological and 

optoelectronic properties as well as hysteresis behavior by a systematic variation 

of MAI concentrations in MAPbI3 perovskite solar cells fabricated with a two-

step hybrid evaporation-spin-coating method, was studied. Stoichiometry 

variation strongly impacted the crystallization and grain growth. The reduction in 

MAI concentrations down to 40 mg/ mL and accordingly increased PbI2 

incorporation resulted in highly crystalline perovskite layers with smaller but 

more impinged grain formation. For these samples, it was observed that the 
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remnant PbI2 content correlated with higher efficiencies of photovoltaic 

operation, especially with higher voltages, higher currents, and thus higher 

efficiencies, as well as less hysteresis. The possible explanations for the superior 

performance with lower MAI concentrations were surface and interface 

passivation by PbI2 and a positive contribution of interconnected grain boundaries 

allowing for improved charge extraction. Even lower MAI concentrations, 

however, then resulted in poor crystallization and low photovoltaic performance. 

Ultimately, 40 mg/mL is found to be the optimized value for the MAI 

concentration, resulting in the champion device stabilized efficiency of 18.2%. 

This is the highest value reported so far for perovskite solar cells fabricated with 

two-step hybrid evaporation-spincoating method.  

Finally the structural and optoelectronic properties of perovskite solar cells made 

by hybrid method using FTO and ITO coated glasses substrates were compared. 

The results rationalized that the thin and rough FTO coating offered a well 

impinged crystal growth with good electronic couplings which resulted in high 

efficiency perovskite solar cells. 
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