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Abstract 
 

The work documented in this thesis concerns the development of perovskite solar cells 

fabrication by inkjet printing technique. Recently, solar cells based on perovskite absorbers 

have emerged as one of the most promising photovoltaic technologies. After a decade of 

intensive scientific research, perovskite solar cells are now approaching the 

commercialization stage. At this moment the production of large-area devices is still to be 

established. Inkjet printing is one of the solution-based methods which can satisfy the 

requirements for fast and cheap thin film deposition. Herein, the boundaries of perovskite 

research are pushed towards industrial prospects by tackling the challenge of scalable film 

formation in air conditions. In this work, the development of inkjet printing was carried out 

for a few different perovskite formulations and one electron transport layer. 

Initially, this thesis gives an overview of the most important properties of perovskite 

materials pointing out the bright sides as well as the challenges of perovskite solar cells 

technology. 

The second chapter provides the guide through the inkjet printing technique necessary to 

understand the correlations between the ink properties, deposition parameters and 

substrate surface energy. This section explains the complexity of inkjet printing and 

addresses the challenges of printing process development. 

The experimental part consists of three publications and one patent application submitted 

during this PhD track. 

The first experimental chapter reports the design of mixed cation perovskite ink and its 

stability. The work focuses on finding green solvent composition and adjustment of 

coordination chemistry in the perovskite precursor solution. The study points out the 

importance of careful evaluation of ink stability, especially for perovskite ink formulation 

where chemical interactions can strongly affect the ink properties. By understanding the 

coordination mechanisms occurring in the precursor solution the sufficient reliability of the 

ink is obtained leading to printable devices of 11.4% power conversion efficiency (PCE) on 

a flexible substrate. 

The second study is concerning the printing and post-processing of quasi-2D perovskite. In 

this work, the correlation between crystallization conditions and specific phases 

distribution is being analysed. Adjustment of the ink composition and optimization of the 

drying method allowed to achieve good morphology and crystallinity of the film. Inkjet-

printed devices surpassed 14% PCE on glass and 10% on flexible substrates, being one of 

the highest results for flexible quasi-2D perovskite solar cells up to date. 

In the next publication, inkjet printing is evaluated for electron transport layer deposition. 

The ink based on a new fullerene material ([6,6]-phenyl-C61 butyric acid n-hexyl ester; 

PCBC6) is composed to meet inkjet criteria, and printing parameters are optimized to obtain 

uniform coverage. Perovskite solar cells with printed PCBC6 reached efficiency similar to 
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fully spin-coated devices showing high applicability of inkjet printing for the fabrication of 

multiple layers stack of perovskite solar cells. 

The last part of the experimental section attached as a description of the patent application 

addresses the challenge of inorganic perovskite processing. The innovative method of 

introducing an additional seeding layer to the solar cell device stack allows to drastically 

decrease the temperature of CsPbI3 perovskite phase crystallization allowing the use of 

polymeric substrates and making the process more industrially viable. The procedure 

developed during this study has a high implementation potential for inorganic perovskite 

printing as well as for other solution-based coating processes. 
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Motivation and hypothesis 
 

The constant growth of global energy demand driven by industrialization and population 

increase challenges the energy production sector.[1] Omnipresent electricity became 

essential to maintain the basic day-to-day living of modern society. Available at a flick of a 

switch, electricity is often taken for granted, forgetting that every single watt of power 

needs to be first somehow generated and delivered. Huge consumption of fossil fuels used 

for electricity generation comes at a price to the environment. Carbon dioxide emission 

accused of climate change and rising prices of natural gas and crude oil are warning signs 

of the upcoming energy crisis.  

In order to satisfy the rising demands and avoid catastrophic consequences, outdated 

processes need to be supported by environment-friendly alternatives. Improving cost-

competitiveness of renewable technologies and dedicated policy initiatives are being 

addressed to secure the energy sector. 

Renewable sources of energy are expected to satisfy 27% of the need by 2050 which is a 

165% increase compared to its share in 2020.[1] Technological advances provide various 

solutions of clean energy production including tidal energy, geothermal, bioenergy, and 

renewable synthetic fuels, however, solar energy and wind are currently holding the 

biggest potential due to their availability and technological maturity.[2] 

The sunlight that radiates our planet dwarfs all the other energy sources. According to the 

World Energy Council, every day the flux of 1000 W/m2 arrives at the surface of Earth, 

equivalent to 1.08 × 108 GW of power. This value represents 7000 times more energy 

needed daily by the whole planet.[3] In a view of those numbers, it becomes clear that solar 

energy conversion is of vital importance among scientists and engineers. The history of 

commercial photovoltaics (PV) reaches 1954 when the first silicon solar cell able to convert 

sunlight into electricity was presented by Bell laboratories.[4] After that, the research 

progressed rapidly driven mostly by space applications. The solar cell structure and the 

methods of fabrication were evolving bringing more and more efficient devices. Up to now, 

the PV market consists of a few generations of devices with still dominant silicon solar cells, 

thin-film photovoltaics as well as polymer, organic, and hybrid photo converters with 

power conversion efficiencies above 20%.[5] Researchers are trying to find new materials 

and develop new methods of solar cell production in order to absorb the sunlight more 

efficiently and reduce manufacturing costs. Thus, thin-film photovoltaics offering flexibility 

and simplified production processes are gaining interest in the field. 

Perovskite solar cells (PSC) appeared on the photovoltaics playground merely 10 years ago 

and quickly became one of the front-runners on the power conversion efficiency chart 

reaching 25.7%.[5] The hybrid organic-inorganic, synthetic compounds with perovskite 

crystal structures were found to be extremely attractive as light absorbers. Their 

optoelectronic properties like high absorption coefficient, bandgap tunability, defect 
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tolerance attracted the attention of many scientists around the world.[6]–[8] The extensive 

research led to the outstanding performance reached on versatile device configurations 

which together with a low-cost production (low-temperature solution process) makes 

them very attractive also commercially-wise. Due to their lightweight, high performance in 

low light conditions (40.1% under 824.5 lux), flexibility, colour tunability perovskite solar 

cells can offer new functionalities extending the market beyond rigid, heavy rooftop 

installations. [9][10] 

Considering the great economic prospects of this technology, the research is pushed 

towards the development of commercially viable processes enabling large scale 

production. In order to enter the market, a few shortcomings need to be mitigated. 

Perovskite technology underwent rapid technological development, but industrial 

reliability is still to be proven. The stability and performance of large-area modules, as well 

as the production process, need to meet the requirements of an extremely competitive 

utility-scale PV market. 

The PhD track of Barbara Wilk was conducted as an Implementation Doctorate Programme 

in Saule Research Institute (SRI). SRI is a foundation established to carry out scientific 

projects in the field of optoelectronics. Projects are focusing on the fundamental 

understanding of physical phenomena behind the solar cell performance as well as 

processing development and chemical synthesis optimization of functional materials used 

in the field. Currently, perovskite solar cells are one of the topics studied in the institution. 

The Ph.D. research presented in this thesis was performed within the First Team project 

titled: Enhancement of structural stability and operational reliability of perovskite solar cells 

led by Konrad Wojciechowski, Ph.D. The program was aimed to develop scalable inkjet 

printing processes of perovskite materials with intrinsically enhanced stability.  

The hypothesis stated in this thesis is that inkjet printing is capable of large-area deposition 

of various perovskites and adjacent layers building perovskite solar cells. The main 

objective arises from the need of expanding the knowledge on various perovskites 

crystallization, as well as inkjet ink design, printing parameters optimization and 

methodologies of layers post-treatment. To pursue this goal, the printing of three different 

perovskite materials (mixed cation perovskite, 2D perovskite and inorganic perovskite) and 

one functional layer was optimized. The study shows the importance of ink composition 

adjustment, ink rheology and stability analysis as well as careful selection of crystallization 

parameters. As a result of presented work, three scientific publications and one patent 

application were issued. The research conducted in this thesis delivered ink compositions 

and methodology of printing new perovskite compositions with a high potential of 

implementation into perovskite solar cells production.  

 

 

 

 

-7-



 

THEORETICAL PART  

1. Basic principles of solar cell operation 
 

The solar cell is defined as a light-absorbing material (normally a semiconductor) connected 

to the external circuit keeping the electrical asymmetry enabling extraction of carriers 

generated by photoexcitation. In the dark it acts as a diode, conducting the current only in 

one direction. Upon illumination, photons with energy greater than the bandgap of a given 

semiconductor, are being absorbed promoting the electron from the valence band to the 

conduction band. The excited electron is bound by Coulombic force with a hole created in 

the valence band forming an electron-hole pair called exciton. The strength of electron-

hole attraction (so called binding energy) is defined by the dielectric constant of the 

semiconductor, thus it varies between materials. Due to built-in asymmetry (difference in 

electron affinity of adjacent layers) the exciton can split and electrons and holes can be 

extracted. This asymmetry can be provided by specific doping of one material into p-type 

(electron-deficient) and n-type (electron excess) and creating p-n homojunction or by 

sandwiching an intrinsic semiconductor between n-type and p-type materials 

(heterojunction). When p-type and n-type materials are joined together, the difference in 

electrons concentration force a migration of carriers towards the balance. Firstly, carriers 

diffuse towards the interface and recombine forming a depletion region. When electrons 

(and holes) move, they leave the core ions behind (negative in the p-type material and 

positive ions in the n-type) creating an electric field in the junction. The higher the doping 

density, the higher electric field is established and thus higher built-in potential (Vbi). The 

magnitude of Vbi is equal to the difference between Fermi levels of two semiconductors. 

Upon illumination, the density of carriers increase breaking the thermal equilibrium and 

causing a Fermi level split into two quasi-Fermi levels. [11] 

The operation of a solar cell is described by its current-voltage (I-V) characteristic (figure 

1.1). The current produced when two terminals are connected is called the short circuit 

current (ISC) and it is the point where the I-V curve cross with Y-axis. The voltage when the 

circuit is open and the current flow is zero is called an open-circuit voltage (VOC) and it is an 

I-V intersection with X-axis. During the normal operation upon a load with resistance R, the 

voltage can vary between zero and VOC and the current is between zero and ISC according 

to the Ohm law (V = IR). As the current values are directly proportional to the active area 

of the illuminated device it is often presented as current density (JSC) expressed in 

mA/cm2.[11] 
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Figure 1.1 Current-Voltage (J-V) characteristic of a solar cell  

The amount of generated current depends on the incident light spectrum and the bandgap 

of the absorber. Only the light with energy higher than the bandgap can promote the 

electron to the conduction band and enable its extraction. Thus, the bandgap of the 

material must be suitable for a given light spectrum to be able to convert it into current.  

The voltage of a solar cell is defined by the energy difference between quasi-Fermi levels 

of the extracted electron and hole thus by the bandgap of the absorber. In real conditions, 

it is always reduced by non-radiative recombination processes. In a polycrystaline absorber 

the defects in the lattice and on the grain boundaries are a dominant source of this 

recombination, so the morphology of the film plays a crucial role in maximizing the device 

performance. 

The power generated by the solar cell is the product of voltage and current. The point on 

the curve where it reaches the maximum value is called Maximum Power Point (MPP). In a 

working solar cell, this point is always below the theoretical maximum which could be 

obtained with maximum voltage (VOC) and Current (JSC). The deviation from the theoretical 

maximum is called Fill Factor (FF) and it is expressed in percentage. The most important 

parameter describing the solar cell operation is power conversion efficiency (PCE) which is 

a ratio between the power density generated by the device to the incident light power 

density.[11] 

The power conversion efficiency is directly related to the amount of the absorbed photos, 

thus to the spectrum of incident light flux. In order to standardize the solar cells 

measurements, a fixed solar spectrum reference is established which represents the solar 

spectrum at ground level for mid-latitude regions at a solar zenith angle of 48°. It is called 

an Air Mass 1.5 spectrum (AM 1.5) and it was calculated for a yearly average at mid-

latitudes. Similarly the standard irradiance is assumed based on average value equal 100 

mW/cm2. The standardized solar irradiance is shown on figure 1.2. 
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Figure 1.2 Standardized solar spectral irradiance AM 1.5[12] 

It is important to note that each solar cell utilize only a specific part of the whole spectrum 

according to its bandgap. An interesting strategy to extend the range of absorption is to 

combine two different materials with shifted absorption onset creating a tandem cell. In 

this way more light can be absorbed, thus more current is generated. 
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2. Perovskite Solar Cells 
 

2.1.Definition of perovskite 
 

The term perovskite relates to the group of compounds sharing a typical crystallographic 

structure belonging to the Pm3m crystallographic space group. Those materials have a 

general formula ABX3 and a cubic shape unit cell with a B atom placed in the centre. The A 

atoms are positioned on the vertices of the cube and there is one X atom on each wall 

creating a BX6 octahedron.[13][14] The structure of a unit cell is presented in figure 2.1. 

 

Figure 2.1 The unit cell of a perovskite 

The fact that many different atoms can fit into A, B and X positions makes this group very 

diverse. Materials with this crystallographic structure include naturally existing inorganic 

minerals (like MgSiO3, CaTiO3), and synthetic ceramics (like BaTiO3) or hybrid organic-

inorganic compounds where the A atom is replaced by an organic group. Upon substitution 

of atoms, certain distortions may occur due to a change in the atoms’ radius. The limitation 

in a selection of atoms is described by a Goldschmidt tolerance factor (t) which specify that 

the ionic radius of atoms has to stay in this relation: 

𝑅𝐴 + 𝑅𝑋 = 𝑡√2(𝑅𝐵 + 𝑅𝑋 

where, RA, RB, and RX are the relative ionic radii of the A site, B site cations and X anion.  

The perfect perovskite crystal has t = 1 and it was calculated for the first discovered 

perovskite: CaTiO3. This factor allows predicting whether the atoms can form a perovskite 

shape lattice. A desired, cubic structure is stable for values of t in the range between 0,89 

to 1. The smaller values of t give an ilmenite symmetry and factors above 1 lead to the 

hexagonal perovskite structure.[15]  

Perovskites gained interest in 2009 when Japanese researcher Miyasaka and his colleagues 

reported the application of a hybrid perovskite compound (with a formula CH3NH3PbI3 

known as MAPI) as a light absorber in dye-sensitized solar cells.[16] In MAPI the cubic phase 

is stabilized at a temperature above 330K. Upon decreasing the temperature the rotational 

disorder of PbI6 can occur leading to a phase transition to tetragonal (160-330K) and 
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orthorhombic (below 160K)[17]. In 2012 the same compound (MAPI) was successfully 

applied to build a solid-state device which was a key discovery which triggered a broad 

research of perovskite solar cells.[18][19] During 12 years, the power conversion efficiency 

of perovskite photoconverters increased from initial 3.8% to 25.5%.[5] This exceptionally 

fast, compared to other PV technologies, progress was witnessed due to the intensive 

research of the scientist from the entire world. The path of efficiency enhancement led 

through the modification in device architecture, incorporation of new carrier transport 

materials and compositional engineering of the absorber layer. Up to 2019 over 16000 

scientific reports concerning this topic were published and the number of publications per 

year keeps rising.[20] The exploration of the unique properties of halide perovskite 

materials is still a popular topic in many fields of science. The attractiveness of Miyasaka’s 

discovery arises from the fact that it is not only one candidate for an absorber but the whole 

family of materials with tuneable optoelectronic properties, which can be used to build 

efficient solar cells. 

Elemental compositional engineering of halide perovskites led to the creation of totally 

new materials like mixed perovskites, where A and X sites are occupied by a few different 

groups/atoms (e.g. Cs0.1FA0.75MA0.15PbI2.49 Br0.51) and low dimensional perovskites (quasi-

2D, 2D, 1D or 0D) where the long-chain compounds are employed.  

The following section will describe the most important properties of halide perovskites 

explaining why these materials became the front runners among emerging photovoltaic 

materials. 

 

2.2.Advantages and challenges of perovskite solar cells 
 

Every technology has its advantages and the draw-backs. Following paragraph will 

highlight the most important aspects of perovskite solar cell technology including the 

most attractive optoelectronic properties and stability concerns. 

 

2.2.1.Optoelectronic properties of perovskites 
 

• Tunability 

The most attractive feature of perovskites is the tunability of their optoelectronic 

properties by compositional engineering. There is a whole range of possible candidates 

which fit into the A, B, and X-site of perovskite cage. It was found that the substitution or 

intermixing of some atoms allows to keep light harvesting properties, but altering some of 

the electronic properties (most importantly the bandgap). Such a compositional 

engineering of crystalline perovskites can be easily done by doping at the precursor 

solution stage leading to the whole variety of perovskite compounds with the bandgap 

ranging from 1.2 to 3.55 eV.[7], [21], [22] 
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Upon mixing halides at the X position the PL signal varies from visible to the near-infrared 

region.[7] Figure 2.2 shows the tunability of absorption (colour) of MAP(I1-xBrx)3 upon 

changing the Br content. There is almost a linear relationship between the Br content and 

the bandgap of perovskite (figure 2.2b).  

In ABX3-type metal-halide perovskites, the valence band maximum is formed from an 

antibonding hybrid state of the metal s and halide p orbitals. The conduction band 

minimum is a hybrid of metal p and halide p orbitals. Thus, when the X element is replaced 

by other with different electronegativity, the orbital’s energy change, and so is the 

bandgap.[23]  

The observed decrease of the bandgap by replacing X ions going from bromide to iodide is 

accompanied by the decrease in the effective mass of the exciton and the decrease of the 

exciton binding energy what is the result of an increased difference in electronegativity 

between Pb and Br. Similarly, the substitution of the lead cation on the B-site (e.g. by tin) 

changes the bandgap of the material. Replacing B and X atoms induce the difference of 

orbital energies, thus the metal-halide orbitals overlap. The more electronegative X-site 

atom, the lower-energy valence band, and therefore a larger bandgap.[24] 

The bandgap can be also tuned by A-site cation replacement. Substitution of 

formamidinium (FA) group by smaller cesium cation (Cs+ ) alters the character of B-X bonds 

by steric and Coulombic interactions and induces a tilt of X-Pb-X dihedral angle changing 

the orbitals overlap which in turn causes an increase of the bandgap.[25] Interestingly, in 

the case of tin-based perovskites the same caesium doping does not cause the tilt but only 

the isotropic lattice contraction (due to smaller size of Cs atoms), thus the effect is opposite 

(decrease of the bandgap).[23] Figure 2.2c shows the effect of caesium doping in lead and 

tin halide perovskite. The competitive effects of octahedral tilt and lattice contraction on 

the bandgap of these materials provide a strategy to tune its value in a wide range between 

1.2 to 1.7 eV.  

Octahedral tilts in halide perovskites may also originate from the H-bondings between 

organic groups and halide frame. Theoretical calculations have shown that tuning the 

degree of hydrogen bonding can be used as an additional control parameter to optimize 

the photovoltaic properties of perovskites.[26] 

The ability to tune the bandgap of perovskite materials is intriguing for the field of 

optoelectronics as it opens the possibility for tandem architectures, where, by combining 

materials with different absorption onset the absorption range is extended leading to 

higher conversion efficiency. 
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Figure 2.2 The change of colour(a) and the bandgap (b) of MAP(I1-xBrx)3 perovskite as a function of Br 
content. Adapted with permission from [7]. Copyright 2013 American Chemical Society. C) Change in the 
bandgap of lead and tin perovskite upon caesium doping. Reprinted with permission from [23].Copyright 
2017 American Chemical Society 

• Defect tolerance and efficient charge transport 

Due to the less controlled nature of solution-process fabrication and polycrystalline nature 

of perovskite films few types of defects can occur in the perovskite lattice including 

vacancies, interstitials, and substitutions of atoms. The density of defects is defined by 

growth conditions and solution composition. The impact of the defect depends on the 

nature of the state. The imperfection of the lattice can serve as a recombination centre for 

electron and hole (when located in the middle of the bandgap) or as a trap state (when 

closer to the valence or conduction band).[11] Density functional calculations used to 

elucidate the effect of defects on MAPbI3 showed that the formation of deep trap states is 

energetically unfavoured and most of the defects are formed close to the bands.[8] The 

deep defects, responsible for non-radiative recombination, have higher formation energy 

so they are less probable to form. Thus, perovskite materials are often described as defect-

tolerant, because small lattice imperfections are negligible for the solar cell operation if the 

layer is compact (no voids between the grains). If the layer has poor morphology the 

transport of carriers is impeded and the non-radiative recombination might occur at the 

grain boundaries. [27] 

Additionally, high carrier mobility (for both electrons and holes) reaching tens of cm2V-1s-1 

and their long lifetimes in halide perovskites provide very efficient charge transport 

through the absorber.[28] The values of diffusion lengths of halide perovskites reach 380 

um for single crystals and vary between 100 and 1000 nm in polycrystalline layers 

depending on the composition and fabrication method.[29]–[31] In a solar cell with good 

quality crystalline perovskite the transport is mostly limited by ETL and HTL layers and the 

interface recombination.[32] 
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• High absorption coefficient 

The absorption coefficient is one of the most important properties of a solar cell absorber. 

It determines how deep into a material light of a particular wavelength has to penetrate 

before it can be absorbed. Thus, it defines how thick the layer of a given absorber must be 

to absorb the light and convert it into electrical energy.[11] Perovskite materials show a 

high absorption coefficient, so the layer of only a few hundreds of nm suffice the solar cell. 

The values of the absorption coefficient (for 220 nm of MAPI) plotted against the photon 

energy are presented in figure 2.3 together with the values for different semiconductors 

used in photovoltaics including amorphous silicon (a-Si), GaAs, CIGS, CdTe, and crystalline 

silicon. 

 

Figure 2.3 Comparison of absorption coefficient spectrum for MAPI perovskite and other absorbers. 
Reprinted with permission from[6]. Copyright 2014 American Chemical Society 

It can be seen from figure 2.3 that MAPI shows a sharp shoulder near its bandgap value 

(1.57 eV). The calculated from this graph Urbach energy is 15 meV which is very low 

compared to other materials.[6] 

 

2.2.2.Challenges  
 

The main factors influencing commercial consideration for the energy-generating asset are 

performance, cost, and stability.[10] Perovskite solar cells reached an impressive 

performance surpassing 25%, so their potential is not questionable. The cost of the 

perovskite module is still unknown, as the large scale production is still to be explored. 

However, the low-temperature solution process is expected to give a cost-competitive 

product. Thus, long-term stability remains the biggest concern in the field.[33] Perovskite 

instability can originate from intrinsic lattice strain or can be induced by external 
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factors.[34] As it was mentioned before, the size of atoms constituting the perovskite 

lattice affects the stability of the structure.[35] Deviation of tolerance factor induces the 

distortion in the lattice affecting its thermodynamic stability.[36] As an example, the 

replacement of the methylammonium group by a bigger formamidinium group cause the 

formation of hexagonal non-perovskite phase at room temperature. The formation of cubic 

phase FAPI perovskite is possible, however it requires a higher annealing temperature 

(150°C). Similarly for the CsPbI3, where A cation is much smaller, at room temperature, the 

formation of the non-perovskite orthorhombic phase is favoured. [37] 

Solar cell operating in real conditions is subjected to external factors like light, heat, oxygen 

and moisture. Thus, the stability under these stressing conditions has to be considered. The 

ionic nature of perovskite lattice results in easy degradation in the presence of moisture. It 

was shown that MAPI perovskite can form hydrates with water molecules, which cause the 

structural deformation of (PbI6)4- octahedra, weakening the bonds with A-site moiety, and 

making it more sensitive to heat and bias. Upon complete saturation, the hydration causes 

decomposition to initial precursors (CH3NH3I and PbI2).[37] 

Another origin of perovskite degradation is volatility of an organic part. It was shown that 

the methylammonium group can escape the lattice at an elevated temperature of 85°C as 

methylamine and hydroiodic acid gas. [38] 

Under illumination, mobile ions trapped in perovskite lattice (mostly iodine) can move, 

inducing local compositional changes, which affect optoelectronic properties.[39] In the 

mixed halide formulations, this phenomenon can also cause phase segregation.[40][41] 

Additionally, the migration of ions upon operating conditions is a source of hysteretic 

behaviour observed on J-V curves, while biasing the device in the reverse and forward 

direction.[42] Moreover, the most mobile iodide ions can penetrate through the device and 

interact with adjacent layers, often resulting in degradation of metal electrodes.[43] 

Most of the abovementioned issues can be improved by compositional engineering of the 

perovskite absorber. A strategy to overcome thermodynamic instability is using mixed 

atoms at the A site. It was shown that by mixing atoms/groups with different sizes the 

thermodynamic criteria can be mitigated and intrinsic stability is greatly improved.[44] 

Replacement of volatile methylammonium group by formamidinium group, which creates 

stronger bonds with Pb octahedra, enhance the thermal stability of the material. The 

introduction of Cs cations improves further the thermal stability because of its primary 

bonding with PbX6 which is stronger than H-bonds created by organic groups. The moisture 

resistance is greatly enhanced for 2D systems where a hydrophobic chain is introduced in 

the lattice. [45][46] 

Another strategy to improve the stability of perovskites is additive engineering. Many 

compounds have been shown to have a beneficial impact on perovskite lifetime. Additives 

can be implemented directly into precursor solution or as a post-treatment (passivation). 

There are different mechanisms of stabilization including restricting the movement of ions, 

passivation of trap states, filling the vacancies in the lattice or surface modification. [37][47] 
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The stability of a solar cell is also affected by its architecture. Compositional engineering at 

the perovskite/charge carrier transport layer interface by chemical modification, 

interlayers, or replacing electrodes into more inert ones are some of the topics studied in 

the field.[48]–[50] 

Despite scattering in data and claims, there is a consensus that the overall stability of 

perovskite solar cells is affected by perovskite composition and device architecture. Both 

considerations need to be addressed to facilitate their commercial uptake. 

 

2.3. Architectures of PSC 
 

Perovskite solar cells can be built in a few different architectures. In the early attempts, 

PSCs were fabricated in analogy to Dye-Sensitized Solar Cells (DSSC) containing 

mesoporous oxide as an electron transport layer. Typically, titanium oxide (TiO2) was used 

what required a high temperature (>500°C) for the sintering step limiting the choice of the 

substrate to glass.[51] As the research advanced, new device structures with different ETLs 

were proposed.[52] Especially the work provided by Snaith et al which proved the 

possibility of using hybrid perovskites in the planar configuration (without mesoscopic 

scaffold) due to their ambipolar character and long carrier diffusion length pave the way 

towards high efficiency planar devices.[53] Nowadays, those planar architectures are the 

most commonly studied in the field.[54] The typical stack contains a transparent conductive 

oxide(Indium Tin Oxide-ITO or fluorinated tin oxide-FTO), hole transporting layer, 

perovskite absorber, electron transporting layer, and the metal or carbon electrode. 

Devices are produced on both rigid and flexible substrates and in p-i-n and n-i-p modes 

(figure 2.4).  

 

Figure 2.4 Band diagram of perovskite solar cell in p-i-n and n-i-p configuration. 

Transport layers play a vital role in the process of charge extraction. Materials with the 

highest occupied molecular orbital (HOMO ) level higher than the perovskite can be used 

as hole transporting layers (HTL). Many materials are currently used, including Spiro-

OmeTAD, P3HT, NiO, CuO, CuI, Cu2O, PTAA, PEDOT: PSS, or self-assembling 

monolayers.[55]–[57] Materials used for transporting electrons and blocking holes (ETL) 
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must have both HOMO and LUMO (Lowest unoccupied molecular orbital) levels lower than 

the ones of perovskite. Fullerenes and metal oxides like SnO2, TiO2, ZnO are widely used as 

ETLs[58]. Additionally, the layer on the side exposed to light must have a good transmission 

in the UV-Vis range.[59] 

In some cases, an additional thin layer of insulating material (like bathocuproine) is 

included on top of ETL as a buffer protecting from metal penetration during electrode 

deposition (i.e. by thermal evaporation). 

In perovskite solar cells, hole transport materials provide improved extraction of charges 

boosting operational performance, however, it is not an essential component. Recently, 

devices with simplified architecture without HTL were shown to be quite effective reaching 

an efficiency above 20%. [60] 

 

2.4. Techniques used for PSC fabrication 
 

Fabrication of PSC mostly relates to thin layer deposition processes. Over the years many 

techniques were developed for both perovskite and adjacent layers coating.[61] It was 

shown that the method and conditions of the deposition process affect the final 

photostability of perovskite, as it defines the layer morphology and concentration of 

defects. [62] Perovskite crystalline layer can be obtained by thermal evaporation of 

powdered precursors in the vacuum chamber or by wet chemistry processes where a 

precursor solution is spread on the substrate and crystallized upon drying. Both approaches 

have their advantages and drawbacks. 

2.4.1.Vacuum deposition 
 

The crystallization of perovskite from a gas phase is realized by the sublimation of precursor 

powders in a closed chamber under vacuum conditions (around 1 × 10−3 Pa). The substrate 

is placed on a rotating holder above the sources, so the gas can condensate on it and form 

desired material. The process can be realized in two ways, in a one-step process by 

simultaneous sublimation of two (or more) precursors, which adsorb on the surface of the 

substrate and react forming perovskite crystalline layer or by a two-step process, where 

PbI2 is deposited first and the reaction occurs in a second step upon exposing it to 

methylammonium iodide vapours. [63] [64] 

Vacuum deposition is a solvent-free process that does not require any post-treatment 

(drying) of the sample. The layer formed in this way is uniform and highly crystalline. The 

stoichiometry is defined by an evaporation rate controlled by a quartz crystal microbalance 

mounted inside the chamber. Usually, each precursor has one dedicated sensor. Due to the 

high vapour pressure of organohalide perovskites and the multidirectional flow of vapours, 

this method is not very precise and can give a misleading reading affecting the 

reproducibility of the process. It is also very sensitive to the precursor impurities, which can 
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change the sticking coefficient to a golden plate of the sensor. Apart from poor control over 

the perovskite composition, scalability and cost of the vacuum deposition process is also 

under debate. Further upgrades of the gas phase deposition processes are currently being 

developed. Varying the process parameters like pressure, the temperature of the substrate 

and the walls or presence of carrier gas affect the final layer quality.[65] More sophisticated 

tools like a laser, Atomic Layer Deposition(ALD), sputtering are being employed to make 

this process more efficient and reproducible.[66]–[69] However, up to now, perovskite 

solar cells featuring layers processed with these methods have not yet reached the same 

performance as their solution-processed counterparts. [70] 

 

2.4.2.Solution processes 
 

The term solution process relates to all the methods where precursor salts are dissolved 

and spread on a substrate in a liquid state. The crystallization occurs when the sample is 

exposed to drying allowing solvent evaporation. There are many techniques developed for 

perovskite precursor solution coating but the overall process can be divided into three 

stages: solution, deposition and crystallization. Each stage requires specific optimization 

and selection of conditions. The following sections will provide insights into important 

factors affecting each step. 

• Solution 

Perovskite precursor solutions have colloidal nature. The colloids are made of a lead 

polyhalide framework and can be structurally tuned by a coordination degree.[71] The Pb2+ 

cation as a Lewis acid can coordinate up to six ligands. All the Lewis base species (halide 

ions, organic groups, solvents) present in the solution compete with each other to bond to 

lead. The competition is ruled by their binding strength, thus the composition of a complex 

and degree of coordination vary upon changing the solution ingredients. The evolution of 

colloids can be evidenced by tracking their size (by Dynamic Light Scattering- DLS) or their 

coordination degree (by measuring UV-Vis absorption spectrum of solution). The changes 

in structure, size and concentration of colloids strongly affect the later crystallization of 

perovskite.[72] Tuning the coordination chemistry of a precursor solution is an important 

step in perovskite solar cell fabrication and apart from solution composition, it can be 

realized by solution ageing or conditioning. The first publication included in the 

experimental part of this thesis (Green Solvent-Based Perovskite Precursor Development for 

Ink-Jet Printed Flexible Solar Cells) concerns this matter for triple cation perovskite 

composition. 

• Deposition 

To form a uniform layer of perovskite, precursor solution has to be spread all over the 

substrate evenly. The most common technique used in the field is spin-coating. In this 

method, the solution is simply dropped on the sample and the spreading is realized by 

spinning the sample at a defined speed which directly affects the thickness of the obtained 
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layer. A schematic illustration of this method is presented in Figure 2.5a. Spin-coating 

provides a very even and fast distribution of solution leading to a uniform layer. The process 

is easy to manipulate and compatible with glove box conditions, thus it is very commonly 

used for the fabrication of high-efficiency perovskite solar cells. The drawback of this 

method is certainly low industrial potential due to high material waste and the limitation 

of a sample size. 

Another method that is applied for bigger areas deposition is blade coating. In this method, 

the spreading is realized by a meniscus created between the blade and the substrate. The 

shoulder with a blade is moving across the substrate spreading the solution. A schematic 

illustration of this method is provided in Figure 2.5b. Blade coating is successfully applied 

for perovskite deposition on a larger scale, however, the material wastage is also high and 

difficult to recycle. 

 

Figure 2.5 Schematic illustration of a spin coating process (a) and blade coating (b). The numbers indicate 
the order of steps. 

The selection of a deposition technique is a key factor determining the process of 

perovskite solar cells production. Proper consideration needs to be given, to choose the 

technique that will allow sufficient coating of multiple layers. The deposition process 

impacts also the overall cost of the production influencing both operational costs and 

material usage efficiency. In the next chapter, the inkjet printing technique will be 

evaluated in a view of those constraints. 

• Crystallization 

The crucial part of perovskite solar cell fabrication is crystallization. The morphology of a 

crystalline layer is affecting solar cell performance immensely. Voids between the grains 

reduce the active area and impede the transport of carriers which results in diminished JSC. 

Moreover, any pinholes in a film allow the contact between adjacent layers (HTL and ETL) 

which creates the paths of low resistance reducing the shunt resistance (RSH), the VOC, and 

the fill factor.[72] The most important is to obtain a pinhole-free layer, but the size of the 

perovskite grains also affects cell performance. Bigger grains provide fewer grain 

boundaries, thus fewer recombination centres. Additionally, the stability of such a film is 

improved as the degradation of the perovskite film may proceed via surface defects.[73] 
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The crystallization process can be divided into two steps: nucleation and growth. Both steps 

are controlled by various, though related, sets of physicochemical parameters. The nuclei 

form when the solution reaches the supersaturation point. The nucleation process is ruled 

by the total Gibbs free energy change. When homogeneous nucleation takes place the 

nuclei form in the bulk of the solution and ∆G is the sum of the bulk (volume) free energy 

change (∆GV) and surface (interfacial) free energy change (∆GS) given by: 

∆𝐺 = ∆𝐺𝑉 + ∆𝐺𝑆 =
4

3
𝜋𝑟3∆𝐺𝐵 + 4𝜋𝑟2𝛾 

Where r is a radius of spherical nuclei, γ is the interfacial energy or the surface energy 

between the supersaturated solution and crystalline surface and the ∆GB is the bulk free 

energy proportional to the logarithm of solution supersaturation ratio defined as C/CS. 

Hence, at the supersaturation point, the ∆GB becomes positive the sign of ∆G depends on 

whether the ∆GS overcomes the ∆GV. A critical nuclei radius r* can be calculated for which 

the positive value of ∆GS cancel out the negative value of ∆GV so d(∆G)/dr = 0. If the radius 

of nuclei is below the critical r* value the nuclei will be re-dissolved and if it exceeds r* it 

will be thermodynamically stable and can exist in the solution, able to grow further. The 

correlation between the free energy values and nuclei radius is illustrated in Figure 2.6. 

 

Figure 2.6 Free energy diagram indicating the existence of the critical radius value. Reprinted from [74] with 
permission from the Royal Society of Chemistry 

In the classical theory of homogeneous crystallization further growth of nuclei leads to the 

formation of the crystals.[61] In the context of perovskite crystallization, it becomes clear 

that the aforementioned coordination reactions happening in the precursor solution 

influence the nucleation process, as the Pb-complexes can serve as nucleation centres. 

However, as we consider the formation of a layer on a solid substrate, surface energy plays 

an important role in the nucleation process as well. In this case, it is not homogeneous, but 

a heterogeneous process. The solid surface of the substrate assists in the process of phase 

transformation by decreasing the total free energy for forming a critical nucleus. According 

to Volmer’s theory: 
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∆𝐺ℎ𝑒𝑡 = 𝜑∆𝐺ℎ𝑜𝑚𝑜 

𝜑 =
(2+𝑐𝑜𝑠𝜃)(1−𝑐𝑜𝑠𝜃)2

4
, 

where Ɵ is the contact angle between the solution and the substrate. For contact angle 

180° meaning no affinity between the phases, the free energy is equal to the free energy 

defined for homogeneous nucleation and the surface does not impact it. However, for 

lower contact angles when the solution spreads easily on the substrate surface the energy 

barrier is decreased, as the surface provides active centres for nucleation.[75] 

Concerning the solution process of perovskite deposition, research has emphasized the 

need for nucleation control by doing both: tuning the colloid size (described in a previous 

section) and changing the surface energy of a substrate. The physical methods of surface 

activation are commonly used in the field and they will be described further in the following 

chapter. The nucleation can be also drastically changed by the chemical treatment of a 

surface including the seeding method. [76] 

The successful implementation of a seeding layer strategy for inorganic perovskite growth 

developed within this work is included in an Experimental Part Chapter 7 as a patent 

application description. 

The next stage, right after the formation of stable nuclei, is crystals growth. The growth is 

ruled by two processes being the diffusion of monomers to the surface and surface 

reactions. Thus factors like concentration gradient, temperature, gas flow can affect the 

speed of formation and the final morphology of crystals. The density of nuclei and the 

growth dynamics can be correlated with the size of the grains and the surface coverage (in 

case of a layer formation). It was shown for perovskite crystallization that the growth of 

crystals may be controlled by changing the drying conditions.[77] In this work, the impact 

of different drying conditions was evaluated for 2D perovskite crystallization, where the 

orientation of the grains is of great importance. The study is included in an Experimental 

Part Chapter 5 as a publication titled: Inkjet printing of quasi-2D perovskite layers with 

optimized drying protocol for efficient solar cells. 

-22-



 

 

3. Inkjet printing technique 
 

The concept of inkjet printing was originated in the second half of the nineteenth century 

by Lord Rayleigh and Lord Kelvin. In the 1970s and 1980s, the first inkjet printers were 

developed and utilized for products marking.[78] Since then technology advanced 

tremendously expanding the range of applications. While the most popular application of 

inkjet remains graphics and text printing for packaging, recently, it was found to be useful 

also in other fields like electronics, biotechnology and pharmacy.[79] Inkjet technique has 

shown great versatility turning out to be a useful tool for both research activities and 

industry. Inkjet printing is used for the deposition of different materials including paints, 

coatings, polymers, nanoparticles and conductive inks. It is a non-contact technique, thus 

the substrate can be either rigid or flexible. Printing is widely performed on paper but also 

on textiles and polymers. 

The unifying feature in all these applications is inkjet’s high precision. The printing is 

realized by forming a layer from a large number of individual drops, typically 10-100 um in 

diameter. This entails the other important feature which is the high accuracy of the 

placement of a drop enabling printing of detailed and sophisticated shapes. This technique 

allows printing the layer of a certain shape based on a pre-designed digital file, without a 

physical template, in contrast to the other conventional printing methods (e.g. 

lithography). The complex patterning in a single pass deposition is the main advantage over 

standard screen printing and photolithography. High control over drops ejection provides 

also the repeatability and the ease to tune the thickness by varying the drop volume and 

printing resolution. Additionally, it ensures low ink consumption as the ink is distributed 

only on the area specified by a digital pattern loaded to the machine software.  

Cost-efficiency, ability to apply on a large scale and fast rate of deposition are the factors 

that make it an industrially viable tool. High control over the ejection process and precision 

of a drop placement allow using of inkjet printing already in the research and development 

stage of the process. 

This thesis brings into consideration the application of inkjet printing for perovskite solar 

cells production, which is currently in an early stage of commercialization. To address this 

topic a fundamental understanding of inkjet printing technique, including the impact of the 

ink and substrate properties as well as printhead technology on printing quality has to be 

provided. Thus, in this chapter, the most important factors affecting the printing process 

will be described. The overall process characteristic can be illustrated by a so-called, magic 

triangle of inkjet printing and it is presented below (figure 3.1). 
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Figure 3.1 Relationships between printhead, ink and substrate used in the inkjet printing process (Magic 
triangle of inkjet) 

As can be seen from Figure 3.1 the printing process is governed by printhead technology 

and physicochemical properties of the ink and the substrate. In later sections, the 

relationships between all three factors and their influence on printing quality will be 

described in details leading to a better understanding of the process complexity. 

 

3.1.Types of printheads 
 

There are two main categories of inkjet printing according to the mechanism of drop 

formation. In a so-called continuous inkjet (CIJ) the drops are created in a continuous 

stream whereas in a drop-on-demand (DOD) system the drop is ejected only if required. 

The general mechanism of drop ejection is pictured in Figure 3.2. 
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Figure 3.2 Schematic comparison between a) continuous inkjet system and b) Drop-on-demand inkjet 
system. [80] 

In a continuous mode, a high-pressure pump directs the ink from the container to a nozzle 

where the constant vibration of the piezoelectric crystal causes the stream of liquid to 

break into single drops. Then the electrostatic field is applied to deflect the drops and direct 

them to the substrate or the recirculation gutter. The ink from the gutter is directed back 

to the nozzle and reused. The pattern is created by switching the drops destination during 

the printing. Such an approach provides the ejection of high-velocity drops at high 

frequency (up to 100kHz) which might be desired for mass production processes. 

Additionally, as the nozzle is working continuously it doesn’t tend to clog. Apart from its 

advantages, continuous inkjet printheads have also few inconveniences compared to DOD 

systems. During the recirculation, the ink is exposed to the environment which may cause 

some changes in the ink composition induced by the contamination or partial evaporation. 

Also, a bigger volume of the ink is required to feed the machine as most of the ink fills a 

recirculation channel. The fact that the drops are steered by electrostatic field limit the 

choice of ink which is restricted to electrically conductive materials.[78] 

DOD systems might be divided further into two main categories depending on the method 

of pulse generation for drop ejection: thermal or piezoelectric. 

Thermal DOD inkjet printing, also known as a bubble jet, uses the thermal expansion of the 

ink to generate the pressure pulse. Each nozzle is equipped with a resistor element, which 

receives a current signal and warms up the ink. As the ink vaporizes, a small bubble is 

created increasing the pressure inside the nozzle propelling the drop towards the 

substrate. This method is commonly used in desktop printers, but its industrial application 

is limited due to the ink restrictions of having a volatile component and materials resistant 

to high temperatures (reaching 300°C).[78] 

In the piezoelectric inkjet printheads, the drops are generated by a piezoelectric actuator. 

In the most common system the ejection is realized by wall distortion. In this case the 

channel is built from (or contains a layer of) a piezoelectric material, which receives an 

electric signal and change the shape accordingly. The movement of the walls generates the 
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pressure wave which ejects the drop from the nozzle. In the first stage the channel expands 

pulling the ink from a reservoir refilling the nozzle, then the walls contract squeezing the 

liquid in between the channels causing the release of a drop. A simple schematic of a wall 

distortion is shown in Figure 3.3. 

 

Figure 3.3 Schematic of a wall distortion by an electric pulse in a piezoelectric inkjet printhead 

The sequence of electrical pulses, with the corresponding timescale, which drives the 

piezoelectric printhead is called a waveform. Usually, a sequence of pulses with opposite 

directions is required to enhance the ejection efficiency by pressure wave resonance. The 

amplitude and the width of pulses composing the waveform have a direct influence on drop 

volume and velocity. As the rheological properties of the fluids affect their behaviour in the 

nozzle, a specific waveform has to be designed for each ink. The goal is to obtain uniform 

and stable jetting along the whole printhead with the drops of desired volume and 

speed.[81] 

The piezoelectric inkjet technology can be used for a wider range of inks and it does not 

require high temperatures to vaporise the ink as thermal inkjet printing, thus it was used 

in the research presented in this thesis. 

The geometry of the channels and used construction material can affect the drop ejection, 

thus each printhead has a specified range of ink properties. Also, compatibility with the ink 

should be taken into account while choosing the printhead, especially for organic solvents. 

There are currently few manufacturers on the market providing systems made of different 

materials for certain applications. The number of nozzles in the printhead can vary 

according to the need. Researchers might use single nozzle setups for studying the drop 

formation, while the industry aims for high-speed deposition with printheads with up to 

few thousands nozzles. [81] 
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3.2.Ink  
As it was mentioned before, a wide range of materials can be subjected to inkjet printing. 

The inks used in inkjet printing technology can be divided into three groups: water-based 

inks, solvent-based inks and reactive ink (usually UV-curable polymers or resins). All of 

them needs to meet printhead criteria defined by viscosity, surface tension and density. 

3.2.1.Viscosity 
 

Viscosity is a measure of fluid’s resistance to deformation at a given rate. In other words, it 

describes the fluid ability to flow, thus it is one of the most important properties of the ink. 

Too viscous inks require high pressure to be ejected from a nozzle. When the viscosity of 

the ink is too low the main drop will be followed by a small satellite, which can cause drop 

misplacement or alter the resolution of the printout. The optimum value has to be found 

to allow proper drop formation. Viscosity is sometimes correlated with the volatility of the 

ink. Those two properties are usually going against each other, so the trade-off between 

them needs to be found to provide good jetting and drying. Viscous inks are usually made 

of materials with high molecular weight or having strong intermolecular bonds, thus having 

low vapour pressure, which can prolong drying. As opposed to this, if the ink is made of low 

molecular weight material it has low viscosity, but high vapour pressure, which evaporates 

quickly. To obtain an optimum ink property, solvents of different characteristics can be 

mixed, although possible interactions need to be considered. In the case of perovskite 

printing, the difference of volatility between the solvents composing the ink can have a big 

impact on crystallization dynamics. Evaporation of one component may change the 

structure of the perovskite intermediate phase affecting the final morphology and 

crystallinity, which was observed for the widely used DMF: DMSO mixture.[82] 

The viscosity is highly dependent on the temperature, thus some fine-tuning can be done 

by controlling printhead temperature. However, not all the printheads are equipped with 

a heating system and rising temperature can affect ink’s stability. 

Most of the inkjet systems have an operating viscosity window of 3-40 mPa∙s and 10-20 

mPa∙s for DOD systems.[78] 

 

3.2.2.Surface tension 
 

The surface tension of the ink reflects the physical phenomenon that the atoms on the 

surface of the liquid have higher energy than the ones in the bulk. The energetical 

asymmetry implies that to create a new surface area, some energy needs to be delivered. 

This energy is proportional to the size of the area and it is measured in J/m2 or N/m.[83] 

The difference between the energy of molecules on the surface and in the bulk originates 

from the intermolecular bonds thus it is correlated with viscosity. To divide a liquid 

continuum into small drops, some external force needs to be delivered. In DOD systems it 

is provided by applying a mechanical pressure of the channel and in CIJ by an electric field. 
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In piezoelectric DOD printheads, the higher surface tension and viscosity the higher voltage 

pulse have to be applied to eject the drop. Once the drop is ejected it will form a spherical 

shape to reach the energy minimum and create the smallest surface for a given volume.[78] 

Adjustment of surface tension for a given ink can be realized by the addition of surfactants 

and it is a common strategy for water-based inks. There is a wide range of materials 

available on the market which can efficiently change the surface tension of the ink, 

however possible interactions with the ink and impact on final layer properties have to be 

considered. 

Surface tension is also affecting the spreading of the ink on the substrate, which will be 

discussed further in a later section of this chapter. 

 

3.2.3.Density 
 

Density is a measure of solid content in a liquid volume. The value of density is affecting 

the drop formation, as there is a change in kinetic energy upon increasing solid 

concentration in the solution. Modification of density cause also a change in the acoustic 

speed inside the fluid, so the kinetics of wave propagation. For each change in density the 

shape of the waveform in the piezoelectric printhead has to be adjusted. Higher density 

implies a higher pulse required for drop ejection. [84] 

 

3.2.4.Vapour pressure 
 

Vapour pressure is a physical measure of volatility. As it was mentioned above, usually it is 

inversely proportional to the viscosity of a given ink. Vapour pressure of the ink is an 

important parameter, which affects the process of inkjet printing. For DOD piezoelectric 

systems the most crucial is its effect on ink drying behaviour. The drying dynamics affects 

not only the post-treatment process of the printed layer but also the jettability. Too volatile 

inks tend to dry at the nozzle orifice causing clogging. Solute accumulated on the nozzle 

plate can cause problems with the reproducibility and reliability of a printing process. 

 

3.2.5.Jettability 
 

All described above properties affect the jetting behaviour of the inkjet printhead. To find 

a direct relation between the ink rheological parameters and its jettability, a few 

dimensionless numbers were proposed.[85] Those numbers are describing the ratios 

between general forces acting on the fluid. 

The Reynolds number (Re) describes the ratio between the inertial to viscous forces: 
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𝑅𝑒 =
𝜌𝑙2𝑣2

𝜂𝑙𝑣
=
𝜌𝑙𝑣

𝜂
 

,where ρ -density [kg/m3], l-nozzle diameter[m], ν-liquid velocity [m/s], η- dynamic viscosity 

[Pa∙s] 

The Weber number (We) is the ratio between inertial and cohesion force : 

𝑊𝑒 =
𝜌𝑙2𝑣2

𝜂𝑙
=
𝜌𝑙𝑣2

𝜂
 

The Ohnesorge number (Oh) which relates the viscous to cohesion and inertial force: 

𝑂ℎ =
𝜂𝑙𝑣

√𝜌𝜂𝑙
~
√𝑊𝑒

𝑅𝑒
 

In inkjet printing the inverse of Ohnesorge number is often used and it is called a Z number: 

𝑍 =
1

𝑂ℎ
 

It is found that for DOD printheads a Z number has to be greater than 2 to enable stable 

jetting. The drop volume will increase with increasing of Z (for constant pulse voltage).[85] 

Another study says that there is also an upper limit when viscosity is too low and specify 

the printability range to 1<Z<10.[86] Another common procedure is to look at the graph 

illustrating the correlation between We and Re numbers (shown in Figure 3.4) 

 

Figure 3.4 Printability defined by Weber (We) and Reynolds (Re) numbers [87] 

Defining the dimensionless numbers allows simulating the ink behaviour in the printhead 

based on the simple rheological characterization. It can be used as a preliminary analysis 

to predict the behaviour of a new ink composition reducing the cost of further experimental 
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study. Once the rheology of the ink is in the printability range, the ink-substrate interaction 

should be studied. 

 

3.3.Substrate 

3.3.1.Wetting 
 

Inkjet printing is a contactless technique, thus it can be performed on a wide range of 

substrates and the ejection of the drops is not affected by a change in the substrate 

material. However, once the drop is released, the ink-substrate interaction plays an 

important role in affecting the printing outcome. We can divide this process into two 

stages: firstly, the drop hits the substrate- this step is influenced mostly by drop velocity, 

size and inks’ rheological parameters; then the drops are spreading radially outwards until 

they reach equilibrium. Properties like roughness, hydrophobicity, chemical character of 

the surface influence the spreading of drops and further layer formation. We can use the 

term wettability to describe a general behaviour of a drop on the substrate. The most 

common approach to characterize wetting is to measure the angle between the drop 

surface and the substrate. The physical foundation of a contact angle measurement lies in 

a Young equation: 

𝑐𝑜𝑠𝜃 =
𝜎𝑆𝐹 − 𝜎𝑆𝐿

𝜎𝐿𝐹
 

Where σ is a surface tension on different interfaces, namely solid-fluid (SF), solid-liquid (SL) 

and liquid-fluid (LF), where fluid is the air and liquid is the ink. 

The relation between the contact angle and wetting behaviour is illustrated in Figure 3.5. 

 

Figure 3.5. Graphical representation of wetting behaviours according to the contact angle θ  
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The Young equation assumes that the surface of the solid is perfectly smooth. From the 

processing point of view, it is important to evaluate the ink spreading on a real substrate 

during printing. The rough surface of the same material will show a greater contact angle 

leading to poor wetting. The desired behaviour is when the drop once placed on the 

substrate remains there (especially important for high precision detailed printing), and 

collapse with adjacent drops forming a uniform layer. Too good wetting can cause 

overspreading and deformation of the pattern and if the wetting is bad, the drops will not 

form a continuous layer but lines or single drops. Figure 3.6 illustrates the examples of both 

cases. 

 

Figure 3.6 Polymer dispersion printed on PET/ITO foil showing overspreading(a) and bad wetting leading to 
not-continuous layer (b) 

 

3.3.2.Substrate activation methods 
 

The wettability of the surface can be adjusted by changing its surface free energy. It can be 

done either by chemical coating, physical treatment, or a combination of both. [88]–[91] 

All those methods act to add or modify the functional groups on the surface of the material. 

Chemical methods include simple coating materials or oxidizing agents. The chemical 

coating is widely applied for photos printing, where the surface of a paper is covered by an 

additional layer providing proper wetting and a good pigment appearance. It is an effective 

way of changing the surface energy, however, it is not sufficient for complex applications, 

like printed electronics, where additional layers may affect the final product performance. 

Physical activation methods are considered to be more reliable and more environmentally 

friendly as the use of hazardous solvents can be avoided.[92][93] Physical activations 

include Ultraviolet light (UV), corona, plasma, laser, X-ray treatment.[94] It is important to 

choose the method specifically for a given substrate and ink to activate the surface without 

causing any damage or change of its mechanical properties.  

The most common method of surface activation is plasma treatment. In this method a gas 

(usually oxygen, nitrogen, argon) is ionised to turn into a mix of charged particles, 
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molecules, excited atoms, radicals and UV photons which interact with the substrate 

surface incorporating functional groups. The process can be done under a vacuum or at 

atmospheric pressure. This method is relatively gentle and provides a long-lasting effect, 

thus it is used in many fields including sensitive biodegradable polymers.[95] The effect of 

plasma can be adjusted by changing the gas, pressure and power of the source. 

Depending on the gas and material the mechanism of activation can be slightly different. 

Charged gas molecules can build in the polymer creating new functional groups or oxidizing 

the existing ones on the surface modifying the properties and morphology of the 

material.[96] Plasma can be also used for dry cleaning, to remove organic impurities by 

breaking C-H bonds by ion bombarding. [97] 

In the field of thin photovoltaics, also UV is widely applied. Especially the technique called 

UV-O3 which combines two UV lamps with 184.9 nm and 253.7 nm spectrum wavelength. 

The first lamp (184.9 nm) radiates the oxygen from the air causing the formation of ozone 

in the following reactions: 

𝑂2 → 𝑂 + 𝑂 

𝑂 + 𝑂2 → 𝑂3 

Then, the rays with 253.7 nm irradiate the ozone which breaks back into oxygen and highly 

energetic radicals. Those radicals created in both processes are effective in impurities 

removal and breaking the bonds of functional groups on the substrate surface [98]. Overall, 

the surface free energy is changed. The UV-O3 method is less aggressive and the effect is 

not lasting as long as in the case of plasma, but both methods are suitable for substrate 

cleaning and activation before inkjet printing. 

Surface free energy can also vary upon a temperature change and it is known as the 

Marangoni effect.[99] When the temperature rise, both viscosity and surface tension 

change. The spreading on the warm substrate can be also suppressed by fast evaporation 

of solvent induced by temperature rise. In some processes, a simple substrate pre-heating 

method is sufficient to provide optimum layer formation. In the case of reactive inks (like 

perovskite precursor printing), using this method strongly affects the reaction kinetics, thus 

it has to be studied carefully. For some perovskite compositions, the pre-heating method 

was shown to be beneficial, however, it needs to be adjusted for a specific perovskite 

composition, solvent system and deposition method.[100][101] Inkjet printers are usually 

equipped with a heating system for a printing table, so this method is viable to apply in 

industrial processes. 
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ABSTRACT: Within a decade, perovskite solar cells (PSCs) leaped to
the forefront of photovoltaic research, rapidly moving toward the
industrial phase. Despite the impressive progress in technology
development and new efficiency records, there still remains a large
scope for further advancement. Utilization of scalable deposition
methods and good control of the perovskite crystallization process,
especially with industrially compatible fabrication protocols, require
more understanding to ascertain reproducible, large-format manufactur-
ing. Here, we report ink formulation development for ink-jet printing of
perovskite thin films in ambient conditions. We used the precursor
solution on a nonhazardous solvent system, fulfilling industrial
requirements. By carefully adjusting the coordination environment of
the Pb2+ through additive engineering, we were able to tune the
nucleation process and achieve uniform, pinhole-free perovskite thin films. Furthermore, we combined multiple characterization
techniques with computational methods to analyze Pb-complex structures and evaluate their influence on perovskite formation.
Lastly, we applied ink-jet printed photoactive layers into large-area (1 cm2) photovoltaic devices and processed on flexible substrates
(PET foil). Inverted (p−i−n architecture) PSCs, based on multication composition, Cs0.1[(HC(NH2)2)0.83(CH3NH3)0.17]0.9Pb-
(I0.83Br0.17)3, delivered 11.4% of power conversion efficiency.

KEYWORDS: perovskite solar cells, ink-jet printing, non-hazardous solvents, ambient processing

■ INTRODUCTION

In recent years, perovskite solar cells (PSCs) have emerged as
one of the most promising next-generation photovoltaic
technologies. High power conversion efficiency (PCE),
reaching 25.5%, is attributed to outstanding properties of
hybrid perovskites, such as strong optical absorption, low
exciton binding energy, long free-carrier diffusion length, and
ambipolar charge transport.1−5 Polycrystalline perovskite films
can be obtained by relatively simple and low-cost solution
processes, which enables the utilization of flexible, polymeric
substrates. This equips PSCs with new value propositions,
making them attractive for the emerging and rapidly growing
PV markets, such as building-integrated PV, automotive, or
internet-of-things.6,7 However, precursor solutions used for
processing perovskite layers are typically based on highly toxic
solvents, which have limited potential for industrial usage.8

The state-of-the-art perovskite photoactive layer composi-
tion is based on a mixture of monovalent cations at the A-site
of the ABX3 formula, namely, methylammonium, formamidi-
nium, and cesium.9 Several attempts have been made to
dissolve different perovskite components in nonhazardous
solvents, but there are very few reports of such formulations
made for mixed-cation perovskite compositions.10−14 Further-

more, the highest efficiencies are typically reported for the cells
prepared in an inert atmosphere by a nonscalable spin-coating
technique, with a solvent quenching approach.15 There are still
significant research efforts required to establish industrially
feasible manufacturing methods. Challenges in scaling up PSCs
include developing deposition protocols for uniform coating of
photoactive layers over large-area substrates. Thus, good
understanding of the precursor chemistry is needed to be
able to control film formation dynamics.
One of the techniques that can be very attractive for the

large-scale production of perovskite photovoltaic devices is ink-
jet printing. This coating method has been widely applied in
the field of printed electronics, primarily due to its high
precision combined with low operational expenditure.
Utilization of ink-jet printing for perovskite deposition
provides not only excellent control over target layer thickness
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but also enables seamless access to various customized shapes
and geometries.16 The development of ink-jet printing for
perovskite deposition was initiated in 2014 by Wei et al.17

Since then, the technique has attracted considerable interest as
a coating method for active layers in a PSC stack.18−21

Recently, outstanding results were reported by Eggers et al.,
where ink-jet printed PSCs demonstrated a PCE close to
21%.22 However, printhead compatible, nonhazardous ink
formulations have not been reported yet.
It is widely accepted that perovskite precursor solution

chemistry strongly affects crystallization dynamics.23 The
mechanism of perovskite crystal formation is highly dependent
on colloidal precursor solution, rich in PbXn complexes.24,25

The colloids can act as nucleation centers, organizing on the
substrate and forming solid intermediate phases.26,27 Their
structure and stability can define the size and optoelectronic
quality of ensuing perovskite grains.28,29 Stable intermediate
phases are often formed by utilizing Lewis acid−base
interactions, which allow control of the crystal growth
dynamics.30 It also helps to stabilize the crystallization process
in ambient conditions, where water molecules can coordinate
to precursor structures, leading to undesired byproducts.30

Understanding of the complex coordination chemistry
occurring in perovskite precursor solutions is still limited.
For each specific deposition strategy, an interplay between
solvents, perovskite components, additives, and film formation
dynamics needs to be resolved and optimized.
Here, we demonstrate ink formulation development, based

on nontoxic solvents, for the ink-jet printing process of
perovskite thin films. To carry out this process in ambient
conditions, we incorporate the highly coordinating Lewis base
additive, thiosemicarbazide (TSC), to the precursor solution,
to form a stable intermediate phase of Pb complexes. We
modulate the TSC structure with an acid additive to enable
desired Pb complexation in the solution, which in turn leads to
the crystallization of the pure perovskite phase. We provide
detailed spectroscopic characterizations to elucidate the
mechanism of interactions occurring in the solution, which
we further corroborate with computational modeling. The
optimized ink formulation results in over 11% of PCE,
obtained for large-area, flexible PSCs, produced by ink-jet
printing.

■ EXPERIMENTAL AND THEORETICAL SECTION
Materials. Lead acetate (99%, anhydrous), lead bromide (98%),

cesium iodide (99.9%), TSC (99%), formic acid (FAc) (95 wt %
aqueous), bathocuproine (BCP, 99.99%), γ-butyrolactone (GBL,
≥99%), 2-methylpyrazine (2MP, ≥99%), and dimethylsulfoxide
(DMSO, ≥99%) were purchased from Sigma-Aldrich and used
without further purification. Other materials used are poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS,
Al4083, Heraeus), lead iodide (99.9985%, Alfa Aesar), formamidi-
nium iodide (99.99%, Dyenamo), and methylammonium bromide
(synthesized in house, following the previously reported method31).
Device Fabrication. 15 Ω/sq poly(ethylene terephthalate)/

indium zinc oxide (PET/IZO) foil, purchased from Eastman, was
applied as a substrate. The foil was cut manually, etched by dip
etching in 15 wt % HCl, and cleaned by isopropanol rinsing, followed
by 2 min N2 plasma cleaning. For the hole transporting layer, we
applied PEDOT:PSS dispersion (Al4083) modified with the lead
acetate additive; as such, lead acetate was added to PEDOT:PSS
solution to reach 5 mg/mL concentration and was stirred overnight.
The modification was previously reported by Zhang et al. as a mean to
improve characteristics of the hole extraction interface.32 The layers
were deposited by spin-coating in the air for 45 s, at 4500 rpm,

followed by annealing at 100 °C for 25 min. Perovskite precursor
solution of 30 wt % concentration was prepared by dissolving
formamidinium iodide, methylammonium bromide, lead bromide,
and lead iodide in molar ratios of 0.8:0.17:0.18:1 and in GBL/2MP/
DMSO 9.5:4.15:1 vol ratio, where DMSO stands for 1.2 M stock
solution of CsI. TSC was added in a molar ratio of Pb/TSC 1:0.18.
FAc was added in the last step, in a molar ratio of TSC/FAc 1:8. For
the TSC preconditioning method, the amount of TSC was kept the
same but it was first dissolved in the GBL and 2MP mixture (the same
volume ratio as in the ink); then, FAc was added in a reduced amount
(TSC/FAc 1:2.65), and the mix was stirred for 1 h at 80 °C before
incorporation to the perovskite precursor. Subsequently, perovskite
layers were printed using an LP50 PiXDRO ink-jet printer. The
process was carried out in the air, at room temperature, with relative
humidity at alevel of 20−25%. Printed wet films were dried by N2 gas
for 2 min, followed by 12 min of annealing at 100 °C in the oven. For
the electron transporting layer, 30 nm of C60 was deposited by
thermal evaporation at ∼10−6 mbar. In the last step, 6 nm thick buffer
layer of BCP and 100 nm of Ag were thermally evaporated via a
shadow mask as a back contact.

Characterization. Dynamic light scattering (DLS) spectra were
obtained using Malvern Zetasizer.

Scanning electron microscopy (SEM) images were obtained using a
Phenom Pro-X microscope.

X-ray diffraction (XRD) patterns were obtained using a Rigaku
MiniFlex diffractometer.

For the steady-state photoluminescence (ss-PL) experiments, the
samples were excited by a continuous wave laser at Eexc ≈ 2.33 eV
(532 nm) and a power density of 0.3 W cm−2. The resulting spectra
were recorded using a thermoelectrically cooled Si CCD spectrometer
(Avantes AvaSpecHERO HSC1024 × 58TEC-EVO, integration time
3 s, slit width 50 μm).

Nuclear magnetic resonance (NMR) spectra were obtained on a
Bruker AVANCE II 300 spectrometer. The chemical shifts for 1H
NMR (300.1 MHz) are given in parts per million (ppm), referenced
to tetramethylsilane. The chemical shifts for 207Pb NMR (62.9 MHz)
were referenced externally to a solution of 1.0 M Pb(NO3)2 in D2O (δ
= −2986.3 ppm) and are reported relative to Pb(CH3)4 in toluene (δ
= 0 ppm). Measurements were conducted at 25 °C. Solutions for the
NMR measurements were prepared freshly in a nitrogen-filled
glovebox. Lead iodide (320 mg), TSC (20 mg), and FAc (67 μL)
were dissolved in 1 mL of deuterated solvent (DMSO-d6). For the
mixture of all components, 320 mg of PbI2, 11 mg of TSC, and 37 μL
of FAc were mixed in 1 mL of DMSO-d6. The solutions were stirred
at room temperature until a clear solution was obtained. After that,
they were filled into a glass NMR tube.

The current−voltage (J−V) characteristics of perovskite devices
were recorded under ambient conditions, with a digital source
measurement unit (Keithley model 2461), under simulated AM 1.5G
irradiation (100 mW cm−2), using an AAA-rated solar simulator (Abet
Technologies, sun 2000), calibrated against an RR-208-KG5 silicon
reference cell (Abet Technologies). A photoactive area of 1.0 cm2 was
defined for the solar cells using a shadow mask. The bias voltage was
swept in both directions (from short-circuit to forward bias and back),
at a speed of 100 mV s−1.

UV−vis absorption spectra were obtained using the Edinburgh
Instruments Spectrofluorometer FS5. For these measurements, the
stock solution of PbI2 in GBL (0.003 M) was prepared, and TSC and
FAc (95 wt % aq Sigma-Aldrich) were added in PbI2/TSC 1:1, PbI2/
FAc 2:1, and PbI2/TSC/FAc 1:1:1 M ratios. For UV−vis analysis of
TSC, 0.67 mg/mL solutions of TSC in GBL were prepared and aged
in ambient conditions. FAc was added in TSC/FAc 1:8 and 1:4 M
ratios for standard and preconditioning methods, respectively.

Theoretical Methods. Structural optimization of molecular
complexes were performed with density functional theory (DFT)
using the Gaussian 09 software package,33 employing the 6-31G*
basis sets for C, H, N, O, and S atoms, the LANL2DZ basis sets
together with the LANL2 pseudopotentials for Pb and I atoms,
B3LYP as the exchange−correlation functional,34,35 and polarizable
continuum model36 as the implicit solvation model.
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■ RESULTS AND DISCUSSION

To formulate perovskite precursor ink composition based on
mixed cations and nontoxic solvents, suitable for ink-jet
printing in ambient conditions, we shortlisted solvents that
could be potentially used. The choice of solvents affects the
solution properties in many ways. In order to obtain the
desired drop formation and continuous jetting, the ink must fit
into viscosity, surface tension, and density range specified for
the respective printhead. Additionally, the drying rate of the
ink needs to be adjusted, not only for optimal perovskite
crystallization but also to avoid nozzle clogging. Considering
all these requirements, we selected GBL, which is one of the
least hazardous solvent candidates with a high boiling point
(TB = 204 °C), suitable for ink-jet printing, and 2MP (TB =
135 °C). In order to solubilize all the perovskite components,
we also added DMSO (TB = 189 °C) to the solvent mixture.
We optimized the solvent ratios to obtain desired rheological
properties, arriving with the following composition: GBL/
2MP/DMSO 9.5:4.15:1 vol. After choosing the right solvent
mixture, we composed 30 wt % of precursor ink, making up
Cs0.1[(HC(NH2)2)0.83(CH3NH3)0.17]0.9Pb(I0.83Br0.17)3 perov-
skite composition, and adjusted printing parameters (including
waveform optimization) to achieve continuous and stable
jetting (see Figure S1, Supporting Information). Another
fundamental property, which needs to be considered for a
reliable printing process, is the substrate’s surface energy,
which must be higher than ink’s surface tension to enable good
spreading and subsequent layer formation.
In this study, we focused on flexible substrates, based on

PET foil coated with IZO. We applied the p−i−n device
architecture, with PEDOT:PSS used as a hole transport
material. The contact angle was measured by forming a drop of
perovskite ink on top of the PET/IZO/PEDOT:PSS substrate.
We measured values below 5°, as we are showing in Figure S2,

Supporting Information. The surface did not require any
pretreatment in order to be well covered. For the printing
process, we used a semi-industrial LP50 ink-jet printer,
equipped with a commercial printhead. The process was
carried out at room temperature, in the air with a controlled
relative humidity of 25%. In order to form perovskite
polycrystalline films, we applied a postprinting drying step
with nitrogen gas, followed by annealing in an oven at 100
°C.37 At first, SEM images of the films obtained from the
ternary solvent system ink showed a poor morphology and
nonuniform coverage (Figure 1a). The XRD pattern of the
layer indicates the favored formation of a hexagonal,
nonperovskite δ-phase (Figure 1e).38,39 In order to fabricate
compact and uniform perovskite layers in ambient conditions,
we applied the strategy of retarded crystallization by forming a
semi-stable intermediate phase.40 Formation of such preper-
ovskite phases during the crystallization process was reported
to be beneficial for obtaining uniform morphologies, with
complete surface coverage.41,42 This approach is based on the
fact that lead iodide can be coordinated by electron-donating
groups, forming Lewis acid−Lewis base adducts.43 In a
perovskite precursor solution, Pb2+ ions can be coordinated
by I− ions, creating iodoplumbate complexes with the general
formula [PbIx]

2−x, and by solvents containing electronegative
polar groups, such as CO or SO, creating PbI2−solvent or
MAI−PbI2−solvent complexes.44,45 Perovskite formation is
suspended until solvent molecules are released during
annealing. The stability of such complexes is defined by the
strength of the dative bonds created between the acceptor and
donor. The higher the electron-donating strength of the donor
ligand, the stronger the resulting bonding, thus more the stable
complex and longer the crystallization process of perovskite
grains. By slowing down the crystallization, more time is gained
for effective post-treatment before undesired phases would
start forming.30,46 This way, enhanced control over the

Figure 1. SEM images of perovskite thin films inkjet-printed from different ink formulations: (a) without additives, (b) with TSC additive, (c) with
FAc additive, (d) with TSC and FAc additives; (e) XRD patterns and (f) UV−vis absorption spectrum corresponding to each printed layer.
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crystallization process can be obtained, which is particularly
important for ambient processing conditions (additional
moisture coordination).28,46

GBL used in our solvent system has a lower donor number
(DN = 18 kcal/mol) and lower intermolecular binding energy
than commonly used DMF (DN = 26.6 kcal/mol), meaning
lower coordination tendency to Pb2+. Even though we used it
in conjunction with 2MP and DMSO (DN = 30 kcal/mol), the
mixture does not provide enough coordination strength to
form stable PbI2(solvent)x complexes.46 The crystallization of
the layer without any additives was fast and difficult to control,
leading to noncompact layers, as pictured in SEM images in
Figure 1a. To strengthen the intermediate phase and delay
perovskite crystallization, we added a strongly coordinating
compound to the precursor solution, which can form stable
coordination complexes with Pb2+ and allow perovskite
printing in ambient conditions. The coordination strength of
Lewis base materials largely depends on the electron-donating
atom having a lone electron pair. Typically, we distinguish O-
donors, N-donors, and S-donors. It was shown that sulfur-
containing molecules exhibit a very strong affinity to bind with
Pb2+, similarly to commonly used N-type donors.43,47,48 We
chose TSC, the compound containing both CS and N−H
groups, known in the literature as a good chelating agent for
heavy metal ions, and also reported as a coordinating additive
for perovskite precursor solution.49−53 We note that non-
volatile, solid additives remain in the film after the annealing
process; hence, their impact on the electronic properties of the
perovskite layer (e.g. the insulating character of an additive
limiting carrier transport) must be taken into account.52 Lead
iodide clusters present in the precursor solution act as
nucleation centers; thus, they affect the morphology, grain
size, and crystallinity of the final perovskite layer.29,54 We

observed a significant improvement in the thin film
morphology upon TSC addition (see Figure 1b); however,
the XRD pattern of this layer showed the coexistence of
multiple nonperovskite phases (see Figure 1e). To overcome
this issue, we carried out an additive engineering strategy. As
reported by Han et al., using multiple additives can be a
constructive way to modulate crystal growth.52 The authors
found that the addition of TSC has to be accompanied by
methylammonium acetate to improve film quality and in turn
solar cell performance. However, the underlying interaction
remains unclear and needs further investigation.
In order to unveil the mechanism of this coordination, we

introduced FAc, also having a carboxyl group, to the precursor
solution. The combination of FAc and TSC in the precursor
ink resulted in a compact layer formation (Figure 1d), with a
distinct crystalline perovskite structure (Figure 1e). We note
that solution with the FAc additive only produced films with
nonuniform coverage (Figure 1c) and poor crystallinity
(Figure 1e). This suggests that incorporation of both additives
is necessary to obtain the desired perovskite phase. In Figure
1f, we show UV−vis absorption spectra of all the films
produced with different combinations of additives. It further
corroborates improved characteristics (higher intensity,
sharper absorption onset) of the perovskite film printed from
the precursor solution containing both additives.
Next, we applied XRD, 207Pb NMR, and UV−vis spectros-

copy to study the impact of acid addition on Pb coordination
characteristics. In Figure 2a, we show XRD patterns of solid
precipitates, isolated from PbI2 solutions (in DMF) with
different additive combinations: (i) TSC, (ii) FAc, and (iii)
TSC + FAc. The Bragg peak at 2θ = 8.17°, assigned to the
PbI2−TSC complex, was recorded for the first solution (i). It
shifts only slightly toward the higher angle (2θ = 8.23°) for

Figure 2. (a) XRD patterns of powders precipitated from different PbI2 solutions in DMF (with and without additives); (b) 207Pb NMR spectra of
different PbI2 solutions in DMSO-d6 (with and without additives); (c) UV−vis spectra of solvents and PbI2 solutions in GBL (with and without
additives); (d) UV−vis spectra of TSC solution in GBL with the acid additive subjected to aging.
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solids prepared from the solution containing TSC and acid
(iii). For the powder obtained from the solution with FAc (ii),
the main diffraction peak appears at 12.56°, similarly to pure
PbI2 (12.65°). We conclude that FAc does not form a stable
intermediate with Pb, but its presence affects the Pb−TSC
complex structure. 207Pb NMR spectroscopy analysis of neat
lead iodide solution showed a chemical shift at 96.4 ppm,
which shifts downfield upon the incorporation of additives,
FAc (144.1 ppm) and TSC (137.9 ppm). When both additives
are mixed into the solution, the lead resonance peak shifts even
more downfield (210.1 ppm), as presented in Figure 2b. The
above measurements confirmed that there is a change in lead
coordination upon TSC and FAc addition. The UV−vis
absorption spectrum of the solution containing both additives
also differs compared to a single additive, showing a distinct
new peak at 274 nm (Figure 2c). In order to understand the
nature of this peak, we checked if it could arise from the
interaction between the additives and the solvents. Interest-
ingly, we found that the absorption spectrum of a simple
solution of TSC in GBL shows the same peak upon acid
addition (Figure 2d); thus, we assign it to the change in TSC
or TSC−GBL interaction. Additionally, we noticed that this
peak intensifies over time (green lines in Figure 2d). We note
that the addition of acid to pure GBL did not induce a
significant change in the absorption spectrum (Figure S3,
Supporting Information). 1H NMR of the solvents used in
perovskite precursor ink (GBL, 2MP, and DMSO) with the
FAc additive ruled out any chemical interactions between FAc
and the solvent and did not indicate GBL hydrolysis (Figure
S4, Supporting Information).
Next, we applied 1H NMR spectroscopy to study potential

chemical interactions between PbI2 and additives (TSC, FAc),
in order to understand how the presence of acid is affecting the
coordination environment. We observed a structural change of
TSC in the presence of FAc (Figure 3). The evolution suggests
that upon acid incorporation, tautomerization of TSC takes
place, from the thiol to thione form, which was also reported
by Srinivasan et al.55

When the thiol form is present, four resonance peaks with a
1:1:1:2 integration ratio of the protons are visible, which upon
addition to PbI2 solution slightly shift downfield due to the
coordination to the lead metal center (Figure 3a). When FAc
and TSC are added to the solution, the resonance peaks at 4.5
and 12.6 ppm, assigned to the NH2 and OH group,
respectively, disappear (Figure 3b). Typically, OH and NH
protons can exchange rapidly with each other, leading to a

single resonance peak at an average chemical shift of 8.1 ppm.
Integration shows four protons at this position, which can be
assigned to OH and CH protons of FAc and NH2 protons of
TSC. Additionally, the two resonance peaks at 7.2 and 7.5 ppm
start to coalesce, which is likely to happen due to the
equilibrium shift toward the thione form. If this mixture is
added to the PbI2 solution, the resonance peaks at 7.2 and 7.5
ppm coalesce to a single resonance signal, which we assign to
the thione form.55

We suspect that TSC in its thione form, stabilized by the
acidic environment, has a stronger coordination affinity to lead
than its thiol tautomer, which thus forms different complex
structures, which enable crystallization of the α-perovskite
phase. In order to validate this, we compared the coordination
strength of different coordinating molecules to Pb2+, including
TSC in thione and thiol forms, by applying DFT simulations.
Specifically, we calculated the relative formation energy Erel,
defined as

E
E E E n

nrel
tot Pb CM=

− − *
(1)

where Etot is the total energy of the system, EPb and ECM are the
energies of unsolvated Pb2+ and the coordinating molecule,
respectively, and n is the number of explicit coordinating
molecules. Figure 4a illustrates the relative formation energy

Figure 3. (a)1H NMR spectra of pure TSC and TSC with PbI2 in DMSO-d6; (b)
1H NMR spectra of the FAc/TSC mixture and with PbI2 in

DMSO-d6.

Figure 4. (a) Relative formation energy, Erel, as a function of the
number of coordinating molecules, n; graphical simulation of (b) Pb−
thione (red/blue values refer to bond distances of Pb−S/Pb−N), and
(c) Pb−thiol (blue/green values refer to bond distances of Pb−N
from the NH2 group/Pb−N bonded to NH2) complex.
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differences for n ≤ 6. To compare the coordination ability of
different species, we applied a simplified model where Pb
atoms are coordinated by only one type of ligand. We note that
in the real solution environment, the situation will be more
complex, as multiple interactions between different compo-
nents and varied concentrations of these species will affect the
composition of Pb complexes. From the calculations shown in
Figure 4a, it is evident that TSC molecules show the highest
coordination affinity to Pb2+. Interestingly, we note that Pb2+

preferentially binds one TSC tautomer or the other, depending
on the n value. This is a consequence of the interactions that
TSC establish with Pb2+. The thione form can coordinate with
the lead cation through a chelating interaction, thanks to the
lone pair on S and N atoms. These interactions stabilize the
thione up to n = 3, where the thermodynamically stable facial
isomer shows similar average Pb−N and Pb−S distances of
2.83 and 2.84 Å, respectively (Figure 4b), suggesting strong
chelation. These interactions are weaker but still retained for n
= 4, with higher average bond distances (2.82 and 3.07 Å for
Pb−N and Pb−S, respectively), while they partially get lost for
n = 5, due to high steric hindrance.
Similarly, TSC in the thiol form tends to coordinate to Pb2+

with the lone pair of two bonded N atoms, with N from the
NH2 group being closer to lead. In the case of n = 3, the
complex shows average bond distances of 3.27 and 2.43 Å
(Figure 4c). Noteworthily, contrary to the case of the thione
tautomer shown in Figure 4b, this complex shows a
hemidirected configuration. It generally grants more free
space to host more coordinating molecules. A fourth one (n =
4) can be easily accommodated, with only slightly higher
average bond distances of 3.33 and 2.52 Å, when compared to
n = 3. The same applies for n = 5, with distances of 3.33 and
2.61 Å. This explains why the thiol tautomer gives more stable
complexes for the n values equal to 4 and 5. Overall, this
suggests that TSC in the thione form preferentially binds with

Pb2+ until optimal hexacoordination is reached, after which the
chelating interactions are getting weaker and leave the way for
the thiol tautomer with higher n values. Pb−S bonds in a Pb−
thione complex are less shielded in comparison to Pb−O and
Pb−N, which could explain the downfield shift from 96.4 to
210.1 ppm, which was observed in 207Pb-NMR (Figure
2b).56,57 The thione tautomeric form of TSC, which is
stabilized in the presence of FAc, leads to structurally different
lead complexes in a precursor solution. This seems to facilitate
the crystallization of the perovskite structure in the layer
formation process, as shown in diffractograms in Figure 1e.
To understand the effect of additives on the colloids

formation, we performed DLS analysis of full perovskite
precursor solutions in the GBL/2MP/DMSO mixture, with
different combinations of additives (no additives, only TSC,
only FAc, TSC, and FAc combined). We are showing full
spectra, taken at different time points for each solution, in
Figure S5, Supporting Information, and graphical representa-
tion of size evolution in Figure 5.
In each perovskite solution, we observed at least two types of

particles: small particles in a range of a few nm and bigger
aggregates above 1 μm. Upon addition of the TSC, the average
size of small particles increases from 1.87 to 2.09 nm and upon
FAc incorporation, it decreases to 1.85 nm. Once TSC is
present in the solution, the addition of acid causes an increase
of the particle size (2.22 nm on average). Interestingly, small
particles are initially dropping in size, and then around 20 h
after acid addition, they start to grow again. The particle size of
small species in the ink with both additives is evolving
dynamically over time, while in the other inks, they remain
almost constant during the whole measurement (Figure 5a).
Apart from small particles (nanometer range), we also observe
a population of large colloids (Figure 5b). In this case, we see a
small and steady growth in a range of 500−2500 nm in all of
the inks. Solutions with an acid additive display a pronounced

Figure 5. DLS study of particle size distribution in perovskite precursor inks, composed in the GBL/2MP/DMSO mixture with different
combinations of additives. Each dot corresponds to a peak in the DLS spectrum fit, in the range of (a) 1.7−2.7, and (b) 0−6750 nm. (c) Average
particle size (each dot) from all species identified in a single spectrum.
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third group of particles, with even larger colloids in the range
of 3500−5000 nm. We plotted the weighted average of the
particle size in Figure 5c to show a clear trend of particle size
growth upon acid addition.
The observed phenomenon can be explained by a simple

model considering the interactions that are established
between two PbI2 monomers in the presence of FAc. In
particular, we speculate that the formate anion acts as a
“bridge” between two PbI2/TSCx complexes, owing to its two
coordinating oxygen atoms. The same mechanism can apply to
the PbI2/DMSO complex, explaining the presence of some
large particles in the solution with acid only.41 To assess these
theories, we derived the dimerization energy for the two PbI2/
TSCx (with TSC in thione form) and two PbI2/DMSOx units,
considering x = 2, with and without incorporation of a formate
anion linking the two lead centers. We found that the
formation of such dimers is a spontaneous process (greater
stabilization in the case of TSC ligand), and the inclusion of
the formate anion further reduces the formation energy; thus,
possibly explaining the increased particle size trend, we
observed in the DLS result. In Figure S6, Supporting
Information, we report a graphical representation of these
results, including the dimer structures considered in our

estimations of formation energies. Similar to acid, the
formation of large oligomers can also be triggered by water
molecules, originating from an aqueous solution of FAc. This
process referred to as the “zipping mechanism” was reported
by Zhang et al. and was proved to have a significant influence
on perovskite crystallization.41

We constructed planar heterojunction devices in p−i−n
configuration embodying the following structure: PET/IZO/
PEDOT:PSS/perovskite/C60/BCP/Ag. All the photovoltaic
devices reported in this work were fabricated on flexible
substrates (PET foil), with over 1 cm2 device active area. We
selected polymer foils as a substrate choice due to the large
commercial prospects of flexible perovskite photovoltaics.6 We
analyzed the impact of particle size in the ink on the solar cell
performance by printing the formulation containing TSC and
FAc at different times after solution preparation. We found that
the evolution of particle size in the ink has a direct impact on
the perovskite crystallization characteristics. Film morpholo-
gies are heavily affected by the colloid growth, triggered by FAc
addition. It was reported before that large colloids present in
the precursor solutions can act as perovskite nucleation
centers. A high density of large colloidal clusters can
significantly impact the nucleation rate, affecting optoelec-

Figure 6. (a) ss-PL spectra and (b,c) SEM images of perovskite thin films printed on PET/IZO/PEDOT:PSS substrates, from the precursor
solutions of different additive combinations (TSC + FAc, pre-conditioned TSC + FAc); (d) J−V characteristics and (e) SPO of the best
performing solar cells obtained for each perovskite precursor variation; (f) EQE spectra and integrated current densities of the same devices,
measured in a spectral range from 300 to 850 nm.
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tronic properties of perovskite polycrystalline films.54 There is
an optimum time after solution preparation (up to 30 h after
acid addition) when the ink can still produce compact layers.
Longer solution aging leads to deterioration of the perovskite
morphology as well as the photovoltaic performance of the
fabricated solar cells. In Figure S7, Supporting Information, we
present SEM images of perovskite films printed from precursor
inks of different ages. Figure S8, Supporting Information,
displays current density−voltage (J−V) characteristics of the
respective devices. Printing 24 h after solution preparation
(acid addition) resulted in the best quality of perovskite thin
films, delivering 10.90% of PCE, with a minimal hysteresis and
stabilized power output (SPO) of 9.9%. J−V curves in both
scan directions as shown in Figure S9, Supporting Information,
and SPO measurement in Figure 6e.
The addition of acid causes a change in the TSC structure,

which is beneficial for α-phase crystallization, but the
formation of big clusters is undesirable and difficult to control.
In order to limit the influence of acid on colloid growth and
shorten the ink preparation procedure, we predissolved TSC in
GBL and 2MP, added a small amount of acid (molar ratio of
TSC to FAc reduced from 1:8 to 1:2.65), and stirred the
mixture for 1 h with a moderate heating (80 °C). We noticed
that warming up TSC with FAc in GBL induces a qualitatively
similar change in the UV−vis spectrum as the aging shown in
Figure 2d, suggesting that the changes in the TSC structure are
accelerated by temperature (Figure S10, Supporting Informa-
tion). Subsequently, the preconditioned mixture of additives
was incorporated into the precursor solution. In this case, even
a reduced amount of FAc was sufficient to obtain a desirable
morphology (SEM image shown in Figure 6c) and improved
crystallinity (higher intensity of dominant diffraction peaks
when compared to the “TSC + FAc” sample, see Figure S11,
Supporting Information) when coated immediately after
solution preparation. In Figure S12, we show atomic force
microscopy images of printed perovskite layers (“precondi-
tioned TSC” and “TSC + FAc”) and their cross-section images
taken by focused ion beam SEM. Both films show similar
average thickness (220−250 nm, “preconditioned TSC” is
slightly thicker), but the sample fabricated from the
“preconditioned TSC” ink formulation displays a smoother
surface (Ra of only 5.8 nm, a two-fold reduction compared to
the “TSC + FAc”), with larger and more uniform grain
domains. Importantly, significantly reduced acid content in the
precursor ink prevented the growth of large colloids, as we
document with DLS analysis shown in Figure S13, Supporting
Information. All these findings corroborate well with the
observation that the change of the TSC structure facilitates
crystallization of the pure perovskite phase. In Table 1, we
listed photovoltaic parameters obtained for the PSCs prepared
using both methods. J−V curves and SPOs of the champion
devices for each ink variation are shown in Figures 6d,e,
respectively. Scans in both directions are provided in Figures
S9 and S14, Supporting Information. The ink with

preconditioned TSC produced devices of improved photo-
voltaic performance. A PCE of 11.4% was obtained from J−V
characterization and 10.9% from the SPO measurement. The
observed increase in current density values was corroborated
by external quantum efficiency (EQE) measurements, where
better charge extraction in the red part of the spectrum was
recorded for the “preconditioned TSC” formulation (see
Figure 6f). Such a difference in the long wavelength region
(650−750 nm) of the EQE spectra can partially originate from
the slightly thicker perovskite layer, but it also implies
improved carrier extraction at the interface further away
from the illumination source (perovskite/C60 interface) for the
“preconditioned TSC” sample.58,59 We postulate that a
smoother surface (more uniform crystallite domains and
fewer cavities between grain boundaries) can improve the
quality of that electronic contact, reduce the energy barrier,
and result in an increase of extraction efficacy. Furthermore,
the “preconditioned TSC” sample exhibits improved crystal-
linity (Figure S11), which can also contribute to the improved
transport properties through the bulk of the perovskite layer.
This ink variation also improved the reproducibility and
reduced a spread in photovoltaic performance parameters
(standard deviation for each parameter shown in Table 1).
To gain more insights into the optoelectronic properties of

printed layers, we measured ss-PL spectra of each perovskite
type, processed on PET/IZO/PEDOT:PSS substrates. The
spectra are shown in Figure 6a. We observe the same peak
position for both samples, centered at 761 nm, with the
“preconditioned TSC” sample displaying a higher intensity and
reduced full width at half maximum. This implies reduced
nonradiative recombination channels (bulk and surface
recombination), potentially due to lower defect density in
this sample. On the other hand, we do not observe any
distinguishable difference in the recorded VOC values of
respective solar cells for these two types of perovskite films
(see Figure 6d and Table 1). This might imply that dominant
voltage losses in the applied device configuration originate
from the perovskite interfaces, rather than the material’s bulk.
Particularly, the interface between perovskite and PEDOT:PSS
was widely reported as the origin of significant nonradiative
recombination losses, which limit the achievable VOC of these
devices.60−62

■ CONCLUSIONS

In summary, we have formulated perovskite precursor ink
formulation for a reliable ink-jet printing process of mixed-
cation perovskite thin films. Our solution is based on nontoxic
solvents and it fulfills industrial manufacturing requirements
(compatibility with industrial printheads). In the ink design,
we have applied a Lewis base-type coordinating additive, TSC,
to enable good quality of perovskite printed layers when
processed in ambient conditions via the formation of a stable
intermediate phase. We have shown that the TSC molecule
can exist in two different tautomeric forms (thione or thiol),

Table 1. Photovoltaic Parameters PCE, Short-Circuit Current, JSC, Open-Circuit Voltage, VOC, and Fill Factor, FF (Average,
avg, ± Standard Deviation, SD, and Maximum, max, Values) Extracted from the Current−Voltage Characterization
Measurements of Solar Cells Fabricated with Two Optimized Additive Strategies for Perovskite Precursor Formulation

ink number of cells SPO of the best device [%] PCEavg±SD (max) [%]
JSC

avg±SD (max)

[mA/cm2] VOC
avg±SD (max) [V] FFavg±SD (max) [%]

TSC + FAc 15 9.9 9.27 ± 1.2 (10.94) 14.66 ± 1.75 (16.67) 0.98 ± 0.03 (1.01) 64.65 ± 3.82 (70.01)
pre-cond. TSC 24 10.9 10.39 ± 0.41 (11.4) 18.05 ± 0.68 (19.00) 0.96 ± 0.04 (1.00) 60.11 ± 4 (69.2)
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which affects the coordination chemistry with perovskite
precursor components. Due to controlled preconditioning of
TSC in a mildly acidic environment, we were able to induce
preferred complexation with lead species and obtain stable
precursor formulation, which crystallizes into a pure perovskite
phase. We have demonstrated planar heterojunction PSCs
utilizing ink-jet printed perovskite layers, which were fabricated
on flexible substrates. We obtained promising performance,
reaching 11.4% of PCE with a large device active area (1 cm2).
This work significantly improves our understanding of the
complex colloidal chemistry occurring in a perovskite
precursor solution, which has a significant impact on the
properties of deposited polycrystalline films. We note that
there is a large scope for further improvement of a solar cell
performance with this formulation, particularly by engineering
the device architecture (interface modification of the hole
transport layer−perovskite interface, PEDOT:PSS replace-
ment).
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perovskites remains one of the main chal-
lenges, adding risk to the long-term reli-
ability of these devices.[3]

Recently, perovskite compositions, 
which induce structures of reduced dimen-
sionality, were reported as an interesting 
family of compounds, exhibiting prom-
ising environmental stability and effective 
photovoltaic performance parameters.[4,5] 
Within that category, Ruddlesden–Popper 
perovskite types were most often used in 
thin-film solar cells. Such layered struc-
tures, also referred to as quasi-2D perov-
skites, are described by the empirical for-
mula of (LC)2(SC)n−1PbnI3n+1, where LC is 
a cation with a large ionic radius (usually 
an aromatic or aliphatic alkyl ammonium 
halide), SC is a small cation (typically, 
methylammonium – MA+, or formami-
dinium – FA+), and n is the number of 
confined lead halide octahedral layers.[5] 
When the perovskite film is processed 
from a precursor solution, bulky cations 

organize in a specific way, separating the 3D-like phases, and 
forming a layered structure. The unique arrangement of the lat-
tice brings certain properties, which can be further tuned with 
appropriate compositional engineering.[6–8] Many compounds 
of different chain lengths and chemical structures were found 
to fit the role of the bulky cation.[9,10] Commonly, these large 
organic cations provide hydrophobic character, enhancing the 
water resistance of the perovskite layers.[11] The large cation can 
also passivate various electronic defects in the perovskite struc-
ture, and limit ion migration, which in turn provides better 
photostability.[12] As a result, the quasi-2D perovskites provide 
an interesting avenue for reaching improved structural robust-
ness and enhanced operational stability when compared to the 
more conventional 3D counterparts, making them particu-
larly suitable for terrestrial applications. As the large organic 
cation is electrically insulating, the orientation of perovskite 
grains needs to be carefully adjusted. In order to enable effi-
cient charge carrier transport through the photoactive layer, 
low dimensional perovskite sheets need to be oriented per-
pendicularly to the substrate.[13] Various strategies of inducing 
preferential vertical alignment of 2D perovskite crystallites have 
been explored, including coordinating additives, or specific 
processing conditions, inducing preferential dynamics of the 
initial crystallization stages.[14,15] Recent advancements in this 
topic resulted in PCEs exceeding 20%, highlighting the large 
application potential for these materials. [16]

Metal halide perovskites of reduced dimensionality constitute an interesting 
subcategory of the perovskite semiconductor family, which attract a lot of 
attention, primarily due to their excellent moisture resistance and pecu-
liar optoelectronic properties. Specifically, quasi-2D materials of the Rud-
dlesden–Popper (RP) type, are intensely investigated as photoactive layers in 
perovskite solar cells. Here, a scalable deposition of quasi-2D perovskite thin 
films, with a nominal composition of 4F-PEA2MA4Pb5I16 (4-FPEA+-4-fluoro-
phenethylammonium, applied as a spacer cation), using an inkjet printing 
technique, is developed. An optimized precursor formulation, and appro-
priate post-printing treatment, which enable good control over nucleation 
and crystal growth steps, result in highly crystalline and uniform perovskite 
layers. Particularly, vacuum with nitrogen flushing provides an optimal drying 
treatment, which produces a more uniform distribution of low dimensional 
phases, and a high level of vertical (out-of-plane) alignment, which is benefi-
cial for charge carrier transport. Solar cells reaching 13% of power conversion 
efficiency for the rigid, and 10.6% for the flexible, large area (1 cm2) devices 
are presented.
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1. Introduction

Metal halide perovskite solar cells have shown remarkable 
progress in recent years, reaching a certified power conver-
sion efficiency (PCE) of 25.7%.[1] With such prolific technolog-
ical advancements, largely obtained at the academic level, the 
technology is moving towards the commercialization phase.[2] 
However, the inherent environmental sensitivity of hybrid 
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Another technical challenge related to the commercializa-
tion of the perovskite PV technology is proving scalability of 
the manufacturing methods, and demonstration of reliable, 
large-area PV units of highly efficient operation. Many deposi-
tion techniques used in laboratories cannot be transferred to 
larger substrates. For example, spin-coating, anti-solvent tech-
nique, or hot-casting method constitute deposition protocols, 
which are commonly used for manufacturing perovskite thin 
films of various compositions, and cannot be implemented 
into an industrial processing scheme.[4,17,18] Scalable fabrica-
tion methods, together with the re-optimized ink formulations 
and developed processing routines need to be employed to 
obtain uniform layers over large-area substrates. A good under-
standing of precursor chemistry is needed to be able to control 
film formation dynamics.[19,20] Various solution-based coating 
techniques have been explored for perovskite thin film depo-
sition, including spray-coating, slot-die coating, blade-coating, 
gravure or inkjet printing (IJP).[21–26] The latter technique is par-
ticularly interesting from an industrial point of view. IJP has 
been known in the field of graphics and electronics for over  
50 years.[27] This digital, contactless technique recently gained a 
lot of interest in the perovskite community, as a versatile, reli-
able and cost-effective deposition method.[28] The IJP process 
enables customized production, with good control over film for-
mation. The most commonly used system is a piezo-driven drop  
on demand printhead. Such systems enable the use of both, 
aqueous and organic solvent-based inks, with a wide range of 
viscosities, making it an attractive tool for perovskite solar cell 
production.[29,30] To achieve good jetting characteristics, and 
in turn satisfactory printout quality, there are a few important 
aspects to be considered. First, appropriate drop formation has 
to be ascertained. Rheological properties of the solution, often 
described by Reynolds (Re), Ohnesorge (Oh), and inverse of 
Ohnesorge (Z) numbers, have to meet the requirements, which 
are specific for a given printhead type.[31] Then, by adjusting 
the voltage applied to the transducer, a drop with a modulated 
volume and velocity is being ejected at the orifice. Once the 
ink is released, the second aspect of the printing process has 
to be considered, which is the ink-substrate interaction. The 
ink’s surface tension, which defines the cohesion of the droplet 
and its adhesion to the substrate surface, needs to be balanced. 
Apart from providing good spreading, the surface energy will 
also affect nucleation, hence the crystallization of the perovskite 
material.[32] The wetting behavior can be tuned by applying sur-
face activation treatments, like UV-ozone, or plasma.[33] The 
third aspect of the perovskite thin film formation is the con-
trol of a crystallization process. An ambient atmosphere can 
strongly affect crystallite growth, thus finding optimal condi-
tions, adjusted for a specific formulation of a particular solvent 
system, provides the scope of the development work.

In this work, we optimized the composition of a quasi-2D 
perovskite precursor solution to meet the rheological criteria 
of inkjet printing and customized the waveform parameters 
to obtain uniform coatings. Special attention was given to the 
relation between drying dynamics and crystallite orientation in 
printed perovskite layers, which we analyzed with a range of 
spectroscopic and crystallographic characterization methods. 
We demonstrate that fast nucleation rate, obtained with a com-
bined drying effect of vacuum and nitrogen flushing, and slow 

perovskite crystallite growth, produces a more uniform distri-
bution of low dimensional phases, and a high level of vertical 
(out-of-plane) alignment, which is beneficial for the effective 
charge carrier transport. With the optimized processing con-
ditions, we were able to fabricate inkjet-printed perovskite 
solar cells, reaching 13% efficiency on glass and 10.6% on PET 
substrates.

2. Results and Discussion

As a starting point, we applied a quasi-2D perovskite precursor 
composition based on our recently published work, where 
4-fluoro-phenethylammonium iodide (4F-PEAI) was used as 
a spacer cation, and thiosemicarbazide (TSC) was incorpo-
rated as a coordinative additive to yield-oriented growth of 
perovskite crystallites.[14] We further optimized the formula-
tion, particularly by fine-tuning the ratios of perovskite-forming 
components (methylammonium iodide, MAI; lead iodide, 
PbI2; 4F-PEAI). Additionally, we added lead chloride (PbCl2), 
which was shown to induce a vertical growth of the quasi-2D 
perovskite layer via in-situ formation of MACl.[34] The n-value, 
referring to the nominal number of inorganic octahedral units, 
[PbI6]4–, positioned between the spacer cations, was kept at 5. 
Optimized perovskite thin films, processed by spin-coating, 
were used for fabricating solar cells of a p–i–n configuration. 
The following device structure was applied: glass/indium tin 
oxide (ITO)/poly(triarylamine) (PTAA)/quasi-2D perovskite/ 
fullerene (C60)/bathocuproine (BCP)/Ag. Current density–
voltage (J–V) curves with a stabilized power output (SPO), and 
morphological, optical and crystallographic characterizations 
of perovskite films are displayed in Figure 1. We obtained a 
champion power conversion efficiency (PCE) of 14.6%, with 
negligible hysteretic effects (Figure  1a). The perovskite film 
appears dense and compact with no pinholes on the surface, as 
evidenced by the SEM image in Figure 1b. The white spots vis-
ible on the layer’s surface at the first instance could be associ-
ated with unreacted PbI2 (heavier components appear brighter 
in the backscatter electron detection mode), as it is often used 
in an over stoichiometric amount in the perovskite precursor 
solutions, and such assignments can be found in different 
3D perovskite reports.[35,36] However, detailed crystallographic 
analysis (including grazing-incidence measurements that are 
primarily sensitive to the surface), which we carried out in our 
previous work, did not show any correlation between the pres-
ence of these features in top-view SEM images and the intensity 
of PbI2 reflections[14]. Such white features have been observed 
in other reports addressing quasi-2D perovskite thin films. 
They were typically assigned to morphological characteristics, 
and specifically protuberances of small grains. [34,37,38] The UV–
vis absorption spectrum in Figure  1c shows the existence of 
different low dimensional phases, with peaks at 570, 610, and  
646 nm. These values are assigned to low dimensional phases 
of n equal 2, 3, and 4, respectively. The absorption onset at  
770 nm, which relates to the 3D-like bulk phase, matches the 
peak position recorded in the photoluminescence spectrum of 
the same film (Figure 1c). Overall, the layer consists of a mix-
ture of the 3D phase (MAPbI3) and several low n phases. The 
X-ray diffraction (XRD) pattern (Figure  1d) confirms preferred 
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crystallite orientation, with two dominating reflections, at 14° 
and 28°, which are assigned to (111) and (202) planes.[39] The 
(111) plane represents the tilted orientation, whereas the (202) 
plane defines the out-of-plane orientation of the lead iodide 
inorganic sheets.[40,41] These reflections originate from the 
repeating unit of one octahedra (for lead-iodide based struc-
tures) being in line with the layers and are observed when the 
layers are perpendicular to the substrate.[42] In our case, since 
we have a mixture of low and high n phases in the film, we 
cannot assign its origin to only one particular phase.

Having obtained promising results with the spin-coating 
process, we applied the same precursor formulation to the scal-
able deposition, which we carried out by inkjet printing tech-
nique. The printing was executed in an ambient cleanroom 
atmosphere, with a controlled relative humidity of 25%. At 
first, ink’s rheological properties were not optimized for the 
printing process, thus the jetting was suboptimal (Figure S1, 
Supporting Information). We observed undesired satellite drop 
formation, which can cause an off-target deposition and devia-
tions in drop volumes. However, we were able to print perov-
skite layers and applied the drying conditions similar to the 
spin-coating process (samples were transferred to the glovebox 
after printing). Printed deposits displayed significantly faster 
crystallization, characterized by the appearance of brown color 
starting at the edges, a few seconds after printing. As a result, 
the perovskite formation took place even before any controlled 
drying atmosphere could be applied. This was reflected in the 
solar cell performance. Devices embodying these layers exhib-
ited poor efficiency, reaching only up to 4.6%. Physical proper-
ties of perovskite films printed in such conditions are shown in 
Figure S2 (Supporting Information).

It is quite evident that both, ink’s rheological properties 
and crystallization characteristics of the printed layer need 
to be modified for a reliable fabrication process in air. First, 
we adjusted the solvent system by adding dimethylsulfoxide 
(DMSO). The aim of this strategy was to suppress rapid perov-
skite crystallization, which takes place after exposing a wet film 
to humid air, and to enhance the stability of forming inter-
mediate phases, which are based on DMSO-coordinating Pb 
complexes. [43,44] We characterized the rheological parameters 
of the precursor solution to find the optimal DMSO concentra-
tion. We tested three solutions, containing 5, 10, and 15 vol% 
of DMSO. The inverse (Z) of the Ohnesorge number (Oh), 
which relates to the viscosity, surface tension and density of a 
fluid, describes the printability of a given ink. The Z is given by 
(Equation (1))[45]

1
Z

Oh

dρσ
η

= =  (1)

where η is the viscosity of the ink [Pa s], ρ is the density of the 
ink [kg m−3], σ is the surface tension of the ink [N m−1], and d is 
the nozzle diameter [m].

The theoretical range of printability is defined by Z values 
in the range of 4 ≤ Z  ≤ 14.[31] Z values above 14 result in sat-
ellite formation, and values below 4 cause long-tail drops. The 
previous ink, based on only dimethylformamide (DMF) sol-
vent, had the Z number of 15.13, explaining observed jetting 
behavior. The addition of DMSO caused the change in the rheo-
logical parameters, reducing the Z number. We obtained the 
following Z values for the DMF:DMSO solvent mixtures: 14.49, 
13.81, and 13.99, relating to the 5, 10, and 15 vol% of DMSO, 

Figure 1. a) Current density–voltage curves in forward and reverse scan directions, and stabilized power output (inset) of the best device incorpo-
rating optimized quasi-2D perovskite thin film, prepared by spin-coating; b–d) a range of characterization measurements of the same perovskite layer, 
including b) top-view SEM image, c) photoluminescence and UV–vis absorption spectra, and d) X-ray diffractogram.
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respectively. The ink with 10 vol% DMSO showed the best drop 
formation and stable jetting (Figure S3, Supporting Informa-
tion), hence we kept this composition for the rest of the study. 
Detailed values of rheological properties for the formulated inks 
we provide in Table S1 (Supporting Information). The surface 
of the PTAA-coated substrates was treated by oxygen plasma to 
enable good spreading of the ink after printing. Contact angles 
of the printing solution for different surface activation methods 
are shown in Figure S4 (Supporting Information).

With the DMSO modification, the crystallization onset was 
slowed down, which allowed us to have better control over this 
process. The drying characteristics and rate of this process can 
significantly affect the specific orientation of different quasi-
2D perovskite phases, which in turn is critical for the effective 
charge carrier transport in the photoactive layer, and ensuing 
photovoltaic performance of respective devices.[20] We applied 
a series of post-printing drying methods to find optimal con-
ditions for the early-stage perovskite nucleation and crystallite 
growth. First, we carried out the drying process in the air to 
see the impact of an uncontrolled environment on perovskite 
crystallization. We applied two simple post-treatments: a fast-
drying approach, where the printed film was placed directly 
on a hot plate (“HP_AIR”), and a second method with slower 
drying, where the printed sample was allowed to dry in air at 
room temperature before annealing on a hot plate (“AIR”). In 
both cases, the layers showed poor morphologies, characterized 
by nonuniform and noncompact large domains, as evidenced 
by top-view SEM images (Figure 2a,b).

In Figure 2c, we present X-ray diffraction patterns of perovskite 
films formed by fast and slow crystallization, both methods car-
ried out in ambient air. The first sample shows two peaks, at 14° 

and 28°, which are assigned to (111) and (202) planes, revealing 
a dominant out-of-plane growth of perovskite crystallites.[41] The 
presence of many additional peaks in the sample dried fast sug-
gests more random orientations of perovskite grains. The full 
width at half maximum (FWHM) of (111) and (202) peaks is 
reduced, and the intensities are higher for the fast-drying sample 
(“HP_AIR”), which implies larger crystallite sizes in this variant. 
Fast crystallization directly on the hot plate resulted in the crys-
talline film with large grains, but with random orientations. Pro-
longed drying favors vertical growth, but the overall crystallinity 
of this film is low, which could be influenced by the presence of 
moisture in the air.[46] In Figure 2d we show the J–V character-
istics of the solar cells made with these films. The performance 
turned out to be very low, primarily due to poor morphologies 
and not enough level of grain orientation.

In order to exclude the impact of moisture and improve the 
nucleation characteristics, we decided to focus on a moisture-
free drying environment. We designed a range of post-treat-
ment protocols, where temperature and pressure were varied 
to provide conditions of varying solvent evaporation rates. We 
investigated the following methods:

1) hot plate annealing inside the nitrogen-filled glove box (HP_
GB) – printed samples transferred directly to the hot plate 
inside the glovebox;

2) glovebox drying (GB) – printed samples transferred to the 
glovebox, and dried there at room temperature;

3) nitrogen drying outside of the glovebox (N2) – printed sam-
ples dried under a stream of N2;

4) vacuum drying (Vac) – printed samples placed in the glove 
box antechamber (pressure of about 10–3 bar);

Figure 2. a,b) top-view SEM images of inkjet-printed perovskite layers, where (a) was annealed on a hot plate in ambient atmosphere, directly after 
printing, and (b) was dried in air for a few minutes, before hot plate annealing; c) X-ray diffractograms of both perovskite films; d) current density–
voltage characteristics of solar cells embedding these two types of perovskite films.
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5) vacuum and nitrogen flushing in cycles (Vac+N2) – printed 
samples placed in the glove box antechamber, which was 
evacuated and refilled with N2, with a few repeating cycles.

In the first two methods (“HP_GB” and “GB”) we varied the 
solvent evaporation rate by simply changing the temperature of 
drying, while the pressure was kept constant. Nitrogen blowing 
(“N2”) additionally speeds up solvent removal. Gas blowing is 
a widely used method of perovskite drying that provides high 
nucleation rates, with high density, leading to more com-
pact perovskite layers.[47] In the next two methods, we applied 
reduced pressure for faster drying. The last protocol combined 
under pressure and nitrogen flushing to yield the fastest solvent 
removal, without changing the thermal budget of the deposit.

All the samples, which were dried under different condi-
tions, were subsequently annealed at 100  °C on a hot plate, 
inside the glovebox, to obtain fully crystallized perovskite thin 
films. In Figure 3a–e, we show top-view SEM images of quasi-
2D perovskite layers prepared with the described methods.

We observed that the layer crystallized very fast inside the 
glovebox (“HP_GB”), without a drying step, displayed quite 
similar morphology to the one dried outside (“HP_AIR”). 
Perovskite domains showed different shapes, but they were 
equally nonhomogenous and noncompact. Slow and steady sol-
vent evaporation in the “GB” sample led to big domains and 
nonuniform layers, suggesting not sufficient nucleation den-
sity. Nitrogen blowing turned out to be an efficient way to accel-
erate evaporation, increasing the nucleation rate and leading 
to better coverage. These films still had numerous pinholes, 
which got reduced with the vacuum-based drying process. 
The most uniform and compact morphologies were obtained 
when the N2 flow and vacuum treatments were combined. It 
is evident that in order to produce a dense perovskite layer, 

high enough nucleation density and fast solvent removal need 
to be provided before the process of crystallite growth begins 
(thermal annealing).

Next, we carried out a detailed crystallographic analysis to 
understand the grain orientations in the studied quasi-2D 
perovskite thin film. The XRD patterns are shown in Figure 3f. 
We did not observe diffraction peaks in the region of 2θ < 10° in 
the studied samples. This is the region where signature peaks 
of (0k0) planes, which represent low n perovskite phases grown 
parallel to the substrate, are found.[48] We noticed that the 
perovskite film, which was annealed directly on the hot plate, 
shows multiple peaks in the diffractogram, which is an indica-
tion of random crystallite orientation (Figure 3f). In the other 
samples, only the two main reflections, (111) plane at 14° and 
(202) at 28° with varying intensities, are observed. This is an 
indication of preferred crystallite alignment in these films. In 
order to calculate the degree of preferred orientation, we first 
calculated the texture coefficient, specific for a particular set of 
planes. The texture coefficient is expressed by Equation (2)[49]
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hkl
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where I(hkl) is the peak intensity of the (hkl) plane of interest, Ir(i) 
represents the intensity of the same peak in the reference spec-
trum from the XRD database, which we used to index the peaks 
in the patterns, and z stands for the number of (hkl) planes 
being taken into consideration for the calculation of the texture 
coefficient.

Diffraction patterns in Figure  3f show only three well-
defined peaks, thus the z in the formula equals 3. We calculated 

Figure 3. a–e) top-view SEM images of inkjet-printed perovskite layers, where a) was annealed on a hot plate inside the glove box, directly after printing, 
b) was dried at room temperature in the glove box before hot plate annealing, c) was dried under a stream of nitrogen, d) was dried under vacuum, 
and e) was dried under vacuum interrupted by nitrogen flushing; f) X-ray diffractograms of the listed types of perovskite films; g) degrees of preferred 
orientation for 〈111〉 and 〈202〉 directions, plotted for different drying methods of quasi-2D perovskite films.
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the texturing coefficients C(111) and C(202) for the (111) and (202) 
planes. Subsequently, we calculated the degree of preferred ori-
entation of each film, given by Equation (3)[49]

1
( 1)hkl

2

z
C

z
∑σ = −  (3)

The lowest possible value for σ is zero, which happens when 
C(hkl) equals one. This is the case when the studied sample 
shows completely random orientation. The value of σ increases 
with the higher degree of preferred orientation. Values of the 
texture coefficient and the degree of orientation purely depend 
on the number and intensity of peaks recorded in the XRD pat-
tern. In Figure 3g we display the σ values, corresponding both, 
to the [111] and [202] directions, plotted for all the different 
perovskite films. We have excluded the “HP_GB” sample, 
which shows random crystallite orientation since this calcula-
tion is only applicable for the films with three reflections. The 
σ values for all the four samples processed in a controlled 
atmosphere show similar magnitudes for both directions. 
These results suggest that all the post-treatment strategies we 
applied turned out to be effective in inducing the out-of-plane 
alignment of the inorganic slabs. Within the plotted sample set, 
the “GB” variation shows the highest σ for the (111) plane and 
compared to other types, slightly lower value for the (202). Con-
versely, the film dried with the applied vacuum displays lower σ 
in the [111] direction. Moreover, the sample dried with both, N2 

and vacuum, has the lowest σ in the [111] and the highest in the 
[202] directions. This implies that the combined drying method 
results in the highest degree of crystallite growth perpendicu-
larly to the substrate (straight out-of-plane orientation).

To get more insight into the influence of the drying condi-
tions on the film formation principles, we employed different 
optoelectronic characterization techniques to study the prop-
erties of fabricated perovskite films. In Figure S5 (Supporting 
Information) we show UV–vis absorption spectra of all the 
samples. The absorption onset at around 760 nm, assigned to 
the bulk phase signal, is visible in all the cases. There are also 
observed higher energy peaks at 570, 610, and 646 nm, which 
relate to quasi-2D phases of n equal 2, 3, and 4, respectively.[50] 
The “HP_GB” sample is the only one showing qualitative dif-
ferences, with a large contribution of the n  = 2 phase at 568 
nm. The higher n phases are not discernible in the spectrum. 
We also note that vacuum-based samples (“Vac” and “Vac+N2”) 
exhibit significantly enhanced absorptivity in the blue region, 
below 500 nm. It could be a result of improved morphology 
and higher crystallinity of all the phases in the film.[51] The PL 
spectra of the studied samples, applying perovskite-side and 
glass-side illumination, are shown in Figure 4a,b.

With our measurement setup, we were able to probe only the 
3D-like bulk phase, which is centered around 770 nm in all the 
films. We can see from Figure  4a that the sample crystallized 
rapidly on the hot plate (“HP_GB”) produced the lowest PL 
signal, which is in line with the lower crystallinity observed in 

Figure 4. a,b) PL spectra of the inkjet-printed perovskite films, fabricated with different drying methods, where samples were excited a) through the 
perovskite-side, and b) through the glass-side; c,d) transient absorption spectra of the same perovskite sample types, measured at a time delay of  
1.5 ps, with the c) perovskite-side, and d) glass-side excitation.
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XRD. The PL signal of the samples with the controlled drying 
(nitrogen flow, nitrogen atmosphere or vacuum) is enhanced 
at the perovskite-side excitation. Additionally, the signals from 
the “HP_GB”, “Vac,” and “Vac+N2” samples are slightly blue-
shifted in respect to the rest, suggesting stronger contributions 
from different low dimensional phases.[34] When the same 
sample set was probed from the substrate (glass) side, most 
of the emission signals were much smaller (Figure 4b), which 
could indicate the nonuniform distribution of phases across the 
film or an effective hole extraction at the PTAA interface (PL 
quenching). In the “GB” sample, poor perovskite morphology 
(visible on the SEM image) and/or lower degree of vertical align-
ment could influence the efficacy of hole extraction by PTAA, 
which in turn results in a higher PL signal in the glass-side 
excitation. The sample dried by nitrogen flow shows the largest 
difference in the PL signal between perovskite-side and glass-
side excitations, possibly due to the 3D-like phases predomi-
nantly forming at the surface and/or very effective quenching 
effect at the PTAA side.[24] Interestingly, the “Vac+N2” sample 
shows a similar PL signal for both excitation sides, which could 
suggest a more even distribution of phases in this film, simi-
larly to the observations reported by Zhang et  al.[34] The lack 
of discernible low dimensional phases for either excitation 
side could be a result of low laser excitation power employed 
for these measurements (excitation wavelength: 405 nm, inten-
sity: 5 mW cm−2). Additionally, when 2D phases are well inter-
mixed with 3D phases, there can be an effective PL quenching 
mechanism due to carrier (electrons and holes) transfer from 
a low n phase (higher energy gap) to a large n phase (lower 
energy gap). Evidences of this process taking place, indicating 
type I (straddling gap) heterojunction predominantly forming 
between perovskite domains of different energy gaps, were 
recently reported.[52,14] In order to gain more information about 
the presence of specific phases (low- and 3D-like phases) and 
their distribution in the layer, depending on the chosen drying 
method, we performed transient absorption spectroscopy 
(TAS) characterization. Again, the measurements were carried 
out with both, perovskite-side and glass-side excitations. The 
spectra for all the samples show several distinct photobleaching 
(PB) peaks, at 568, 610, 644, and 760 nm, which correspond 
to the phases of n equal 2, 3, 4, and ∞ (bulk, 3D-like phase), 
respectively.[50] The bleach corresponding to the n = 5 should 
be around 675 nm, but it cannot be clearly distinguished, as the 
signal partially overlaps with the tail of the bulk phase bleach. 
Charge carrier cooling to the conduction and valence band 
edges takes place on a sub-ps timescale, so due to a band-filling 
in the bulk phase, a sharp bleach signal appears after ≈1.5 ps.[53]  
We observe that the bleaches corresponding to the low n 
phases are more intense when probed from the glass side in 
comparison to the perovskite-side measurement (Figure  4c,d). 
Conversely, the bulk phase bleach is more intense when probed 
from the perovskite side for all the films. Such graded distribu-
tion, where low dimensional phases are most concentrated at 
the substrate, and their content reduces toward the film’s sur-
faces, were often reported in the literature.[24,54] We calculated 
the proportion of each phase from the contribution of its corre-
sponding bleach, using the method described by Quan et al.[55] 
The distribution analysis for all the studied samples is shown 
in Figure S6 (Supporting Information). The “HP_GB” sample 

shows the largest gradient, with the n = 2 phase forming pre-
dominantly at the substrate/PTAA interface. For the other 
drying methods, the concentration of phases of n equal 3 and 4 
shows the largest difference between the top and bottom parts 
of the layer. We also note that the application of vacuum in the 
drying process results in a higher percentage of high n phases 
(n = 4 and 5) in the film, which was reported to be beneficial for 
the transport of charges.[56] Furthermore, these high n phases 
are visible from both sides, suggesting an even distribution 
across the layer. This is observable for both, “Vac” and “Vac+N2” 
sample types. A combination of nitrogen flushing and vacuum 
drying results in a slightly higher content of a 3D-like phase 
at the surface when compared to the vacuum-only protocol. 
Similarly to the PL data, there is a distinct blueshift of the bulk 
phase bleach for samples treated by vacuum, indicating a larger 
contribution of reduced dimensionality phases.[56]

The crystallization process can be divided into two stages: 
nucleation and crystallite growth. The nuclei formation is trig-
gered by reaching a supersaturation state of a solid precursor, 
which subsequently leads to crystallite growth upon reaching 
the critical radius of the nucleus.[57] Perovskite thin-film crys-
tallization typically occurs via heterogeneous nucleation, where 
foreign surfaces assist the process of phase transformation by 
decreasing the total free energy for forming a critical nucleus 
size.[58] Solvent evaporation increases the concentration of pre-
cursor solids, triggering the nucleation step. The concentration 
is then balanced by crystallite growth, which consumes the 
solids, lowering the supersaturation level. The rates of nuclea-
tion and crystal growth steps define the size and distribution 
of crystallites in the final layer. The competition between both 
processes is influenced by the size of colloids, their interac-
tions, solvents, applied drying conditions (temperature, pres-
sure), which drives the solvent evaporation, and thermal budget 
required to form crystalline phases.[59] In quasi-2D perovskite 
systems, the nucleation typically originates at the air-liquid 
interface, and the resulting phase distribution across the layer 
is influenced by the composition of Pb-based complexes in 
the precursor solution and solubility differences of the con-
stituent iodides.[15,60] In our previous work, we demonstrated 
that 4F-PEAI has higher solubility in DMF than MAI. At the 
initial stage of nucleation, Pb-solvent complexes crash from 
the supersaturated solution and serve as nucleation centers.[48] 
During the subsequent crystal growth step, there are more 
MA+ cations available to build the perovskite lattice, as they 
precipitate earlier from the solution. Then, with fewer MA+ 
and more 4F-PEA+ cations, the stoichiometry of grown crys-
tals favors the low n phase composition. Overall, this results  
in a higher content of bulk phases at the surface.[15] The rate of 
solvent removal will impact the competition between small and 
large cations, and in turn phase composition across the film. 
More rapid nucleation should result in a more even distribu-
tion. We speculate that the application of vacuum enables selec-
tive and efficient DMF removal, promoting large nucleation 
density, without triggering a crystallization onset. At the pres-
sure of 10–3 bar (used in this study), DMF evaporation at room 
temperature is quite rapid (DMF vapor pressure at 25  °C is  
3.5 × 10–3 bar), whereas DMSO (vapor pressure of 8 × 10–4 bar)  
largely stays in the film.[61] This induces high supersatura-
tion but does not lead to rapid crystallization. DMSO, due to 
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its high coordination affinity, forms strong Lewis acid-base 
adducts with Pb, which constitutes an intermediate phase, and 
slows down the perovskite formation.[62] Zhang et  al. reported 
a similar process, where vacuum-assisted drying was applied 
for the quasi-2D perovskite film formation.[34] It was shown that 
such a method led to a uniform distribution of phases across 
the film thickness, which improved charge carrier transport 
properties. Using vacuum was also reported to be beneficial for 
obtaining pinhole-free 3D perovskite layers.[62] The combina-
tion of vacuum and nitrogen flushing (“Vac+N2”) seems to pro-
vide optimal conditions for effective nucleation and controlled 
crystallite growth. This is reflected in the most uniform mor-
phology, high level of texture in the out-of-plane orientation, 
and more uniform distribution of phases across the layer (mod-
erate gradient, with larger content of high n phases). We note 
that the same post-annealing strategy was successfully applied 
for the 3D perovskite formation.[63] The beneficial effect of gas 
flow-assisted vacuum drying on perovskite nucleation, pointed 
out by the authors, is in agreement with our results for quasi-
2D perovskite formation.

Having explored the properties of the printed quasi-2D 
perovskite thin films, in the next step, we fabricated photo-
voltaic devices with these layers and evaluated their PV per-
formance. We utilized the same solar cell architecture, as used 
before, i.e., p–i–n configuration of the following stack: glass-
ITO/PTAA/perovskite/C60/BCP/Ag. We show J–V curves of 
the best cells of each type in Figure 5a. Statistics of the per-
formance parameters, extracted from J–V curves, for a batch of 
devices prepared for each drying variation, we show in Table 1 
and Figure S7 (Supporting Information) (box plots).

The cells showed a large influence of the fabrication pro-
tocol (drying method) on the PCE values. Direct annealing on 
the hot plate and rapid crystallization (“HP_GB”) resulted in 
the worst performance. As we showed above, introducing a 
drying step provides controlled crystal growth, and stimulates 
a high degree of vertical orientation (perpendicular to the sub-
strate). This effect is reflected in significantly improved charge 
carrier transport characteristics, which in turn enables larger 
current densities and fill factor values. Morphological aspects, 
such as surface coverage, and layer uniformity, have also a 
critical influence on the performance parameters. Accelerated 
nucleation rates with the N2 flow or vacuum, produced reason-
ably high PCE values, with the best performance obtained for 
the method combining these two techniques. Improved trans-
port characteristics are also visible in external quantum effi-
ciency (EQE) spectra, which were measured for the represent-
ative cells of each type. The spectra are shown in Figure  S8 
(Supporting Information). The “Vac+N2” device exhibits the 
highest EQE, which is in good agreement with the highest 
JSC values derived from the J–V measurements. In Figure S8 
(Supporting Information) we provide integrated JSC values, 
which are in good agreement with the J–V curves for all the 
device types.

To better understand differences in the charge carrier trans-
port characteristics through the perovskite layers prepared with 
different drying conditions, we measured JSC values as a func-
tion of the incident light intensity (varied from 1 sun to 0.01 sun 
by using optical density filters). The JSC of a solar cell follows 
the power-law defined by Jsc ∝ Pα.[64] Therefore, a log–log plot 

of the Jsc versus light intensity provides the exponent α, which 
reflects the magnitude of a photocurrent loss in the device.[65,66] 
In the ideal case, where there is no recombination loss (effi-
cient carrier transport and collection), α equals 1. In a more 
realistic scenario, bimolecular recombination, space charge 
effects, or variations in carrier mobilities reduce α values below 
1.[67] In Figure 5c we show the plots and α values for all the pro-
cessing methods. Among the studied sample variations, the α 
parameter follows the same trend as the average Jsc values (see 
Table 1). The “Vac+N2” and “Vac” samples display the highest α 
(0.98 and 0.97, respectively), which can be translated to a high 
carrier collection efficiency and good transport properties. The 
“GB” sample shows the lowest value (α = 0.88), indicating sig-
nificant carrier recombination before they can be efficiently 
extracted. The “N2” device, with α = 0.92, is positioned in the 
middle of the trend. These results clearly demonstrate that 
vacuum applied in the post-printing drying procedure results in 
the low dimensional perovskite phase formation, which gives 
the best transport characteristics through these layers. We also 
measured open-circuit voltage of the same devices, as a func-
tion of the incident light intensity (also varied from 1 sun to 
0.01 sun) multiplied by JSC. The results are given in Figure 5d. 
The slope of the linear fit is expressed as: nIDkT/q, where k is 
Boltzmann constant, T is temperature, and q is the elemen-
tary charge. Dividing this number by the magnitude of kT/q at 
room temperature (0.026 mV) gives the ideality factor (nID) of a 
solar cell. For PSCs, ideality factors close to 1 often imply strong 
first-order nonradiative losses at the interface.[68] We obtained 
nID values between 1.65 and 1.78 for all the devices, which 
suggests a reduction of interfacial losses, and possibly higher 
contribution of the Shockley–Read–Hall (SRH) bulk recom-
bination. The lowest nID value was recorded for the “Vac+N2” 
cell type, which correlates well with higher average VOC values 
measured for these devices, implying fewer nonradiative losses. 
We note that, except for the “GB” variant, the differences are 
rather small, which suggests a similar recombination profile 
in these solar cells. Overall, the best photovoltaic performance, 
which we obtained for the “Vac+N2” sample, we attribute to the 
improved layer morphologies (the most uniform and compact 
films), high level of texture in the out-of-plane direction, and 
more uniform phase distributions, with the presence of low 
dimensional phases characterized by higher n values.

To demonstrate the attractiveness and versatility of the devel-
oped methodology, we applied the optimized quasi-2D perov-
skite processing (vacuum with N2 flushing for post-printing 
drying method) to flexible devices, with large active areas  
(1 cm2). As a substrate, we used polyethylene terephthalate 
(PET) foil, coated with the ITO electrode. In Figure S9 (Sup-
porting Information) we show a top-view SEM image of such 
perovskite thin film. The morphology is very similar to the 
layers coated on a rigid substrate. We obtained comparable 
efficiency values to the glass-based cells. The champion device 
reached a PCE of 10.6%. The J–V curve of the best cell is shown 
in Figure  5e. The statistics of performance parameters for a 
batch of devices we show in Figure S10 (Supporting Informa-
tion). Performance parameter values (best and average) are 
listed in the last row of Table 1.

Lastly, we investigated the reliability of inkjet printed quasi-
2D perovskite solar cells. For this reason, we selected the best 
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cells, fabricated with the optimized printing and drying proto-
cols, and subjected them to the thermal stress at 70  °C, on a 
hot plate in the N2 atmosphere. For comparison, we also added 
the best cell utilizing the spin-coated quasi-2D perovskite layer, 
which was described above. For this experiment, we modified 
a device architecture by replacing the BCP buffer layer with 
the SnOX film, which was deposited by atomic layer deposition 
(ALD). The ALD technique is capable of producing very thin, 
extremely dense, conformal, and pinhole-free coatings. For this 
reason, ALD-SnOX can act as an effective barrier, preventing 
ion migration between perovskite and metallic contact, which 
is a common device failure mechanism, reported for many dif-
ferent perovskite devices.[69] The time evolution of normalized 

PCE values along the ageing test is plotted in Figure 5d. Both 
devices show comparable stability at 70 °C, retaining about 65% 
of their initial performance after 1200 h.

3. Conclusions

In summary, we have developed a precursor formulation, suit-
able for the inkjet printing process of quasi-2D perovskite 
thin films, with a general formula of 4F-PEA2MA4Pb5I16. We 
explored the influence of the post-printing drying conditions on 
the perovskite film characteristics. We found that high nuclea-
tion rates with simultaneously hampered crystallite growth 

Figure 5. a) Current density–voltage curves of the best quasi-2D perovskite solar cells, incorporating perovskite layers prepared with different post-
printing drying methods; b) stabilized power output measurements of the same devices; c) JSC and d) VOC as a function of light intensity for the same 
devices; e) Current density–voltage curve and stabilized power output measurement (inset) of the best quasi-2D perovskite solar cell, prepared on a 
flexible substrate, with the large active area (1 cm2); f) thermal stability test (70 °C ageing) of quasi-2D perovskite solar cells, with perovskite layers 
made by optimized spin coating and inkjet printing methods.
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can produce dense and uniform layers of the high level of 
out-of-plane alignment and more uniform distribution of low 
dimensional phases. We obtained this by applying vacuum and 
nitrogen flushing as a drying treatment, which triggered fast 
solvent evaporation. The presence of DMSO in the precursor 
solution, which forms stable Pb-based intermediates upon 
drying, enables subsequent, controlled crystallization of well-
oriented perovskite phases. This optimized processing was 
applied to perovskite solar cells, which yielded PCEs of up to 
13%. We also implemented the printing process to large-area 
(1 cm2), flexible devices, reaching a PCE of 10.6% – one of the 
highest results for the quasi-2D perovskite thin films, which 
were processed on flexible substrates with a scalable technique. 
This study provides a valuable understanding of the formation 
principles of quasi-2D perovskite thin films and demonstrates 
inkjet as a feasible technique for a scalable coating of perovskite 
layers.

4. Experimental Section
Materials: All chemicals were used as received without any other 

refinement unless otherwise specified. Methylammonium iodide (MAI) 
and 4-fluoro-phenethylammonium iodide (4F-PEAI) were purchased 
from Lumtec, ammonium chloride (NH4Cl), thiosemicarbazide (TSC), 
lead iodide (PbI2, beads), fullerene C60, and bathocuproine (BCP) were 
purchased from Sigma Aldrich. The prepatterned substrates with indium 
tin oxide (ITO) (<15 Ohms square−1) were obtained from Lumtec. 
Poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine (PTAA) was purchased 
from Ossila. Silver (Ag) pellets were purchased from Kurt J. Lesker.

Device Fabrication and Film Processing: For spincoating, perovskite 
precursor solutions were prepared by mixing PbI2, 4F-PEAI, and MAI 
in a stoichiometric ratio of 5.25:2:4.4, with a concentration of 0.7 m in 
DMF. The additives NH4Cl and TSC were added in 20 mol% ratio and 
5 mol% ratio with respect to PbI2. The precursor solution was subjected 
to continuous stirring overnight at 70 °C.

For printing, perovskite precursor solutions were prepared by mixing 
PbI2, PbCl2, 4F-PEAI, and MAI in a stoichiometric ratio of 4.75:0.25:2:4.4, 
with a concentration of 0.7 m in a solvent mixture of DMF and DMSO 
(9:1 vol. ratio). TSC was added in 5 mol% ratio with respect to PbI2. The 
precursor solution was subjected to continuous stirring overnight at 
70 °C.

For spincoating, devices were prepared on conductive ITO-coated 
glass substrates. The substrates were cleaned extensively by deionized 
water, acetone and isopropanol in the mentioned order, for 10 min in each 
solvent. The hole transport layer solution was prepared by dissolving 
PTAA (20 mg) in anhydrous toluene (1 mL). The PTAA solution was 
spin-coated inside the glove box at 5000 rpm for 30 s at an acceleration 
of 1667 rpm s−1. The spin-coated PTAA layer was then annealed inside 
the glove box at 100  °C for 10 min. Before perovskite processing, the 

ITO/glass substrates were subjected to UV-ozone treatment for 15 min. 
50 µL of the 2D perovskite precursor solution was spin-coated on top of 
the PTAA layer at 5000 rpm for 45 s, at an acceleration of 1000 rpm s−1. 
After spincoating, the samples were allowed to dry inside the glovebox 
environment for about 15 min. After this, the dried layers were annealed 
at 100 °C for 15 min. 35 nm of C60 was deposited on top of the perovskite 
films by thermal evaporation, followed by thermally evaporated 5 nm of 
BCP. Finally, 140 nm of Ag was deposited on top of BCP completing the 
device fabrication.

Inkjet printing of perovskite layers was performed at room 
temperature in the cleanroom conditions, with 25% relative humidity. 
The substrates and PTAA layers were prepared following the same 
procedure as for spin-coated devices. Before printing, O2 plasma was 
used to treat the PTAA surface for about 45 s. A semi-industrial printer 
equipped with a commercial printhead with 512 nozzles was used, with 
all the nozzles active during deposition. The resolution of printing for 
all the samples was kept at 360 × 360 dots per inch (dpi). Right after 
deposition, printed films were subjected to drying and annealing 
procedures, which were described in the results section. The rest of 
the layers in the device structure was made according to the protocol 
described for the spincoated cells.

The ALD deposition of SnOx for samples subjected to ageing 
was carried out in a Beneq TFS-200 ALD reactor at 60  °C using 
tetrakis(dimethylamido)tin(IV) (TDMASn, Strem, 99%, heated to 45 °C) 
and water (at room temperature). The base pressure of the process was 
1.2 mbar. The TDMA Sn pulsing of 1 s, TDMA Sn purging of 59 s, water 
pulsing of 100 ms and water purging of 35 s was used.

Characterization: Contact angle and surface tension of the inks were 
measured using optical tensiometer Theta Lite (TL100) equipped with 
One Attention software.

Viscosity measurements were carried out on Brookfield DV3T 
viscosimeter.

Measurement procedure was carried out as follows: 1 mL of ink was 
placed in the sample cup with the spindle. The speed of spindle rotation 
was adjusted to fit in the viscosity range of studied inks. In this work, 
the speed for all the inks was 70 rpm. The machine was equipped with a 
cooling system. The temperature of the ink (container) was set to 20 °C 
during the whole measurement.

UV−vis absorption spectra were obtained using the Edinburgh 
Instruments Spectrofluorometer FS5.

Current density–voltage characteristics and stabilized power output 
measurements were performed using a Keithley 2461 source measure 
unit (SMU) under simulated AM1.5G irradiation (100 mW cm–2), using 
an AAA-rated solar simulator (Abet Technologies, sun 2000) calibrated 
against an RR-208-KG5 silicon reference cell (Abet Technologies). 
Solar cells on glass were masked to 0.06 cm2. J–V measurements were 
performed in two scan directions, from −0.2 to 1.5 V (forward scan), 
and from 1.5 to −0.2 V (reverse scan). The scanning rate was set at 
113 mV s−1. The stabilized power output (SPO) was measured at the 
maximum power point voltage for a duration of 60 s.

Steady-state photoluminescence (ss-PL) measurements were 
performed with the Edinburgh Instruments FS5 Spectrofluorometer, 
equipped with a time-correlated single-photon counting (TCSPC) unit. 

Table 1. Photovoltaic parameters extracted from the current density–voltage characterization measurements of quasi-2D perovskite solar cells, where 
inkjet-printed perovskite layers were prepared with different drying methods. The cells were made on glass (all variations) and PET (best drying pro-
tocol, large active area) substrates.

Cell type Jsc
avg±SD(max) [mA cm–2] FFavg±SD(max) [%] VOC

avg±SD(max) [V] PCEavg±SD(max) [%]

HP_GB 8.2 ± 0.9 (10.8) 33.8 ± 3.8 (36.9) 0.81 ± 0.01 (0.84) 2.3 ± 0.4 (2.7)

GB 10.2 ± 0.5 (10.1) 55.1 ± 1.8 (31.6) 0.97 ± 0.01 (1.03) 6.0 ± 0.4 (6.3)

N2 12.7 ± 1.3 (15.9) 63.1 ± 2.5 (68.0) 1.00 ± 0.01 (1.11) 7.7 ± 0.9 (9.1)

Vac 15.0 ± 0.9 (15.9) 66.8 ± 6.0 (70.5) 1.05 ± 0.03 (1.10) 9.5 ± 0.7(10.5)

Vac+N2 16.2 ± 1.5 (17.4) 68.4 ± 5.8 (73.0) 1.05 ± 0.03 (1.10) 12.4 ± 0.7 (13.0)

Vac+N2 1 cm2 flex 17.13 ± 0.8 (18.1) 47.2 ± 5.6 (55.4) 1.06 ± 0.02 (1.10) 8.6 ± 1.2 (10.6)
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Samples were excited with a 405 nm laser diode (60 ps pulse, intensity: 
5 mW cm−2).

For transient absorption, ultrafast dynamics were determined using 
a broad-band transient absorption (TA) setup (Helios spectrometer, 
Ultrafast Systems, and Spectra-Physics laser system). The IRF (pump−
probe cross-correlation function) was about 200 fs (full width at half-
maximum), and transient absorption measurements were performed 
in the time range of up to 3 ns. One excitation wavelength was used: 
490 nm and the spectra were probed in the range of 520−830 nm.

In scanning electron microscopy, top view images were obtained by 
employing a focus ion beam scanning electron microscope, FIB-SEM 
(FEI Helios 600), with an accelerating voltage of 2 kV. The samples were 
prepared by depositing carbon and platinum films on top of a sample.

XRD patterns were obtained using a Rigaku MiniFlex diffractometer
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photovoltaic technologies. The possibility of fabricating perovskite solar cells 
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to their attractive commercial prospects.[1] 
The power conversion efficiency (PCE) 
reported for lab-scale devices recorded 
unprecedented progress, improving 
within one decade from a mere 3% to 
over 25%.[2,3] One of the great advantages 
of the perovskite technology over conven-
tional photovoltaics (PV) is the possibility 
to fabricate PSCs on lightweight and flex-
ible substrates.[4] This allows to attain very 
high specific powers and enables versatile, 
low-cost manufacturing methods.[5] New 
value propositions available for PSCs posi-
tion this technology as a tangible solution 
for the emerging and rapidly growing PV 
markets, such as building-integrated PV 
(facades, windows, rooftops), automotive 
(vehicle integration), or internet-of-things 
(autonomous sensors, Industry 4.0).[6,7]

As PSCs are rapidly moving toward 
the industrial phase, there are still open 
questions about the prevailing architec-
ture, choice of materials (including charge 
selective layers) and processing method-
ologies. In a commonly employed planar 

heterojunction perovskite solar cell architecture, perovskite film 
is sandwiched between two charge selective contacts—electron 
transporting material (ETM) and hole transporting material. 
Detrimental defects tend to form at both of these interfaces 

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adfm.202004357.

1. Introduction

Perovskite solar cells (PSCs) garnered a lot of attention within 
the scientific community over the last couple of years, thanks 
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with the perovskite layer, which leads to an increase of nonra-
diative recombination losses and deterioration of a solar cell 
performance.[8] Suitable chemical functionalization of perovs-
kite’s surface (different groups of ionic or covalent character) 
can eliminate or passivate some of these interfacial defects.[9] 
Additionally, interface chemistry can trigger various degra-
dation mechanisms and it thus may affect device long term 
stability.[10] Therefore, charge selective contacts can be seen as 
pivotal PSC ingredients and their appropriate chemical design 
and layer formation are of fundamental importance for the 
optimal device operation and stability. So-called “inverted” PSC 
architecture (planar heterojunction of p-i-n configuration) is 
a popular option for fabricating devices on flexible, polymeric 
substrates.[11,12] This is primarily due to possibility of facile, 
solution-based processing, without high temperature annealing 
steps, and wide range of available charge selective materials. A 
range of different organic and inorganic materials have been 
used for electron extraction in PSCs.[13–15] Fullerene (C60) and 
various fullerene derivatives were widely applied in efficient 
p-i-n devices due to their demonstrated effective electron extrac-
tion from the perovskite layer. Additionally, these organic mate-
rials allow low temperature thin film processing from solution 
on top of perovskite material, without causing any damage to 
the active layer. It was also reported that fullerene derivatives 
can play a passivating role in iodide-rich trap sites on the sur-
face of perovskite layer.[16] Solution-processed fullerenes confor-
mally cover the surface and permeate into the perovskite layer 
through the pinholes and grain boundaries, effectively reducing 
surface recombination. Xu et  al. showed that mobile ions can 
interact with fullerene moiety and form a fullerene-halide 
adduct, which is thought to suppress the field-induced anion 
migration in the perovskite film.[17]

Phenyl-C61-butyric acid methyl ester (PCBM) is the most 
commonly used ETM in the perovskite solar cells of p-i-n con-
figuration.[18] However, the PCBM-based contact can still limit 
the device performance, due to nonradiative recombination 
processes at the perovskite/ETM interface, and difficulties in 
smooth film formation, often resulting in a nonuniform layer 
morphology.[19–21] Several strategies of improving the PCBM 
film quality with different additives and dopants added to the 
fullerene solution were reported.[22,23] Particularly, insulating 
polymers, such as polystyrene (PS), poly(ethylene oxide), 
or poly(methyl methacrylate), when blended with PCBM at 
small weight percentage, lead to smoother morphologies 
and enhanced solar cell performance.[24–27] The caveat of this 
approach is limited carrier transport and extraction properties 
due to nonconductive character of the added polymer, which 
could result in another type of losses. Therefore, a more effec-
tive approach is highly desirable, where solution-processed, 
smooth, and inexpensive fullerene coating of high optoelec-
tronic properties could be fabricated.

To solve these issues, in this work, we are reporting a 
fullerene derivative, [6,6]-phenyl-C61 butyric acid n-hexyl ester 
(PCBC6), employed as an effective electron transport material 
in perovskite solar cells of p-i-n configuration. PCBC6 exhibits 
higher solubility in nonpolar solvents due to the presence of a 
long alkyl chain group, which results in a more uniform and 
smoother film formation. Interfacial characteristics of perov-
skite solar cells employing different fullerene ETMs (PCBC6, 

PCBM, and C60) were analyzed and compared. Devices with 
PCBC6 exhibit improved power conversion efficiency, reaching 
18.4% on flexible substrates, with an active area of 1  cm2. 
This is exceeding the current state-of-the-art large area (above 
1 cm2) flexible PSC performance. To the best of our knowledge 
the highest PCE reported up to date for this type of devices 
is 20.01% (0.09  cm2 active area) and 17.04% (1.08  cm2 active 
area).[28,29] We found that the incorporation of PCBC6 leads to 
the reduction of nonradiative recombination losses at the inter-
face with perovskite, as evidenced by transient photovoltage 
(TPV) decay measurements and determination of quasi-Fermi 
level splitting of perovskite layer brought in contact with dif-
ferent ETMs. Reduced interfacial losses result in open-circuit 
voltage (VOC) improvement for the PCBC6 devices. Signifi-
cantly, the newly developed material and processing method 
allow us to demonstrate scalable processing of flexible PSCs, 
reaching 17% with an ink-jet printed PCBC6. The overall con-
cept paves the way for industrial upscaling of this technology.

2. Results and Discussion

Planar heterojunction thin-film solar cell architectures require 
an intimate contact between charge selective layer and a photo-
absorber. In order to investigate the layer formation ability of 
different fullerene derivatives (PCBC6 and PCBM), we pre-
pared chlorobenzene solutions and employed spin-coating as a 
deposition technique to fabricate thin films on the surface of 
a metal halide perovskite material. We investigated the mor-
phologies of obtained layers with the atomic force micro scopy 
(AFM) imaging and derived the root-mean-square (RMS) 
roughness of the studied films. PCBC6 sample shows the 
smoothest surface (RMS = 8 nm), significantly lower than the 
perovskite itself (RMS = 18.7 nm). Furthermore, the roughness 
of the PCBM sample processed in the same manner is consid-
erably higher (RMS  =  30.8  nm). The 3D surface topography 
images and cross-section focused ion beam scanning electron 
microscopy (FIB-SEM) images are shown in Figure 1. It is evi-
dent that the PCBC6 displays more conformal and uniform 
coverage over the perovskite surface than the PCBM sample. 
For the comparison, we also include images of the C60 layer 
thermally evaporated on top of perovskite surface. The rough-
ness of this sample (RMS = 17.7 nm) is comparable to the bare 
perovskite, and cross-section FIB-SEM image depicts very uni-
form fullerene’s coating, with complete coverage of perovskite 
surface. This is characteristic for a physical vapor deposition 
process, and such layer morphology should be beneficial for the 
device performance.

The PCBC6 ability to form smoother, more uniform layers 
could be a result of a higher tendency to form a more ordered 
and stable films, and more optimal precipitation dynamics 
during the spin-coating process. We compared the solubility 
of the two fullerene derivatives in a host solvent. The PCBM 
concentration of 50  mg  mL−1, both in chlorobenzene and 
1,2-dichlorobenzene, resulted in an oversaturated solution (lit-
erature values for PCBM solubility: 40 mg mL−1 in chloroben-
zene and 35 mg mL−1 in dichlorobenzene),[30] whereas PCBC6 
exhibited solubility higher than 115 mg mL−1 in chlorobenzene. 
The pictures of both solutions are shown in Figure S1 in the 
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Supporting Information. PCBC6 differs from the PCBM by a 
longer alkyl chain in the ester group. The structures of both 
molecules are shown in Figure 2. The hexyl group present in 
the PCBC6 results in a large increase of a solubilization ability 
in nonpolar solvents.[31] Additionally, it might increase the 
quality of the films in terms of stability, crystallinity, and homo-
geneous growth.

To gain insight into the packing properties of PCBM and 
PCBC6, we carried out first principles density functional theory 
(DFT) simulation to evaluate the intermolecular interaction 
characteristics of the two materials. We modeled the solid state 

bulk phase of PCBM and PCBC6 molecules, employing peri-
odic boundary conditions based on a 4-molecule unit cell (see 
Figure  2). As a starting point in both cases, we considered a 
structure that is available for PCBM from X-ray diffraction data, 
and we performed relaxation of cell parameters and atomic 
positions.[32] As we can see in Table S2 in the Supporting Infor-
mation, the calculated cell parameters of PCBM are in excellent 
agreement with the experimental measurements confirming 
the reliability of the method. To evaluate the thermodynamic 
tendency of forming compact and homogenous film, we 
calculated aggregation energy between molecules in the bulk 

Figure 1. a–d) AFM 3D surface topography images (scanning range: 25 × 25 µm2) of a perovskite layer and perovskite coated with PCBC6, PCBM, or 
C60 films. e–g) Cross-section FIB-SEM images of a perovskite layer coated with PCBM, PCBC6 or C60 film.
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by considering total energy of the system with respect to the 
energy of a single molecule, following the equation:

E
E E4

4
total single molecule∆ =

− −  (1)

where Etotal is the total energy of the simulated system (con-
sisting of four PCBM or PCBC6 molecules) and Esingle-molecule is 
the energy of the PCBM or PCBC6 molecule simulated in the 
same theoretical conditions.

We found that aggregation is preferentially favored for 
PCBC6, which gains additional 0.32  eV when compared to 
PCBM (see Table S2, Supporting Information). Stronger inter-
molecular interactions found for PCBC6 are related to its struc-
ture, where long alkyl chains are interacting through disper-
sion forces, as shown in Figure  2c,d. Specifically, as reported 
in Table S2 in the Supporting Information, these interactions 
completely drive the aggregation of our systems and imply pre-
ferred packing of PCBC6 with respect to PCBM (ΔE of −2.35 
and −2.76 eV for PCBM and PCBC6, respectively). If only the 
electronic contributions were considered, it would give the 
opposite result (ΔE of 0.12 and 0.21 eV for PCBM and PCBC6, 
respectively). The higher aggregation tendency calculated for 
PCBC6 with respect to PCBM we associate with a tendency to 
form more uniform, smoother, and more stable film, due to the 
stronger intermolecular dispersion interactions that optimize 
its growth, as it was proposed by Benetto et al.[33]

Having established a rational interpretation of the different 
film morphologies for the investigated molecules, we move to 
analyze the electronic properties of both ETMs. The role of an 
ETM in perovskite solar cells is to extract photogenerated elec-
trons and reflect holes. The electrons subsequently need to be 
efficiently transported to the electrode contact. The position of 
ETM’s energy levels provides insights on the efficiency of elec-
tron extraction process. Therefore, we evaluated the projected 
density of states for both, PCBM and PCBC6 optimized bulk 
phase, as shown in Figure  2e. After the alignment of ener-
getic levels to the lowest energy band, we can clearly see that 
the highest occupied molecular orbital (HOMO) and lowest 

unoccupied molecular orbital (LUMO) levels of bulk PCBC6 
are slightly lower than those of PCBM. In both cases, the dis-
tribution of states is nearly the same in the innermost levels of 
valence band; however, those of PCBM are slightly shifted to 
the higher energies. Conversely, for the isolated molecules we 
found almost no differences in the HOMO/LUMO energies 
between PCBM and PCBC6, as shown in Table S3 in the Sup-
porting Information. This suggests that the modification of the 
electronic properties are not due to different chemical structures 
of both ETMs, but can be rather ascribed to the geometrical dis-
tortion induced by the molecular packing. Therefore, PCBC6 
is well suited to selectively extract electrons from the perov-
skite layer from energetic point of view. In order to investigate 
the PCBC6 charge carrier transport properties, we performed 
electrical conductivity measurements. We prepared in-plane 
samples of fullerene layers processed on the polyethylene 
naphthalate (PEN)/indium tin oxide (ITO) substrates, where a 
100 mm wide trench in the ITO layer was scribed with a laser. 
We extracted conductivity values from current–voltage curves 
(shown in Figure S3, Supporting Information). The PCBC6 con-
ductivity of 6.58 × 10−5 S cm−1 is at the same range as the value 
obtained for PCBM, 4.68 × 10−5 S cm−1. This is consistent with 
the PCBM conductivities reported in literature.[34]

2.1. Photovoltaics Devices

After demonstrating the basic feasibility of PCBC6 to be used 
as an ETM in perovskite solar cells, we constructed planar het-
erojunction devices of the p-i-n configuration, using different 
fullerenes as the n-type layers. We applied the following solar 
cell structure: Polyethylene terephthalate (PET)/indium doped 
zinc oxide (IZO)/poly[bis(4-phenyl)(2,4,6-trimethylphenyl)
amine] (PTAA)/perovskite/ETM (varied)/bathocuproine (BCP)/
Ag. All the photovoltaic devices reported in this work, we fab-
ricated on flexible substrates (PET foil), with 1  cm2 device 
area. We chose to work with the polymer foils due to broad 
and attractive commercial prospects of flexible photovoltaics, 

Figure 2. Optimized geometry structure of a bulk a) PCBM and b) PCBC6 materials. Overview of the intermolecular interaction between the alkyl chains 
for c) PCBM and d) PCBC6 molecule along with the average distances in Å. e) Projected density of states of optimized bulk PCBM (in blue) and PCBC6 
(in red) phases. The numbers in the inset indicate HOMO and LUMO energy values in eV.
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and particularly flexible perovskite PV. We employed a perov-
skite layer of the mixed cation and mixed halide composition,  
Cs0.04(MA0.17FA0.83)0.96Pb(I0.83Br0.17)3, which we fabricated with 
a solvent engineering strategy, modifying a method reported 
before.[35] All the solution-based depositions were carried out by 
the spin-coating process inside the nitrogen-filled glovebox. In 
Figure S4 in the Supporting Information, we demonstrate the 
scheme of the device architecture with corresponding energy 
levels for each layer in the stack. Additionally, we show the 
cross-section FIB-SEM image of the solar cell, documenting all 
the materials in the device, and their thicknesses. For the ref-
erence, we fabricated perovskite solar cells with the two com-
monly used ETMs, evaporated fullerene C60, and spin coated 
PCBM layer (processed from a dichlorobenzene solution).

We present the current density–voltage curves (J–V) and 
stabilized power output (SPO) of the most efficient devices 
employing different ETMs in Figure 3. The external quantum 
efficiency (EQE) spectra and integrated current density 

values for each solar cell type are shown in Figure S5 in the 
Supporting Information. All the studied devices displayed 
minimal hysteresis effects. We present J–V curves in both scan 
directions for the representative cells in Figure S6 in the Sup-
porting Information. In Table 1 we report average values of the 
photovoltaic parameters extracted from the J–V curves, based 
on measurements of 31 independent cells, the parameters for 
the champion devices are given in brackets. The graphical rep-
resentation of the statistics is shown in Figure  3a. The new 
fullerene derivative delivered the J–V-measured PCE of 18.4%. 
We observe that the SPO efficiency, measured at close to max-
imum power point, is lower, reaching 16.6%. For the reference 
device, employing solution-processed PCBM, we measured the 
PCE of 13.9%, and 13.3% SPO. The cell with the evaporated C60 
yielded the PCE of 18.5%, and 18.3% SPO. Lower SPO value 
for the PCBC6 sample could be a result of pertaining areas 
with thinner PCBC6, or even noncomplete coverage where 
rougher perovskite surface structures occur (see Figure  1e). 

Figure 3. a) Statistics of the photovoltaic performance parameters measured for the perovskite solar cells with different ETMs: evaporated C60 (black), 
solution-processed PCBC6 (red), and solution-processed PCBM (blue), b) current density–voltage characteristics (light and dark) of the best PSCs with 
different ETMs, and c) stabilized power output measurement of the same devices.

Table 1. Photovoltaic parameters extracted from the current–voltage characterization measurements of the perovskite solar cells fabricated with 
different ETMs.

ETM Jsc
avg ± SD(Jsc Best) [mA cm−2] FF avg ± SD(FFBest) [%] Voc

avg ± SD(Voc Best) [V] PCE avg ± SD(PCEBest) [%]

PCBC6 21.44 ± 0.78 (23.22) 73.98 ± 2.80 (76.14) 1.07 ± 0.02 (1.050) 17.08 ± 0.62 (18.41)

PCBM 17.63 ± 1.43 (20.59) 60.72 ± 5.83 (72.40) 1.01 ± 0.04 (1.035) 11.05 ± 1.59 (13.93)

C60 22.48 ± 0.56 (23.42) 73.30 ± 2.03 (75.82) 1.03 ± 0.02 (1.043) 17.03 ± 0.68 (18.53)
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The optimized PCBC6 thickness, which resulted in the highest 
JSC, is relatively low, and local drop of charge selectivity and 
increased recombination can reflect in higher hysteresis and 
reduced SPO value.[36,37] In comparison, C60 layer is very thin, 
but highly conformal and uniform, with no thickness variations 
(see Figure 1g), as it was deposited by thermal evaporation pro-
cess. Therefore, the SPO value shows a good match with the 
J–V-derived efficiency for this device.

It is evident that the cells with the solution-processed PCBC6 
deliver higher VOC than the C60 and PCBM-based devices. This 
observation points at the reduction of the nonradiative losses 
in this cell type. It can either originate from the more effective 
perovskite surface passivation by the fullerene moiety of PCBC6 
molecules, or from suppressed recombination rates across the 
perovskite/ETM interface (without changing defect density on 
the perovskite side). The reduction of the perovskite trap state 
density by the fullerene-halide complex formation was reported 
before.[38] To investigate this hypothesis, we performed space 
charge limited current (SCLC) measurements of electron only 
devices. From the J–V curves, we extracted defect densities of 
perovskite devices with different ETMs processed on top (the 
curves are shown in Figure S7, Supporting Information). We 
estimated the smallest value of 1.01  ×  1016  cm−3 for PCBC6, 
which compares to 1.91 × 1016 and 1.40 × 1016 cm−3 derived for 
C60 and PCBM, respectively. This is consistent with the reports 
of stronger perovskite passivation effect imposed by solution-
processed fullerene molecules, which can possibly penetrate 
deeper into the film structure through the grain boundaries.[16] 
We note that these defect density values should be rather used 
for a comparative analysis, rather than precise quantitative 
determination of trap state population. It was recently reported 
that due to perovskite’s ionic nature, the precise onset voltage 
where a device changes its operation mode can largely depend 
on the experimental conditions (voltage scan rate, scan direc-
tion, and temperature).[39] Nevertheless, considering that the 
perovskite fabrication process and SCLC measuring protocol in 
all three analyzed cases were exactly the same, observed differ-
ences we assign to surface phenomena caused by perovskite’s 
interaction with different fullerene molecules. Surface passi-
vation effects should have significant impact on nonradiative 
recombination processes occurring at that interface. We are 
providing further analysis of these processes with spectroscopic 
and electrical characterizations in the following sections.

Referring to the photovoltaic data compared in Table  1, we 
also point out higher short-circuit current-densities obtained 
for the C60 cells. The evaporated C60 layer is conformal and 
more uniform, with lower thickness variations across the 
sample than the solution-processed fullerene derivatives 
(PCBM and PCBC6), which are more affected by the perovskite 
surface roughness. This could influence the carrier extraction 
ability. The cells with the PCBM layer significantly lag behind 
the other two types. This is expected considering the poor layer 
formation of the PCBM film, as we showed with the AFM and 
FIB-SEM imaging. Highly nonuniform morphology results in a 
poor quality of the interface with the perovskite film. Thus, the 
efficacy of carrier extraction and carrier transport through the 
PCBM layer can be affected.

Furthermore, we point out a good reproducibility of the solar 
cell results, showing relatively low standard deviation of the 

performance parameters for the PCBC6 and C60 cell types. We 
highlight that our devices had larger active areas than typically 
reported in literature, and they were processed on a PET foil. It 
is significantly more challenging from the reproducibility and 
layer formation point of view.

2.2. Inkjet Printed PCBC6 Devices

In order to show the scalability of the PCBC6 processing, we 
employed an ink-jet printing technique for the fullerene depo-
sition and applied it to the flexible perovskite solar cells of the 
same architecture as described above. We used PixDro LP50 
printer, equipped with the Konica Minolta printhead. The 
printing settings we optimized with the resolution of 360 dots 
per inch (dpi). To deposit a fullerene layer with the ink-jet pro-
cess, we adjusted an ink composition to obtain optimal drying 
profile and appropriate rheological properties (viscosity and 
surface tension) of the solution. The best drop formation and 
most uniform film quality of a desired thickness we obtained 
for the PCBC6 solution in chlorobenzene, with a small addi-
tion of octane. Cross-section and 3D surface topography images 
of the printed layers we are showing in Figure S8 in the Sup-
porting Information.

Perovskite solar cells (flexible substrate, 1  cm2 active area) 
with the optimized ink-jet printed ETM showed a very good 
photovoltaic performance, surpassing 17% PCE for the best 
device. We are showing the J–V curves (both scan directions) 
and steady-state measurement in Figure 4. We can observe neg-
ligible hysteresis in these cells, with a small difference between 
J–V and SPO-derived PCE values. Optimized ink-jet printed 
PCBC6 layers are thicker than spin-coated films, which result 
in a complete coverage of all the perovskite roughness (see 
Figure S8c, Supporting Information), and therefore hysteretic 
effects are minimized. The statistics of photovoltaic parameters 
of 15 devices using printed PCBC6 are shown in Figure S8a 
and Table S5 in the Supporting Information.

In the next step, within the range of studied fullerenes, we 
compare their ability to extract photogenerated electrons from 
the perovskite film, and the amount of interfacial nonradiative 
recombination occurring at that contact.

2.3. Interface Study

2.3.1. Quasi-Fermi Level Splitting

Determination of a QFLS in the photoactive layer was recently 
demonstrated as an effective way to assess the recombination 
losses at the perovskite interface with different charge selective 
materials. The QFLS can be derived from the photolumines-
cence quantum yield (PLQY) measurements.[40,41] The PLQY is 
generally influenced by all the different nonradiative recombi-
nation channels and rate constants of each of these processes 
in respect to a radiative recombination rate.[42] To probe the 
loss processes at the n-type contact, we measured the PLQY 
of perovskite films deposited directly on a glass substrate, 
and coated with different ETMs (bare perovskite, perovskite/
PCBC6, perovskite/PCBM, and perovskite/C60).
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We are showing the measured photoluminescence (PL) 
spectra in Figure 5a. We can observe that the bare perovskite 
layer shows the highest PL intensity. Addition of the n-type 
layer partially quenches the signal, primarily due to increased 
nonradiative recombination at the perovskite/ETM interface.[43] 
The layer stack with the PCBC6 shows higher PL signal com-
pared to other ETMs.

We extracted PLQY values from the PL spectra measured at 
low light intensity (excitation wavelength: 405  nm, intensity: 
5  mW  cm−2), using the embedded software tool of the spec-
trofluorometer, more details are provided in the Experimental 
Section. Then, we calculated the QFLS of the perovskite stacks 
following Equation (2).[44]

kTQFLS QFLS ·ln PLQYrad ( )= +  (2)

where QFLSrad is the quasi-Fermi-level splitting in the radiative 
limit, k is the Boltzmann constant, and T is the temperature.

In the Table 2 and Figure  5a, we provide the summary of 
PLQY values, together with the calculated QFLS, for the four 
cases described above. For the comparison, we also provide the 
average VOC values determined from the J–V measurements 
of the respective photovoltaic devices. The bare perovskite 
layer shows the highest PL signal with the PLQY of 0.0366% 
(measured at 0.05 sun), which corresponds to the QFLS value 

of 1.159  eV. The QFLS obtained for the PCBC6, PCBM and 
C60 samples are 1.126, 1.093, and 1.089  eV, respectively. The 
samples containing PCBC6 as the n-type layer exhibit the 
highest device VOC and the highest QFLS. This suggests that 
the voltage improvements recorded for the PCBC6 cells are 
strongly related to the reduced interface recombination at the 
n-type contact.

2.3.2. Photoluminescence Study

We extended the framework of the interface study by meas-
uring the PL spectra of the complete perovskite solar cells 
with different ETMs (excitation wavelength: 532 nm, intensity: 
100  mW  cm−2), at two different working conditions: open-cir-
cuit (VOC was also recorded) and short-circuit. We are showing 
the graphs in Figure 5b,c. The summary of VOC values and inte-
grated PL intensities are listed in Table 3.

We observe a clear trend, with the PCBC6-based device deliv-
ering the highest VOC, followed by the C60 cell type with 60 mV 
drop, and the PCBM sample with 130  mV drop in voltage in 
respect to the PCBC6 cell. This is consistent with the photo-
voltaic performance results presented in Figure  3. The inte-
grated PL intensity follows the same order, being the highest 
for the PCBC6 and smallest for the PCBM cell type. When 

Figure 4. a) Current density–voltage characteristics of the flexible perovskite solar cell employing ink-jet printed PCBC6 (1  cm2 active area) and  
b) steady-state power output measurement of the same device.

Figure 5. a) The PL spectra of perovskite samples (with and without different n-type layers) deposited on plain glass substrate. Spectral PL measure-
ment of the flexible solar cells with different ETMs in b) open circuit and c) short circuit.
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we switch the solar cell working point from the open-circuit 
to short-circuit condition, photogenerated charge carriers are 
being extracted. Thus, the PL quenching monitored at this 
condition can be used as a measure of the carrier extraction 
ability for each device type. Both C60 and PCBC6-based devices 
show high PL quenching which indicates their high charge 
carrier extraction efficacy. We should point out that the spin-
coated PCBC6 film is likely to display larger inhomogeneity 
and thickness variations than evaporated C60 layers. This could 
contribute to the fact that the C60-based cell type also displayed 
the highest average short-circuit current density, as shown in 
Figure 3a. Higher inhomogeneity of the PCBC6 cell could lead 
to a slower rate of the charge transfer across the perovskite 
interface in the regions where PCBC6 layer is too thick. This 
could explain larger differences in the PCE values derived from 
the J–V and SPO measurements, which we pointed out above. 
It was reported before that interfacial extraction barriers in a 
perovskite solar cell could contribute to the hysteresis effect and 
reduced steady-state power output.[45] The direct link between 
optical and electrical measurements provided here strongly 
suggests that the PCBC6-based device displays reduced non-
radiative recombination at the n-type interface, possibly due to 
perovskite surface passivation effect.

2.3.3. Transient Photovoltage and Transient Photocurrent 
(TPC) Study

In order to further corroborate the analysis of the perovskite 
interface with the selected n-type materials, we performed TPC 

and TPV measurements. The TPC measurement was performed 
in a high perturbation regime, which means that the cell went 
from dark to a specific illumination set by the light emitting 
diode (LED) excitation light source. We applied ten different light 
intensities, ranging from 30 to 160 mW cm−2 (the details are pro-
vided in Table S1, Supporting Information). The cell was kept 
in the short-circuit condition during the entire measurement. 
The decay of current density was monitored over time after 
switching off the light. We integrated the current density time 
decay to obtain the extracted charge density. Figure 6a shows 
the charge density values derived at different perturbation light 
intensities. We can observe that the cell with C60 layer exhibits 
slightly improved carrier extraction efficacy in comparison to the 
PCBC6 and PCBM types, especially at lower light intensities. 
This is consistent with the spectroscopic data discussed above. 
It could originate from the deeper LUMO level of the C60 mol-
ecule when compared to the PCBM/PCBC6.[45] The TPV meas-
urement was performed in a small perturbation regime. The cell 
was kept at open-circuit, with a specific background illumination 
applied from the LED light source. Then, a small overcurrent 
was sent to the LED to create a voltage perturbation (20  mV), 
which decay was subsequently monitored. Figure 6b displays the 
extracted recombination lifetimes derived from fitting voltage 
decay curves for different light intensities. The PCBC6 cell type 
exhibits the longest lifetimes (slower recombination) throughout 
the majority of used light intensity range. The C60 device shows 
the fastest recombination, especially at the lower light intensity. 
Again, the transient decay results agree very well with the photo-
luminescence studies presented above.

Table 2. Summary of the PLQY and QFLS values determined from the 
spectroscopic measurements and VOC values of respective solar cells 
obtained from the electrical measurements.

PS PS/PCBC6 PS/PCBM PS/C60

PLQY [%] 3.66 × 10−2 1.02 × 10−2 2.88 × 10−3 2.47 × 10−3

QFLS [eV] 1.159 1.126 1.093 1.089

Average VOC [V] – 1.07 1.01 1.03

Table 3. Voc, Jsc, and spectrally integrated PL for the devices (in open-
circuit and short-circuit) with C60, PCBC6, and PCBM as ETMs.

Materials Measurement in open circuit Measurement in short circuit

VOC [V] PL-intensity 
[cps]

JSC 
[mA cm−2]

PL-intensity 
[cps]

PL quenching 
[(VOC − JSC)/VOC]

PCBC6 1.14 1.5 × 108 17.2 2.8 × 107 0.81

C60 1.08 5.7 × 107 17.3 1.7 × 107 0.70

PCBM 1.01 2.3 × 107 9.5 2.0 × 107 0.13

Figure 6. The analysis of the TPC/TPV measurements of PSCs with the different ETMs. a) Charge density extracted from the photocurrent decay meas-
urements, plotted as a function of a short-circuit current density, which corresponds to varied perturbation light intensities. b) Recombination lifetimes 
derived from the fitting of photovoltage decay, plotted as a function of an open-circuit voltage at varied background light intensities.
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3. Conclusions

In summary, we have demonstrated a solution-processible 
fullerene-derivative, PCBC6, as an efficient electron transport 
material in perovskite solar cells of p-i-n configuration. Flex-
ible devices of relatively large active areas (1  cm2), employing  
Cs0.04(MA0.17FA0.83)0.96Pb(I0.83Br0.17)3 perovskite composition 
reached PCE values of up to 18.4% with the PCBC6 n-type layer. 
This is nearly 30% higher than the best performance obtained 
for the cells employing PCBM layer. By applying different 
imaging techniques, we have shown that this difference in large 
part can be assigned to significantly improved film morphology, 
thanks to higher solubility of PCBC6, and its stronger intermo-
lecular interactions. Additionally, we have demonstrated facile 
scalable deposition of PCBC6 layers by applying ink-jet printing 
technique. The cells with printed PCBC6 films reached efficien-
cies above 17%. Through various spectroscopic and electrical 
characterization methods we have provided detailed analysis of 
the character of the interface between perovskite and selected 
n-type layers. Notably, PCBC6-based devices display reduced 
nonradiative recombination losses, as compared to C60 and 
PCBM cell types. This is consistent with higher open-circuit volt-
ages recorded for PCBC6 samples. The caveat of PCBC6 mate-
rial seems to be nonideal electron extraction efficacy, resulting in 
lower short-circuit current densities when compared to thinner 
and more uniform C60 films (thermally evaporated). It was 
recently discussed that majority carrier mobility of the organic 
interlayer in perovskite solar cells can limit the driving force for 
photocurrent generation in the case of low built-in potential.[46] 
Therefore, suitable PCBC6 doping strategy constitutes an inter-
esting outlook for further improvement of this interface.

4. Experimental Section
Materials: PET substrates coated with IZO (sheet resistance 

of 15  Ω  □−1) were bought from Eastman Chemical Company, 
formamidinium iodide (FAI) was bought from Ajay North America, 
PTAA was bought from Osilla, [6,6]-phenyl-C61 butyric acid n-hexyl ester 
(PCBC6) was bought from Nano-C, and methylammonium bromide 
(MABr) was synthesized at Saule Technologies following the previously 
reported method.[47] All the rest of materials were purchased from 
Sigma-Aldrich and used as received without further purification.

Device Fabrication: Planar heterojunction flexible PSCs were fabricated 
with the following architecture: PET/IZO/PTAA/Cs0.04(MA0.17FA0.83)0.96-
Pb(I0.83Br0.17)3/PCBC6/BCP/Ag. PET/IZO (15  Ω  □−1) substrates were 
cut (18 × 13 mm2 pieces) and patterned by dipping one side in the HCl 
solution (15 wt% in deionized (DI) water). The etched substrates were 
then sonicated in DI water and isopropanol. Before layer processing, 
30 s of oxygen plasma treatment was applied. PTAA solution (2 mg mL−1 
in toluene) was spin coated under ambient conditions at 5000 rpm for 
30 s, followed by annealing at 100 °C for 10 min, resulting in a ≈20 nm 
film. Subsequently, the samples were transferred into a nitrogen-filled 
glovebox for the perovskite layer deposition. The perovskite precursor 
solution composed of mixed cations and halides was prepared 
according to the procedure reported before.[48] First, stock solutions of 
PbI2 and PbBr2 (1.5 m) in dimethylformamide (DMF)/dimethyl sulfoxide 
(DMSO) mixture (4:1 v/v) were prepared. Then, for FAPbI3 and MAPbBr3 
solutions, FAI and MABr powders were weighed out into separate 
vials, followed by addition of PbI2 (into FAI) and PbBr2 (into MABr) 
solutions. Both lead solutions were added in excess, to obtain an over 
stoichiometric lead content (FAI/MABr: PbI2/PbBr2 equals 1.0:1.09). 
The final perovskite precursor solution was prepared by mixing the 

solutions of FAPbI3 and MAPbBr3 in a 5:1 v/v ratio. Then, 40 µL of CsI 
solution (1.5 m solution in DMSO) was added to 1 mL of the mixture. 
Perovskite layer (≈580 nm thick) was deposited on top of PTAA with a 
two-step spin-coating procedure, 1500  rpm for 2  s and 5000  rpm for 
34  s. Anhydrous ethyl acetate (150  µL) was dispensed on the sample 
at the 11th second before the end of the spinning sequence. Then, the 
sample was kept at rest for 1 min before transferring to the hotplate for 
the two-step annealing process, 1  min at 60  °C and 60  min at 100  °C. 
The electron transporting layers were deposited by spin coating (PCBC6 
or PCBM) or thermal evaporation (C60). PCBC6 solution (20  mg  mL−1 
in chlorobenzene) was spin coated at 4000  rpm for 30  s, and PCBM 
solution (20  mg  mL−1 in ortho-dichlorobenzene) was spin coated at 
2000  rpm for 30  s. The solution-processed ETMs were annealed for 
10  min at 60  °C. Finally, 8  nm of BCP buffer layer and 100  nm of Ag 
electrode were deposited on top of devices by thermal evaporation at 
≈10−6 mbar, through a shadow mask.

PCBC6 Ink Preparation and Ink-Jet Printing: PCBC6 was dissolved in 
chlorobenzene (10  mg  mL−1), followed by sonication for 10  min. The 
solution was then diluted with octane (1 mL of octane for 6 mL of PCBC6 
solution). The ink was filtered with a 0.22  µm polytetrafluoroethylene 
(PTFE) filter before use. Ink-jet printing was done with a PixDro LP50 
printer, equipped with a Konica Minolta printhead (512 nozzles). The 
printing settings were optimized with the resolution of 360 × 360  dpi.

Theoretical Methods: The DFT was employed for all the simulations 
reported in this paper. To assess the influence of the chemical variations 
on the energetic levels of PCBM and PCBC6, HOMO and LUMO 
energy levels of these molecules were calculated in toluene with the 
Gaussian 09 software, employing B3LYP/6-311++G** level of theory 
and polarizable conductor solvent model (C-PCM) implicit solvation 
model.[49,50] Aggregation energies of fullerene-based systems have 
already been theoretically studied by several research groups adopting 
different computational approaches.[51,52] In the case, estimation of this 
energy for solid state PCBM and PCBC6 were carried out with the CP2K 
software version 6.1, employing a Generalised Gradient Approximation 
(GGA)-Perdew-Burke-Ernzerhof (PBE) functional, double-zeta valence 
polarized (DZVP) basis sets, and Goedecker-Teter-Hutter (GTH) 
Pseudo Potentials, with a cutoff on the grid of 600 Ry and Grimme VdW 
correction (DFT-D3) to take into account dispersion interactions.[53–57]

Current–Voltage Characterization: Current density–voltage 
characterization and stabilized power output measurements were 
performed using a Keithley 2461 source measure unit under simulated 
Air Mass (AM) 1.5G irradiation (100  mA  cm−2) using an AAA-rated 
solar simulator (Abet Technologies, sun 2000) calibrated against an 
RR-208-KG5 silicon reference cell (Abet Technologies).  The mismatch 
factor for the studied perovskite solar cells was 0.94 and this value was 
used correct the intensity of the solar simulator lamp to provide 1 sun 
(for discussion see Section S1.6 and Table S4, Supporting Information). 
Solar cells were masked to 1  cm2. J–V measurements were performed 
in two scan directions, from forward bias to short-circuit and from 
short-circuit to forward bias. The scanning rate was set to 500 mV s−1. 
The stabilized power conversion efficiency (SPO) was measured at the 
maximum power point voltage for a duration of 30 s.

External Quantum Efficiency: The EQE was measured using Bentham 
PVE300 photovoltaic characterization system and the control software 
BenWin+.

Scanning Electron Microscopy: Cross-section images were obtained by 
employing focus ion beam scanning electron microscope (FEI Helios 600),  
with an accelerating voltage of 2  kV. The samples were prepared by 
depositing carbon and platinum films on top of a sample.

Atomic Force Microscopy: The AFM images were obtained using a Park 
Systems, Model XE7 in noncontact mode, and scanning over a range of 
25 µm by 25 µm at a resolution of 128 ×  128 data points. The surface 
roughness was measured as the root mean-squared roughness over the 
scanning area.

PLQY: Perovskite films were processed directly on pre-cleaned plain 
glass substrates. Subsequently, different electron transporting materials 
were deposited on top of perovskite layer (following the procedures 
described in the Device Fabrication section). The measuring setup was 
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based on FS5 Spectrofluorometer (Edinburgh Instruments), equipped 
with an integrating sphere. An excitation wavelength of 405 nm was used 
with the intensity of the order of 0.05 sun (5 mW cm−2). This means that 
the PLQY and QFLS values are lower than those expected at 1  sun.[58] 
The PL signal is collected in the spectral range of 720–820 nm. A glass 
substrate was used as a reference for the glass/perovskite/electron 
transport layer (ETL) samples.

Photoluminescence of Solar Cells at Open-Circuit and Short-Circuit: 
Complete flexible perovskite solar cells were used for this experiment. 
The measurement setup was based on Andor Shamrock 193i Czerny-
Turner type spectrometer. The illumination source for PL measurements 
was a frequency doubled continuous wave neodymium-doped yttrium 
aluminum garnet (Nd-YAG) laser from Pegasus laser systems (Pluto, 
P532.400, λ = 532 nm). The working point of the measured solar cell was 
set by a LabVIEW controlled Keithley 2400 source meter. To calibrate the 
excitation intensity, short circuit current of one cell was measured. The 
laser intensity was adjusted that the cells JSC on the PL setup matched 
the JSC previously measured on a mismatch corrected solar simulator 
(AM 1.5G equivalent). For samples having the same architecture and 
differing only in a transport layer material, the laser power was kept 
constant, so the measured PL intensities could be compared directly.

TPV and TPC Measurements: The TPV and TPC were measured with 
a commercial apparatus (Arkeo, Cicci Research s.r.l.) based on a high-
speed Waveform Generator that drives a high-speed LED (5000 Kelvin).  
The device was connected to a transimpedance amplifier and a 
differential voltage amplifier to monitor short circuit current or open 
circuit voltage. The measurements were executed with varied light 
intensities throughout the measurement, using the white LED. The 
intensities ranged between 30 and 160 mW cm−2. For each illumination 
level 200 traces were recorded, both in TPC and TPV experiment.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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7.Patent description 
 

Title of application: A PEROVSKITE STRUCTURE, A PHOTOVOLTAIC CELL AND A METHOD 

FOR PREPARATION THEREOF 

Application number: EP22461539.3, 25/04/2022 

Authors: WILK Barbara; IVANOVSKA Tanja; WOJCIECHOWSKI Konrad 

Barbara Wilk contribution: 

• Invention; 

• Providing the proofs of invention (deposition and characterization of the layers); 

• Testing new materials for extending the scope of patent; 

• Support in defining the claims and application writing. 

 

Due to the current status of the patent application, sensitive data are kept confidential. 

 

7.1.Background of the invention 
 

The international certification tests for solar cells require operation for a long time at 

elevated temperature, and to pass this the organic component of the hybrid perovskites 

may need to be replaced. The inorganic perovskite solar cells represent a group of 

perovskite solar cells with an inorganic perovskite absorber layer which have significantly 

higher thermal stability than the organic-inorganic perovskite counterparts. Thus, inorganic 

perovskites may be the future of perovskite technology. CsPbI3 can crystallize in four 

different crystallographic phases such as perovskite cubic phase (α), tetragonal phase (β), 

orthorhombic phase (γ) and non-perovskite orthorhombic phase (δ). The specific n-i-p 

device architecture requires a layered structure consisting of the substrate with electrode, 

electron transport layer (ETL), perovskite absorber, hole transport layer (HTL), and counter 

electrode. One of the limitations of this architecture and concept of preparation is the high 

annealing temperature for the inorganic perovskite. Obtaining photoactive perovskite 

phases (α, β or γ) requires post-processing above 200°C which limits the choice of 

substrates, as well as requires higher consumption of energy for device preparation. 

 

7.2.Description of the invention 
 

By incorporation of a seeding layer (meaning a thin 1-20 nm layer of a specific material) on 

top of the ETL or modifying the ETL itself, one can obtain perovskite crystallization at low 

temperatures. Essentially, the seeding layer or ETL modification facilitates the nucleation 
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of the perovskite CsPbI3 phase at low temperature and provides improved thermodynamic 

stability (formed black CsPbI3 is more stable at room temperature). 

The difference in crystallinity between inorganic perovskite prepared in the standard way 

and using described seeding layer approach was evaluated by X-ray diffraction 

measurement. Figure 7.1 shows the change in the crystallographic structure of perovskite 

absorber grown on ETL layer -Tin Oxide (SnO2), SnO2 coated by seeding layers made of S1, 

S2, S3, and on SnO2 modified by S1 addition. 

 

Figure 7.1 X-ray diffractogram patterns of the perovskite crystalized on SnO2, SnO2 covered by different 
seeding layers and on modified SnO2 

Perovskite films deposited on the seeding layer or modified ETL crystallized in the desired 

phase at 100 °C. The perovskite phase is present on several different seeding layers or 

modified SnO2, while only the non-perovskite phase (δ) is present when the perovskite is 

deposited directly on top of unmodified ETL (SnO2). Different ETLs can be used, such as 

TiO2, ZnO, fullerenes, etc. Figure 7.2 shows that once the perovskite phase is formed with 

the presence of the seeding layer, it does not undergo a phase transition to the non-

perovskite phase upon prolonged storage. Thus, not only quality but also thermodynamic 

stability at room temperature of the film is enhanced. 
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Figure 7.2 X-ray diffractograms of inorganic perovskite crystallized on SnO2 covered by S1 seeding layer 

7.3.Industrial application of the invention 
Described invention allows to fabricate inorganic perovskite layer at low temperature 

(below 120˚C) in ambient conditions. The invention can be applied in the production of 

optoelectronic devices based on CsPbI3 inorganic perovskite, allowing the usage of flexible 

substrates and temperature-sensitive materials. Invented procedure allowed to print 

inorganic perovskite in industrial conditions, but its applicability is not limited to inkjet 

printing. Proposed architecture with additional seeding layer can be also obtained by other 

solution-based coating methods extending the application of the invention. 
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8. CONCLUSIONS  
 

The work presented in this thesis has been concerned with the development of the inkjet 

printing process for perovskite solar cells fabrication. It was focused on optimizing the ink 

compositions and processing conditions for different perovskite materials and functional 

layers. 

Inkjet printing was found to be a very useful tool for the deposition of functional inks 

including perovskite precursor solutions. The specific features of inkjet like high precision 

of drop placement, small ink consumption and ability to customize the shape of the 

printout are attractive for large area deposition of thin layers of perovskite solar cell. 

However, the development of the inkjet printing process is very challenging. It was shown 

in this thesis, that the design of the ink, especially for perovskite printing, requires complex 

research including a detailed study of ink rheology as well as ink stability, drying profile, 

and toxicity. The hypothesis concerning the application of the inkjet technique for 

perovskite solar cells production has been proved. Inkjet printing has been implemented 

to print three different perovskite formulations and one functional transport layer (ETL) 

proving its usability for PSCs production. 

Choosing inkjet printing for perovskite deposition forced to analyse the solutions from a 

different perspective, uncommon for standard perovskite deposition techniques (like spin-

coating). It was shown in the publication about mixed cation perovskite printing that the 

observation of jetting behaviour can lead to an understanding of the coordination 

mechanism occurring in the solution. Thus, it can be concluded that inkjet printing is very 

useful, especially at the research and development stage, where observations of 

rheological parameters of precursor solutions may bring additional insights into the 

chemical interactions happening in the ink. 

Additionally, using inkjet printing enforces the open-air conditions as the machines are 

usually big and not glove-box compatible, which brings another challenge on the way to 

successful perovskite deposition in the industrial environment. In this thesis, the 

importance of ink toxicity and air compatible crystallization was addressed. 

Work published in this thesis has demonstrated that the inkjet printing technique is capable 

of large-area fabrication of perovskite solar cells. The research presented in this thesis 

delivered several observations and conclusions which can serve as a guideline for further 

optimization of perovskite solar cells processing critical to advancing the future 

development of this technology. 

Optimized strategies are ready-made, industrially viable procedures for inkjet printing of 

mixed cation perovskite, quasi-2D perovskite and PCBC6 based ETL layer. The invention 

described in the patent application can be applied in a wide range of solution-based 

techniques for inorganic perovskite coating. Thus, obtained results have a high 

implementation potential in the perovskite industry. 
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