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Abstract 

 

Recently lead halide perovskite solar cells demonstrated impressive power 

conversion efficiencies going beyond 25%. However, poor operational stability of these 

devices hampers their practical application. Among other factors, an active layer of the 

operating solar cells must sustain the electric field induced by the built-in and light-

induced potentials. Unfortunately, electrochemical stability of complex lead halides 

remains poorly elucidated. 

This Thesis is dedicated to the investigation of the field-induced degradation 

pathways of complex organo-inorganic lead halides with a perovskite structure and solar 

cells based on these materials. On the first stage, a model perovskite material 

methylammonium lead iodide was investigated to understand the general degradation 

pathway in the bulk material. On the second stage, a set of perovskite materials was 

compared and the influence of chemical composition on electrochemical stability was 

defined. On the last stage, application of an external bias to the complete solar cells 

allowed better clarity of the factors influencing the stability of the operating device. 

It was revealed that the biasing leads to the classical reduction-oxidation process 

where the organic component of the perovskite material undergoes reduction with the 

following material destruction observed by PL mapping and AFM and thus becoming 

responsible for the irreversibility of the process. It was also demonstrated that 

replacement of a highly volatile methylammonium cation in the perovskite structure with 

a less volatile formamidinium cation or inorganic Cs+ and Rb+ improves the stability of 

the material significantly. A general pathway for electrochemical degradation of solar 
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cells was proposed, where small biasing voltage/duration leads to the electrochemical 

doping and efficiency increasing due to the charge-carriers accumulation, further biasing 

induces interlayer ion migration. And if an aggressive factor like oxygen or water is 

present in the adjacent charge-transport layer, it initiates a redox process in the perovskite 

layer. Thus, it was proved that the nature of the adjacent-to-the-perovskite-layer material 

in the solar cell structure is the most important for the device stability since some 

materials appear to be chemically aggressive to the perovskite components while the 

others play the role of protection and encapsulation layers. The choosing of the metal for 

the top electrode is also appeared significant since the majority of the metals are highly 

reactive towards iodide anions present in the perovskite structure. 

Thus, this work has paved the way towards a direct design of photoactive and 

charge transport materials for electrochemically stable perovskite solar cells. 
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Chapter 1. Introduction 

 

Climate change and ecological problems spread all over the world hand in hand 

with the urgency of sustainable development and renewable energy sources 

implementation. The adoption of photovoltaics is one of the emerging players staying at 

the forefront of energy transformation and decarbonization.  

Among three generations of photovoltaic (PV) devices the last one based on 

hybrid emerging technologies appears to be the most promising in terms of production, 

prime cost, functionality and recycling. But problems regarding efficiency and stability 

slow down the extending of the new technology on the market. 

The so-called perovskite photovoltaics appeared in 2009 year with the pioneering 

work of Prof. Miyasaka et al.1 This third-generation technology implies photoactive 

materials based on complex organo-inorganic lead halides with the perovskite structure. 

Just in thirteen years perovskite solar cells (PSCs) power conversion efficiency (PCE) 

skyrocketed from 3.8%1 up to recent record 25.7% efficiency,2 which allows this 

technology to be considered as a strong competitor to traditional silicon and thin film 

chalcogenide solar cells.3,4 Besides, the photoactive layer in perovskite solar cells is 

applicable for low-cost solution-based printing fabrication and further development of 

large-scale roll-to-roll manufacturing.5,6 Other advantages to be mentioned are possibility 

for implication in flexible electronic devices,7 high power-per-weight values, 

appropriateness for wearable electronics and space,8,9 tunability of optical properties for 

implementation in tandem solar cells and indoor photovoltaics.10-13 But one of the most 
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important remaining obstacles is a short lifetime of the devices under realistic operating 

conditions.  

To reach the commercially viable stability benchmarks, the absorber material and 

other device components should sustain several internal and external stressing factors. 

Extrinsic degradation causes include moisture14-17 and oxygen.18,19 These aspects are 

widely discussed in the literature, but due to the development of encapsulation techniques 

extrinsic causes become less and less important.20 On the contrary, intrinsic degradation 

pathways caused by the action of sunlight,21 elevated temperatures22,23 and electric field24 

induce the most considerable changes in PSC efficiency. Unfortunately, among all 

aforementioned factors the bias-induced degradation processes remain the least 

elucidated.  

Thus, we decided to dedicate this Thesis to the investigation of the field-induced 

degradation pathways of complex organo-inorganic lead halides with a perovskite 

structure and solar cells based on these materials. Our goal is to reveal the general 

degradation pathway in perovskite thin films, understand the influence of chemical 

composition of perovskite on its electrochemical stability. And finally highlight main 

factors influencing the stability of the operating solar cell. 

We hope this work will pave the way towards the development of 

electrochemically stable perovskite solar cells. 
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Chapter 2. Literature review 

 

2.1 Perovskite photovoltaics – key aspects 

2.1.1 Important definitions 

In the last decade, perovskite photovoltaics gained enormous attention of 

scientific community due to outstanding characteristics, unlabored fabrication process 

and remarkable efficiency development rate. This technology employs a type of solar 

cells where inorganic or hybrid organo-inorganic complex lead halides with a perovskite 

structure act as a photoactive layer.25 

In general, any material with crystal structure described by general chemical 

formula ABX3 is commonly called perovskite. This name includes tremendous number of 

materials with various properties and applications. They can form crystals with a cubic, 

orthorhombic, tetragonal structure and others. The structure of most promising perovskite 

material for photovoltaic applications is demonstrated in Figure 1.25,26 The A here is an 

inorganic or organic cation, typically methylammonium (MA+), formamidinium (FA+) or 

Cs+, B is a divalent metal atom, mostly Pb2+, X is a I–, Br– or rarely Cl– halogen ion. A 

prototypical perovskite material used in photovoltaic devices is methylammonium lead 

iodide, CH3NH3PbI3. 
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Figure 1. A typical crystal structure of a perovskite. Reproduced with permission from 

ref.25 Copyright 2018, Springer Nature. 

 

Organo-inorganic perovskite materials of a similar structure were first mentioned 

in 1884, however, only in 2009 professor T. Miyasaka et al. used perovskite materials 

CH3NH3PbI3 and CH3NH3PbBr3 as a new type of light absorbers,1 paving the way for 

further research in this field. 

Perovskite materials exhibit excellent electronic properties, for example, model 

material CH3NH3PbI3 has exciton binding energy around 2 meV, charge carrier diffusion 

length 175 μm, charge carrier mobility > 100 cm2/V/s.27 It should be also mentioned that 

crystals with a perovskite structure have a very low density of traps, which is comparable 

to the properties of high-quality crystalline silicon.21 Due to these qualities, perovskites 

became promising materials for implementation in third generation solar cells. 

First perovskite solar cells were based on a well-known technology of dye 

sensitized solar cells production with the mesoporous structure (Figure 2a).28 In 
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mesoporous solar cells, the bottom layer is a conductive transparent electrode deposited 

on a glass substrate. An electron transport layer (ETL) applied over it is a nanoporous 

metal oxide (TiO2 or Al2O3), forming a scaffold and then filled with a photoactive 

perovskite material. Then a hole transport layer (HTL) and metal electrodes (traditionally 

gold or silver) are sequentially fabricated. Mesoporous oxide layers improve the 

crystallization of the perovskite layer, resulting in enhanced efficiency of these solar cells 

up to 9.7% in 2012.28 

 

Figure 2. Mesoporous (a) and planar (b,c) perovskite solar cell configuration, including 

conventional n-i-p (b) and inverted p-i-n(c). 

 

Further development of the PSCs fabrication process led to the emerging of solar 

cells with a planar structure (Figure 2b,c), where a thin film ETL was used instead of the 

nanoporous material.29 The manufacturing process of planar structure perovskite solar 

cells is much simpler and cheaper compared to the mesoporous solar cells and thus it is 

more popular recently.30 Besides, by selecting the optimal materials for each of the 

layers, scientists managed to increase the PCE of devices up to current record 25.7%.2 
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The shift from mesoporous to the planar structure instigated the evolution of 

conventional and inverted PSCs.31-33 A conventional n-i-p structure implies a 

subsequence of transparent electron-collecting electrode – ETL – perovskite – HTL – top 

metal electrode. The main disadvantage for the n-i-p structure is a parasitic effect of 

hysteresis in the J-V curves (Figure 3),34,35 caused by ions and vacancies migration, 

charge traps and polarization effects.36-39 This effect can reduce the extracted power of 

the operating solar cell. Thus, the inverted p-i-n structure became one of the solutions to 

avoid undesirable hysteresis.40 An inverted p-i-n structure has an opposite subsequence of 

transparent electrode – HTL – perovskite – ETL – top electron-collecting metal electrode. 

An inverted design also exploits low temperatures < 150°C and simple solution-based 

processing for all charge transport layers (CTLs).32,40,41 
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Figure 3. Typical J-V curve for perovskite solar cell with hysteresis effect between 

forward and reverse scan. 
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2.1.2 Key characteristics 

The current-voltage (J-V) characteristic of solar cells like in Figure 3 is typically 

measured in laboratory conditions after fabrication. The standard test is carried out with 

solar radiation of 1000 W/m2 at an ambient temperature of 25°C, as at a latitude of 45°. 

The extreme points of the J-V curve, at which the power taken from the battery 

goes to zero, are demonstrated in Figure 4. Open circuit voltage - VOC is the maximum 

available voltage at the output of the battery with an open load circuit. The current 

density at a short-circuited load circuit - JSC - is, respectively, the current at zero output 

voltage. 
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Figure 4. Example of J-V curve with measured solar cell characteristics.  

 

In realistic solar cell operating conditions, the PV device always works in some 

mode between these two points. In the optimal situation, the MPP point corresponds to 
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the maximum load power. The rated voltage for the maximum power point is VMPP and 

the rated current for that point is IMPP. At this point, the efficiency of the solar cell should 

be determined according to the formula: 

PCE = Pelectrical/Plight = IMPP·VMPP/Plight = ISC·VOC·FF/Plight 

Here the FF is a fill factor of the solar cell, determined as the relation of the 

yellow and gray rectangle’s areas: 

FF = (JMPP·VMPP)/(JSC·VOC) 

Single solar cell in the laboratory-driven model experiments operates at the 

maximum power point, which gives the best efficiency. However, in realistic conditions 

the solar cell in the assembled module can work at any point at the J-V curve. This point 

is not chosen by the module, but by the electrical characteristics of the circuit to which 

this module is connected. 

Another important parameter of solar cell is an external quantum efficiency 

(EQE). This parameter defines the number of electrons extracted from the photoactive 

layer divided by the number of photons irradiating the device. Typical EQE is presented 

in Figure 5. In ideal situation the curve could be represented by flat line at 100% EQE, 

and this would correspond to the solar cell absorbing and converting into energy 100% of 

sunlight without any losses. But in real life the decrease in blue light area is usually 

caused by front surface recombination, while the decrease in the red light area by low 

diffusion length and reduced absorption of long-wavelength photons. And reflections 

cause reduction in the middle area. 
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Figure 5. Typical EQE curve 

 

2.1.3 Requirements and problems 

For successful commercialization any photovoltaic technology should satisfy 

several criteria. High efficiency, low production cost, long lifetime of the device are 

necessary to reduce the obtained energy price per one kW·h. Functionality and recycling 

after usage are also considered as important factors since functionality involves 

possibility of implementation in various devices and recycling is dedicated to reducing of 

the total amount of human wastes. 

 First generation solar cells made of mono- and polycrystalline silicon 

demonstrated surprassing efficiency more than 20% for market samples and stability 

around 20 years but fell behind in all leftover parameters. Fabrication of monocrystalline 

silicon requires high temperatures exceeding 1500°C during the Chochralski method, 

resulting in high energy demands and fabrication costs. Besides, processing includes 

aggressive and toxic substances like HCl, H2SO4, HF, SiCl4. The weight of the obtained 
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solar panels is very high, which puts restrictions on functionality. And the recycling of 

silicon for now is limited because of economical inexpediency. 

Second generation thin-film technologies such as amorphous silicon, cadmium 

telluride and copper-indium-gallium-selenide are all displaying quite average level for all 

parameters. And the brightest representatives of third generation photovoltaics such as 

dye-sensitized, organic and quantum-dot solar cells have always been the outsiders in 

terms of efficiency and stability – the most important criteria. But they excel at 

functionality, recycling, production cost.42 

Progress in perovskite photovoltaics made it the best third-generation technology 

in terms of efficiency, on par with the best monocrystalline silicon. Thus, it has the 

potential to become the main rival for first generation photovoltaics, which now occupies 

more than 85% of the world market. But extremely low operational stability of perovskite 

solar cells due to degradation processes remains one of the most important problems 

hindering the further development and market implementation. 

 

2.2 Electrochemical degradation of perovskite photovoltaics 

Degradation of photoactive perovskite materials is a set of physicochemical 

processes occurring during their storage, processing, operation which leads to a change in 

the initial properties of the device. The main role in the process of photoactive materials 

degradation is played by such factors as: sunlight, temperature, electric field, mechanical 

impact, chemically aggressive substances. Depending on the prevailing factor 

photodegradation, thermodegradation, electrodegradation, mechanical and chemical 
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degradations are distinguished. Great damage is usually caused by the influence of such 

aggressive factors as oxygen and air moisture, leading to the chemical transformations of 

the material, reversible and irreversible changes in its physical properties. Among all 

mentioned factors the influence of electric field remains the least elucidated despite its 

significance due to the built-in and photo-induced potentials that are always present in the 

operating device.  

Perovskite materials and solar cells degradation depends on a large number of 

external and internal factors. The latter are due to the properties of the material, its 

structure and the fabrication method. For research purposes and for accelerated and 

forced tests, the degradation of perovskite materials is studied under artificial conditions 

simulating operating one. This makes possible to obtain quantitative information about 

the individual stages of the process, to establish the reliability of ideas about its 

mechanism and about the change in time of practically important properties. 

 

2.2.1 Electrochemical degradation of bulk perovskite materials 

It was previously demonstrated that, due to the low activation energy in organic-

inorganic complex lead halides, ion migration can easily proceed during the voltage 

application, which screens the external electric field.43-45 The accumulated mobile ions 

initiate chemical reactions, which can also be accelerated by heating and/or light 

irradiation.46,47 

In addition to the migration of vacancy ions, an external electric field in 

combination with exposure to light can also initiate an electrochemical reaction in a 
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perovskite material.48 Previous studies have shown that the model perovskite material 

MAPbI3 is an electrochemically active system with mobile methylammonium cations and 

iodide anions. 

Also, by Soohyun Bae et al. the appearance of an external electric field during the 

operation of a perovskite solar battery was confirmed.49 They demonstrated that an 

external electric field initiates the migration of ions in the perovskite layer, which 

ultimately leads to a rapid drop in the PCE of solar cells. Thus, the stability of perovskite 

solar cells is closely related to the current-voltage characteristics of the perovskite 

material and its electrochemical stability (Figure 6). 

 

 

Figure 6. PCE drop depending on the external electric field demonstrated  

by S. Bae et al. Reproduced with permission from ref.49 Copyright 2016, ACS 

Publications. 
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The electric field applied to perovskite films might lead to realization of diverse 

electrochemical degradation pathways, which are still poorly investigated.24,50-53 While a 

plenty of different bias-induced effects have been observed, no unambiguous conclusions 

on their mechanisms are usually provided. For example, applying electric bias to the 

lateral two-terminal devices with the MAPbI3 semiconductor layer leads to visible 

changes in the film structure near the gold contacts appearing within the first minutes 

after applying bias,49,54 while no convincing mechanisms explaining this effect were 

reported. A deeper insight was achieved using photothermal infrared (PTIR) microscopy 

revealing the field-induced migration of MA+ to the cathode thus evidencing that not only 

halide anions but also organic cations can contribute to the ionic conductivity of lead 

halide perovskites (Figure 7).55 Performing similar experiments at elevated temperatures 

led to the formation of the PbI2 stripe near the anode, which was slowly moving toward 

the cathode thus evidencing methylammonium iodide exchange between the MAPbI3 and 

PbI2 due to the I- migration in electric field.56 Performing similar experiments in ambient 

air allowed identifying some irreversible degradation of MAPbI3 with the formation of 

the PbI2 phase starting from cathode.54 While the aforementioned effects were observed 

under very different conditions, all observations suggest that the material degradation is 

associated with the ion migration leaving unclarified further mechanistic details.57-59 On 

the contrary, a pathway of the field-induced degradation of MAPbI3 was hypothesized in 

the publication of L. Frolova et al.,48 while no unambiguous evidence was provided thus 

leaving this aspect under discussion.  
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Figure 7. IR-microscopy for CH3
+ migration monitoring under applied electric field in the 

publication of Y. Yuan et al. Reproduced with permission from ref.55 Copyright 2015, 

John Wiley & Sons. 

 

The electrochemical stability of perovskite films can also be impacted by the 

presence of adjacent functional (e.g. charge transport) layers. In particular, probe 

microscopy measurements performed for MAPbI3 films deposited on tin-doped indium 

oxide (ITO) substrates coupled with the subsequent ToF-SIMS chemical analysis 

revealed a field-induced interfacial degradation accompanied by the diffusion of the 

perovskite components into ITO and vice versa.60 High-resolution electron microscopy 

and EDX analysis revealed field-induced oxygen migration from TiOx electron-transport 

layer to the perovskite film, which can be reversed by applying a bias of opposite 

polarity.61 

 

2.2.2 Electrochemical degradation of PSCs 

Solar cell always operates under electric field, usually equal to the maximum 

power point (MPP) with some deviations in multi-cell devices and tandems.62 Electric 

field can exert the performance of the device in different manner: it can demonstrate zero 
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impact on solar cell characteristics63,64 or even improve the efficiency,65-67 but in majority 

of the cases it leads to the degradation of the device.62-74 This indicates the possibility of 

various degradation pathways manifestation depending on the environment and 

conditions. However, the impact of the bias on the perovskite solar cells obviously 

depends on the strength of the generated electric field and exposure time. 

Empirical screening of different regimes revealed that 1 V represents a kind of 

threshold potential. Devices are mostly stable under bias below 1 V, although when it 

goes above 1 V a rapid and irreversible decay of the performance was observed.49 While 

the mechanisms of the observed effects are still not understood, a plethora of possible 

mechanisms of PSCs bias-induced degradation under different conditions was proposed.  

Those suggestions include ion migration leading to accumulation of ions at the 

interfaces with the charge transport interlayers,49,62,64,69,75 iodide penetration into the 

charge transport layer and PbI2 formation in perovskite layer,68 charge accumulation at 

the interface,66,71 phase segregation,70 reversible migration of oxygen from the adjacent 

charge-transport layer into perovskite.72 Such a multitude of observations and 

conclusions is mostly caused by the variation of experimental conditions: different solar 

cell structures including both n-i-p and p-i-n with various charge transport materials; 

various perovskites MAPbIxCl3-x,
65 MAPbI3,

63,64,66-69,71,72,74 mixed halide62,73 and even 

rubidium-containing perovskite;70 discrepant environment – combination of factors like 

bias-temperature,66 bias-light,69,70,73 bias-air,63,64 bias-moisture.64 All of these makes it 

difficult to differentiate the clear bias-induced degradation mechanism. And majority of 
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publications provides only short time biasing experiments, excluding long-term effects of 

applied electric field. 49,65,68,72,74 

Observing all the publications on the topic, we firmly believe that electrochemical 

stability of solar cell is not only related to the degradation of the active material itself but 

also strongly influenced by adjacent charge transport layers and even metal electrodes. 

Many publications demonstrate the possibility of chemical interaction between perovskite 

and neighboring layer, including ion accumulation and structural changes on the 

interface.60,66,68,69,72 For example, reversible field-induced oxygen migration from TiOx 

was revealed by electron microscopy and EDX.61 Mutual diffusion of perovskite and ITO 

layers under applied electric field was observed with time-of-flight secondary ion mass 

spectrometry (ToF-SIMS).60 Although until now there are no publications dedicated to 

systematic investigation of charge-transport materials and electrodes influence on 

electrochemical stability of PSCs, only trial was performed by Craig H. Swartz et al. to 

compare hole-transport materials (HTMs) poly[bis(4-phenyl)(2,4,6-

trimethylphenyl)amine (PTAA) and CuI.67 
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Chapter 3. Research objectives 

 

The presented overview features that understanding the degradation mechanisms 

of perovskite materials and perovskite solar cells is a very important task from a scientific 

point of view, which requires a systematic study of a structurally different materials and 

device configurations, which will enable further directed design of materials for highly 

efficient and stable solar cells.  

This Thesis is dedicated to the investigation of electrochemical degradation of 

complex lead halides and photovoltaic devices on their basis. Objectives of this work 

included: 

• determination of the perovskite material electrochemical degradation pathway, on the 

example of the classical material CH3NH3PbI3. 

• according to the detected pathway, defining the chemical structure of the most 

electrochemically stable perovskite material.  

• comparative analysis of different adjacent charge-transport materials and metal 

electrodes to understand the impact of their nature on electrochemical stability of the 

complete device. 
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Chapter 4. Experimental section 

 

4.1 Lateral device preparation and characterization 

4.1.1 Perovskite materials preparation 

All perovskite solutions for further experiments were prepared according to the 

literature sources with minor optimizations. Masses of reagents (commercially available) 

and specific conditions are written in Table 1.  

Table 1. Perovskite solutions preparation conditions 

Ref. Material 
Reagents and 

masses, g 

Solvents and 

volumes, ml 

Additional 

conditions 

[48] MAPbI3 
MAI – 0.4452 

PbI2 – 1.2908 

DMF – 1.7 

NMP – 0.3 

Ultrasonication for 5 

minutes, no heating 

[76] MA0.15Cs0.1FA0.75PbI3 

MAI – 0.0668 

CsI – 0.0728 

FAI – 0.3612 

PbI2 – 1.2908 

DMF – 1.6 

DMSO – 0.4 

Ultrasonication for 5 

minutes, no heating 

[102] Cs0.15FA0.85PbI3 

CsI – 0.1092 

FAI – 0.4094 

PbI2 – 1.2908 

DMF – 1.6 

DMSO – 0.4 

Ultrasonication for 5 

minutes, no heating 

[77] Cs0.12FA0.8PbI2.92 

CsI – 0.099 

FAI – 0.435 

PbI2 – 1.474 

DMF – 1.7 

DMSO – 0.3 

Ultrasonication for 5 

minutes, no heating 

[78] Rb0.1Cs0.15FA0.75PbI3 

RbI – 0.0478 

CsI – 0.1169 

FAI – 0.6578 

PbI2 – 2.0745 

DMF – 2.4 

DMSO – 0.6 

Ultrasonication for 5 

minutes, no heating 

[79] Cs0.125FA0.875PbBr0.375I2.625 

CsBr – 0.052 

FAI – 0.3 

PbI2 – 0.8 

PbBr2 – 0.092 

DMF – 0.96 

DMSO – 0.14 

Ultrasonication for 5 

minutes, no heating 

[80] CsPbI2Br 
CsBr – 0.0852 

PbI2 – 0.1844 
DMF – 1 

Ultrasonication for 5 

minutes, no heating 

[81] MAPbIxCl3-x 
MAI – 0.256 

PbCl2 – 0.149 
DMF – 1 

Heating at 90°C and 

stirring overnight  
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All preparation methods mentioned above were previously reported in the 

literature and demonstrated affordable characteristics and comparatively high stability of 

obtained films under various degradation factors. Chemical formulas represent only ratio 

of initial reagents and may not correspond to the actual crystal structure of the material. 

Nevertheless, according to the XRD measurements of the films, they fully correspond to 

the required phases of the materials (Figure A1 in the Appendix A, Supplementary 

materials).  

 

4.1.2 Lateral two-terminal device fabrication 

Table 2. Perovskite films deposition conditions 

Material 
Rotation speed, 

rpm 
Antisolvent 

Annealing 

temperature and 

time 

MAPbI3 4000 Toluene 80°C, 5 min 

MA0.15Cs0.1FA0.75PbI3 4000 Toluene 100°C, 5 min 

Cs0.15FA0.85PbI3 4000 Toluene 100°C, 10 min 

Cs0.12FA0.8PbI2.92 4000 Toluene 100°C, 10 min 

Rb0.1Cs0.15FA0.75PbI3 3500 Toluene 95°C, 10 min 

Cs0.125FA0.875PbBr0.375I2.625 4000 Toluene 140°C, 10 min 

CsPbI2Br 1200 No antisolvent 100°C, 2 min 

MAPbIxCl3-x 4000 No antisolvent 90°C, 1.5 h 

 

Glass substrates 15 × 15 mm size were sequentially cleaned by sonication in 

deionized water, acetone and isopropanol for 10 min each and then cleaned for 5 min by 

oxygen plasma treatment. Perovskite films were spin-coated in a nitrogen-filled glovebox 
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from the solutions prepared earlier according to the conditions in Table 2 and filtered. 

Afterwards, the films were annealed at 100 °C for 1 min. Gold electrodes were 

evaporated on top via shadow mask (channel length and width are 200 µm and 2 mm, 

respectively). 

 

4.1.3 Chronoamperometry measurements 

Chronoamperometry measurements were carried out using a Keithley 236 and 

Keithley 2612A source meters for continuously recording the current flowing through the 

channel of the devices under constant applied voltage density ~1 V/µm. 

 

4.1.4 AFM measurements 

Measurements were performed using Cypher EX AFM (Asylum Research, CA, 

US) operating under inert Ar atmosphere in MBraun glovebox with O2 < 0.1 ppm and 

H2O < 1 ppm. 

 

4.1.5 PL mapping 

Photoluminescence (PL) mapping was carried out using Automatic Research 

GmbH LBIC+PL+EL microscopy setup with Horiba spectrometer. The measurements 

were performed under anoxic conditions for incapsulated devices at room temperature. 

The sample was mounted on an X-Y stage with a travel distance of 150 mm for both axes 

and irradiated with the 532 nm green laser with the beam diameter of ~ 0.01 mm on the 

sample surface and power of 229 µW. The emission spectrum was analyzed using 
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Sincerity iHR320 imaging monochromator (Focal length 320 mm, entrance aperture ratio 

f/4.1) with grating at 900 nm, slit entrance of 0.7 mm and exposure time of 0.3 seconds 

for each point with delay of 250 ms. Right after the measurement, the optical photographs 

of the degraded lateral device channel were made. 

 

4.1.6 ToF-SIMS analysis of lateral devices 

For depth profiling and chemical mapping we used a TOF.SIMS 5-100P 

instrument (ION-TOF GmbH, Germany, 2007). During depth profiling, the sputtering ion 

beam (O2+ at 2000 eV ion energy and 480 nA measured sample current) was raster 

scanned over an area of 600 × 600 μm2. The analysis ion beam consisting of Bi+ pulses 

(25 keV ion energy, 20 ns pulse duration, 3.5 pA measured sample current) was set in the 

spectroscopy (high-current bunched) mode and raster scanned over a 400 × 400 μm2 area 

(256 × 256 pixels) centered within the O2+ sputtered area at the regressing surface. The 

depth profiles were acquired in noninterlaced mode, that is, sequential sputtering and 

analysis, at a base pressure of 3*10−8 mbar. All mass spectra were acquired in positive 

polarity while the mass resolution was > 7000 (m/δm) for all fragments of interest. After 

data collection, the total area images were individually reconstructed and analyzed. 

Binning was used to obtain 128 × 128 pixel images from raw 256 × 256 pixel data. The 

reconstructed ion profiles were normalized to each other to allow for a fair comparison of 

relative concentrations. 
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4.2 Solar cells fabrication, characterization and investigation 

4.2.1 HTL materials deposition methods 

▪ PEDOT:PSS water solution was spincoated in the air atmosphere at 3000 rpm and 

then annealed at 165°C for 20 min. 

▪ NiOx (20 mg/ml in H2O) was sonicated for 4 h, filtered and spincoated in the air 

at 4000 rpm three times with 10 second interval, then annealed at 100°C for 5 min 

in the air with following annealing at 140°C for 10 min in the glovebox. 

▪ CuSCN (10 mg/ml DPS) was spincoated at 4000 rpm in a glovebox, heated at 

100°C for 10 min. 

▪ CuI (10 mg/ml in acetonitrile) was spincoated at 4000 rpm in a glovebox, heated 

at 100°C for 10 min. 

▪ CuOx: CuI (10 mg/ml in acetonitrile) was spincoated in the air at 6000 rpm, then 

soaked in KOH 10 mg/ml water solution for 5 seconds, washed in distilled water, 

dried and annealed at 50°C for 5 min, then annealed in a glovebox at 100°C for 10 

min. 

▪ V2O5 was deposited via thermal evaporation, 20 nm thickness. 

▪ PTAA (4 mg/ml in toluene) was spincoated in a glovebox at 4500 rpm and then 

annealed at 100°C for 5 min. 
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4.2.2 Perovskite materials films preparation methods 

All perovskite solutions were prepared and films were deposited as described in 

4.1.1 and 4.1.2 

4.2.3 ETL materials deposition methods 

▪ SnO2 (10% solution in H2O) was filtered and spincoated in the air at 5000 rpm 

two times with 20 second interval, then annealed at 175°C for 10 min in the air 

with following annealing at 150°C for 5 min in the glovebox. 

▪ TiO2: mixture of 210 μl TTIP and 21 μl HCl in 3 ml of isopropanol was sonicated 

for 3 minutes, filtered and spincoated in the air at 3000 rpm, then annealed at 

200°C for 20 min on the hotplate in the air with following annealing at 450°C for 

20 min in the muffle oven. 

▪ In2O3: pure In was deposited via thermal evaporation in vacuum chamber. 

Thickness of the film was 20 nm. Then films were annealed in the muffle oven for 

20 min at the temperature 400°C. 

▪ ZnO: mixture of 100 mg zinc acetate, 1 ml of 2-metoxyethanol and 33 μl of 

monoethanolamide was sonicated for 3 minutes, filtered and spincoated in the air 

at 6000 rpm, then annealed at 100°C for 10 min on the hotplate in the air with 

following annealing at 200°C for 60 min. 

▪ PCBM (30 mg/ml in chlorobenzene) hot 70°C solution was spincoated in a 

glovebox at 3000 rpm without following annealing. 

▪ PCBA (0.2 mg/ml in chlorobenzene) was spincoated in a glovebox at 3500 rpm 

and then annealed at 100°C for 5 min. 
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4.2.4 Top electrodes deposition methods 

All electrodes were deposited on top of the device via thermal evaporation of 

metal through shadow mask. Thicknesses were 200 nm for n-i-p device configuration 

(Al, Ag, Au, Bi, Mn, Co, Ni, Cr and Cu) and for p-i-n device configuration we used 

sequentially 20 nm of Mg and 180 nm of Ag electrodes. 

 

4.2.5 Fabrication of solar cells 

ITO substrates were sequentially cleaned by sonication in deionized water, 

acetone and isopropanol for 10 min each and then cleaned for 5 min by oxygen plasma 

treatment. Then required layers were deposited sequentially according to the device 

configuration. HTL-perovskite-ETL-top electrode for p-i-n devices and ETL-perovskite-

HTL-top electrode for n-i-p devices. 

 

4.2.6 Biasing and characterization of solar cells 

All aging experiments were performed in a dedicated nitrogen glove box with O2 

and H2O levels below 0.1 ppm. The biasing process for prepared devices was carried out 

using a Keithley 236 and Keithley 2612A source meters for constant applied voltage. The 

current-voltage characteristics of the devices were measured in inert nitrogen atmosphere 

inside the glove box under simulated AM1.5G illumination (100 mW/cm2) provided by a 

Verasol AAA class solar simulator (Newport) and using Advantest 6240A source 

measurement units. 
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4.2.7 ToF-SIMS analysis of solar cells 

For depth profiling we used a TOF.SIMS 5-100P instrument (ION-TOF GmbH, 

Germany, 2007). During depth profiling, the sputtering ion beam (O2+ at 2000 eV ion 

energy and 420 nA measured sample current) was raster scanned over an area of 350 × 

350 μm2. The analysis ion beam consisting of Bi+ pulses (25 keV ion energy, 20 ns pulse 

duration, 3.5 pA measured sample current) was set in the spectroscopy (high-current 

bunched) mode and raster scanned over a 200 × 200 μm2 area (256 × 256 pixels) centered 

within the O2+ sputtered area at the regressing surface. The depth profiles were acquired 

in noninterlaced mode, that is, sequential sputtering (2 seconds), pause (0.3 seconds) and 

analysis (2 frames), at a base pressure of 3*10−8 mbar. Electron 20 eV gun was used for 

charge compensation. All mass spectra were acquired in positive polarity while the mass 

resolution was > 7000 (m/δm) for all fragments of interest. After data collection, the total 

area images were individually reconstructed and analyzed.  
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Chapter 5. Results and discussion 

 

5.1 Defining the electrochemical degradation mechanism using model perovskite 

material CH3NH3PbI3 

5.1.1 Bulk material biasing and analysis 

In the first stage of the work, lateral two-electrode devices were fabricated using 

MAPbI3 films deposited on chemically inert soda lime glass substrates and gold contacts 

were evaporated through a shadow mask defining the channel length of ~200 μm (Figure 

8a).  The electric field of 1 V/µm in average was applied across the device channel and 

the current flowing through the perovskite film was monitored and plotted as a function 

of time. The obtained results show the initial rapid increase in the current mainly due to 

the electrochemical doping induced in the semiconductor film followed by a slow 

exponential decay due to the electrochemical degradation of the perovskite (Figure 8b). 

 

Figure 8. General layout of the lateral two-electrode device (a). Evolution of the current 

flowing through the channel of the lateral two-terminal device under potentiostatic 

polarization with 1 V/µm applied bias (b). 
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A set of complementary analytical techniques was used to unravel the processes 

occurring in the material exposed to electric field. First, optical microscopy revealed 

severe changes in the film structure in a broad area (~50 µm) adjacent to the cathode after 

a relatively long exposure to the electric bias for 340 h. On the contrary, the 

anode/perovskite interface was much more stable under the same conditions showing just 

a narrow (2-5 µm) stripe of degradation products (Figure 9a).   

 

 

Figure 9. Optical microphotograph of the device channel before (left) and after (right) 

applying 1 V/µm bias for 340 h (a). PL mapping of the channel before (left) and after 

(right) applying 1 V/µm bias for 24 h (b). AFM for anode (c) and cathode (d) areas 

before (left) and after (right) applying 1 V/µm bias for 100 h. 
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It is known that photoluminescence of the perovskite films is very sensitive to the 

appearance of defects.51,57-59,63,82 Therefore, we applied PL mapping to investigate the 

behavior of the material in the device channel after applying an electric field (Figure 9b). 

Indeed, biasing the device for 24 h leads to a significant quenching of the PL intensity at 

both electrodes with a stronger impact coming from the anode side. This observation is 

consistent with the results of a spectacular in situ PL imaging of ion motion in the 

perovskite films suggesting that I- is rapidly moving toward anode in the applied electric 

field.51,58 The narrow stripe in the channel of the biased device showing the highest PL 

intensity in Figure 9b features the area where the perovskite undergoes a minimal 

degradation. On the contrary, quenching PL in the areas adjacent to both cathode and 

anode suggests a strong degradation with the formation of defects. At the anode side, I- 

might undergo oxidation to molecular iodine (I2) leading to the formation of iodide 

vacancies and, finally, PbI2. At the cathode side, reduction of either Pb2+ or CH3NH3
+ 

resulting in the corresponding vacancies can be suggested. Importantly, quenching of the 

PL from cathode and anode sides provides evidences that both anionic and cationic 

species are mobile in perovskite films, which is in agreement with previous theoretical 

and experimental studies.55,83 This conclusion is also supported by the fact that PL of the 

perovskite film becomes completely quenched in the channel after longer (> 50 h) 

exposure to electric bias.  

Atomic force microscopy (AFM) data for devices exposed to external bias for 80 

hours demonstrated the appearance of a new phase near the anode. The most striking 

morphological changes were induced by electric field at the cathode/perovskite interface, 
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where AFM revealed the formation of a deep (> 100 nm) canyon suggesting a severe 

degradation of the active material (Figure 9c,d). These results are consistent with the 

optical microscopy data also evidencing much stronger perovskite degradation at the 

cathode side rather than at the anode side. 

To reveal the field-induced gradients in the chemical composition of the samples 

we used ToF-SIMS profiling. Figure 10a shows that applying electric bias for ~ 340 h 

does not change significantly the quantitative lead to iodine ratio across the channel of 

the device. This result is somewhat surprising since it is known that I- anions are mobile 

and can undergo facile oxidation at the anode to form molecular iodine. However, it is 

known that I2 readily reacts with virtually all iodides with the formation of 

polyiodides.84,85 For instance, I2 can be trapped by MAI with the formation of MAI3. 

 

Figure 10. ToF-SIMS profiles of lateral two-terminal devices across the channel formed 

by MAPbI3 semiconductor film before (reference) and after (biased) exposure to electric 

bias of 1 V/µm for 340 h.  A ratio of ion yields is given to account for possible geometry 

effects:  204Pb+ normalized to I+ (a) and NH3
+ normalized to I+ (b). 
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This degradation pathway was also proposed in work of Frolova et al. and 

supported by the EDX data revealing iodine enrichment at the anode side of freshly 

biased two-terminal MAPbI3 devices.48 Therefore, it seems that though the oxidation of I- 

occurs at the anode in the device under applied bias, it eventually does not change the 

elemental composition of the film due to trapping of I2 in the form of polyiodides.86,87 

The most remarkable difference was observed in the yield of NH3
+ ion, which is a 

marker of methylammonium, normalized to the yield of I+ ion, which is the iodide 

marker. Figure 10b shows that applying electric bias (340 h) results in severe depletion of 

organic cations near the cathode thus implying that they undergo electrochemically 

induced degradation via reduction of CH3NH3
+ to form methylamine CH3NH2 and 

molecular hydrogen H2. Both products are volatile, so they can easily leave the film and 

make degradation process essentially irreversible. Obviously, massive elimination of 

organic cations changes the composition and structure of the perovskite film, which is 

consistent with the observations made using optical microscopy and AFM presented 

above.  

 

5.1.2 Solar cell biasing and ToF-SIMS analysis 

The experiments performed with the lateral two-terminal devices allowed us to 

reveal the important degradation pathway occurring in the perovskite films under applied 

electric bias, which includes reduction of organic cation and oxidation of iodine anion. 

However, it is not clear if this pathway is relevant to the real perovskite solar cell 

structures. Therefore, at the next stage of this work, we explored the bias-induced 
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degradation of perovskite solar cells assembled in a conventional p-i-n architecture 

shown in Figure 11a. Briefly, ITO was covered with poly(ethylene-3,4-dioxythiophene): 

polystyrene sulfonate (PEDOT:PSS) as a hole-selective layer, while phenyl-C61-butyric 

acid methyl ester (PCBM) in combination with the Mg (20 nm)/Ag (180 nm) stack were 

used to provide electron-selective contact. A standard device fabrication procedure was 

reported previously.88 

 

 

Figure 11. Schematic layout of the p-i-n perovskite solar cell architecture (a). The 

evolution of the device performance under different external biases applied in forward 

direction (b) and the comparison of the device degradation kinetics under forward and 

reverse bias of 1.5 V (c). 
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The selected batches of the fabricated devices were exposed to electric bias 

ranging from 0.1 V to 2.0 V applied either in the forward or reverse direction in the dark 

at room temperature inside the glove box under well-controlled anoxic conditions (O2, 

H2O < 0.1 ppm). Biasing the devices at 0.1 to 0.5 V in both regimes did not induce any 

significant changes in the solar cells’ performance. Some minor degradation was 

observed when the voltage was increased to 0.8 V, while the most severe effects appeared 

while bias approached 1 V, which is consistent with the previous observations of Bae et 

al. for n-i-p perovskite solar cells.49 

Figure 11b shows the evolution of the photovoltaic performance of the devices 

exposed to 0.5 V, 1.0 V, 1.5 V and 2.0 V in the forward bias, while a similar graph 

reflecting the device behavior under reverse bias is given in Figure 11c. Absolute values 

for devices’ PCE, VOC, JSC and FF are demonstrated in Supplementary materials (Figures 

A2, A3 in Appendix A).  

The decay of the device performance was found to be strongly bias-dependent. 

While the cells exposed to 1 V for 160 h can retain approximately one-half of the initial 

performance after 160 h, yet applying 2 V in forward bias significantly diminishes the 

device efficiency almost to zero within ~20 h. It should be noted that a decrease in the 

short circuit current density and fill factor makes the strongest contribution to the 

diminishment in performance; while the open circuit voltage is less affected (Figures A2, 

A3 in Appendix A, Supplementary materials). The observed bias dependent aging effects 

confirm that the device failure occurs due to some electrochemical (field-induced) 

processes in the device structure rather than because of some other suggested degradation 
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pathways like film defects, e.g. particles or pinholes leading to the development of 

shunts.  

This conclusion is also supported by the evolution of the device J-V 

characteristics, which show an increase in the hysteresis for longer bias exposure times 

regardless the used voltage sweeping rate (10 mV/s or 100 mV/s, Figure 12). This result 

suggests that the hysteresis appearing in the current-voltage characteristics of perovskite 

solar cells might have an electrochemical origin and can be directly related to reversible 

redox transitions in the absorber layers adjacent to the electrodes. 

 
Figure 12. Evolution of forward (solid lines) and reverse (dot lines) J-V curves at scan 

rates of 10 mV/s (a) and 100 mV/s (b) for device biased at the applied potential of 1.5 V 

in forward direction.  

 

It is also notable that applying a forward bias in all cases induces a stronger 

decay in the device performance compared to the reverse bias as shown in Figure 11с. 

This effect can be understood considering the fact that PEDOT:PSS is a hole-selective 

layer and it is blocking to some extent the injection of electrons into the perovskite active 
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layer from ITO under reverse bias. At the same time, PCBM is a typical n-type 

semiconductor essentially blocking injection of holes from the top electrode under 

reverse bias. Therefore, a careful selection of charge selective interlayers with the 

advanced blocking properties with respect to the opposite type of carriers might improve 

significantly the stability of the perovskite solar cells under reverse bias. This is 

practically very important aspect since some of the solar elements in a panel experience 

reverse bias effect in case of partial shadowing of the module.62  

Importantly, the performed experiments revealed a rather fast device degradation 

under forward bias of 1.0 V, which is below the typical open circuit voltage values of 

optimized perovskite solar cells (~1.1 V). Therefore, the impact of the electric field has to 

be considered while analyzing the intrinsic pathways responsible for the degradation of 

perovskite solar cells under realistic operation conditions. To gain a deeper understanding 

of the mechanistic aspects of the observed field-induced degradation of the perovskite 

solar cells, we performed ToF-SIMS analysis of non-biased reference cells and the 

devices exposed to 2 V for 160 h under forward bias. Figure 13 shows the chemical maps 

reflecting the distribution of the characteristic marker ions such as Pb+, I2
- and CH3NH3

+ 

in the biased devices and the reference cells stored in the dark for the same time. Bias 

might be inducing some minor redistribution of lead as can be concluded from the 

appearance of trace amounts of Pb+ inside PEDOT:PSS and PCBM charge transport 

layers, while this effect can still be considered as negligible.  
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Figure 13. ToF-SIMS chemical maps showing the distribution of the characteristic 

marker ions Pb+, I2
- and CH3NH3

+ in the reference cells and devices exposed to 2 V under 

forward bias for 160 h. 

 

Field-induced redistribution of iodine was much stronger: even though its 

diffusion into PEDOT:PSS was limited, a considerable amount of iodine was observed in 

the PCBM electron transport layer and, particularly, at the top electrode/PCBM interface 

suggesting the formation of metal iodides. This result is not surprising since it is known 

that fullerene C60 aggressively absorbs iodine and forms a non-covalent inclusion 

complex C60·2I2.
89,90 Moreover, the corrosion of the top electrode by iodine was observed 
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many times by other research groups previously.91-95 To summarize, the presented maps 

showing iodide distribution before and after bias treatment of the device evidence anodic 

oxidation of I- to I2, which was discussed above.  

The most severe changes were revealed at the maps of CH3NH3
+ ions evidencing 

a massive degradation of the perovskite and accumulation of organic cations within both 

PCBM and PEDOT:PSS layers. Such result might be surprising since field-induced ion 

migration can explain only the appearance of CH3NH3
+ inside the fullerene-based 

electron transport layer. We showed previously that fullerene derivatives, in particularly 

PCBM, tend to accumulate methylammonium iodide released from the perovskite under 

illumination.90 

Therefore, a facile penetration of CH3NH3
+ into the PCBM layer and its transport 

all the way until it reaches the metal electrode is quite expectable. The reduction of 

CH3NH3
+ produces methylamine and molecular hydrogen as discussed above. In contrast 

to the lateral devices, methylamine cannot easily escape from the p-i-n solar cell structure 

e.g. due to the encapsulation effect of the top metal electrode. Therefore, it is 

continuously produced and accumulated in the device during exposure to the electric 

bias. The back migration of methylamine through the perovskite layer (e.g. at the grain 

boundaries) to the PEDOT:PSS hole selective layer leads to dedoping of PEDOT (since 

methylamine is much stronger base than polythiophene) and the formation of 

methylammonium salt of polystyrene sulfonic acid. Therefore, the well-known acidic 

nature of PEDOT:PSS is responsible for the aggressive absorption of methylamine and 

accumulation in the form of the corresponding PSS salt with the CH3NH3
+ cations.95 
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Thus, the presented maps showing the CH3NH3
+ redistribution due to the action of the 

electric field evidence a strong impact of the reduction of organic cations and liberation 

of methylamine. These results are fully consistent with the data obtained for lateral two-

terminal devices discussed above. Moreover, we performed cyclic voltammetry 

measurements for MAPbI3 precursor solution in DMF and revealed both the oxidation 

and reduction processes set ~ 0.9 V apart from each other (Figure 14). Surprisingly, the 

solution electrochemistry “stability window” revealed for MAPbI3 precursor also 

matches the behavior of perovskite solar cells, which start to degrade when applied bias 

approaches 1V. 
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Figure 14. Cyclic voltammograms for 0.1 M solution of NaClO4 in DMF as illustration of 

the DMF electrochemical stability window (from -1200 mV to 1100 mV) and 0.01 M 

solution of MAPbI3 in DMF measured with various cathodic potential cutoffs. 
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5.1.3 Mechanism determination 

The presented experimental results evidence unambiguously that MAPbI3 films 

undergo facile field-induced electrochemical degradation following the mechanism 

presented in Figure 15. The oxidation of I- with formation of I2 seems to be potentially 

reversible due to trapping of iodine in the film in the form of polyiodides (AIn+2 on the 

scheme) incorporating univalent I3
- anions. In contrast, reduction of CH3NH3

+ to CH3NH2 

and H2 is essentially irreversible because both products are volatile and easily leave the 

device architecture (in particular, molecular hydrogen). It should be emphasized that 

similar electrochemical processes can occur in operating perovskite solar cells and even 

thin films exposed to light illumination. Indeed, the built-in and light induced potentials 

are more than sufficient to trigger the aforementioned redox processes, thus ruining the 

stability of the absorber material and devices. Most likely this is the main aspect why the 

all-inorganic perovskites such as CsPbX3 (X = I, Br) incorporating cesium cations 

demonstrate outstanding stability in thin films and solar cells, as Cs+ can hardly be 

reduced under the specified conditions.96-98 

 

Figure 15. Schematic representation of the revealed mechanism of the field-induced 

electrochemical decomposition of MAPbI3. 
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The confirmation that the electrochemical degradation of MAPbI3 occurs under 

the bias even below the open circuit voltage of optimized perovskite solar cells is 

essentially important from a practical point of view. It is well known that perovskite solar 

cells are much less stable under the open circuit (OC) rather than at maximal power point 

(MPP) conditions.    

Indeed, the results revealed here on the electrochemical degradation pathways 

imply they considerably contribute to the perovskite degradation at VOC, while their 

impact at MPP is minimized since the MPP voltage is usually significantly below VOC. 

Presumably, designing low band gap metal halide perovskites can partially solve the 

problem of the electrochemical degradation of the perovskite-type absorber 

materials.99,100  The open circuit voltage of such cells will be reduced giving a hope for 

better electrochemical stability, while the current density is expected to be increased 

following the band gap decrease thus providing a comparable or even higher power 

conversion efficiency.  

 

5.1.4 Conclusion for the first stage 

We performed a systematic study of the electric field-induced degradation of 

CH3NH3PbI3 thin films in lateral two-terminal devices and p-i-n perovskite solar cell 

configurations. A set of complementary microscopy techniques revealed that perovskite 

undergoes electrochemical redox processes at both cathode and anode sides thus 

implying that both cations and anions migrate in the perovskite films. The oxidation of I- 

to I2 does not lead to severe compositional changes probably due to trapping of molecular 
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iodine in the form of polyiodides as was reported previously. The formation of such 

polyiodides under different conditions is also well documented for lead halide 

perovskites.87,101 Therefore, iodide to iodine (triiodide) oxidation can be reversible and 

does not represent the main limitation for the perovskite stability.86 Of course, the 

formation of polyiodides is not the only possible degradation process. Formation of 

volatile iodine vapor which leaves the perovskite film and even can react with gold 

electrodes should also be considered under applied electric field. And in solar cells this 

molecular iodine can react with other components of the device, for example fullerene 

derivatives of even the backside of top silver electrodes.  

But the actual phis paradigm changing discovery is in revealing a facile reduction 

of organic cations with the formation of volatile products such as methylamine and 

molecular hydrogen. There is also a possibility of other products formation which were 

unable to detect with ToF-SIMS. But nevertheless, while the iodine could be trapped 

within the device, the latter is too mobile to be captured in the reaction zone e.g. by 

adjacent layers. Therefore, the reduction of organic cations should be considered as the 

most important and virtually irreversible electrochemical process affecting severely the 

stability of the perovskite films. The fact that electrochemical degradation occurs at 

potentials below the solar cell open circuit voltages implies a great challenge for 

achieving a long-term operational stability of hybrid perovskite photovoltaics, which 

needs to be addressed in the future e.g. via rational interface engineering. The revealed 

here mechanistic aspects of the electric field-induced MAPbI3 degradation provide 
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impetus for the rational design of new absorber materials with improved efficiency and 

stability for perovskite photovoltaic solar cells.             

 

5.2 Defining the most electrochemically stable perovskite material depending on 

chemical structure 

5.2.1 Bulk material biasing and comparison 

On the next stage our goal was to determine the most electrochemically stable 

complex lead halide and investigate the influence of chemical structure on 

electrochemical stability of bulk material. For the preliminary checking we created a full 

set of lateral devices with the same architecture as was described in chapter 5.1.1 (Figure 

8a). Gold electrodes were evaporated directly on top of the perovskite thin film through 

the shadow mask, leaving only the narrow channel of 200 μm of perovskite material 

between gold electrodes. Lateral devices were produced for a set of perovskite materials 

with various structure: MAPbI3, MA0.15Cs0.1FA0.75PbI3, Cs0.15FA0.85PbI3, 

Cs0.125FA0.875PbBr0.375I2.625, CsPbI2Br. All materials were prepared according to the 

literature sources mentioned in Experimental section of current Thesis and their 

correspondence to the literature was confirmed by XRD analysis. Of course, chemical 

formulas written here do not represent exact composition of each material, but 

correspond to the initial ratios of precursors in prepared solutions. There is undoubtedly a 

deviation of real compositions from the formulas, but according to the literature sources it 

won’t be significant enough to disrupt our comparative analysis. 
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Figure 16 demonstrates the starting time for changes in current as a function of 

the sample biasing time at the voltage density 1 V/μm applied to the lateral device 

electrodes. It can be seen from the presented data that all materials without exception 

display the same behavior as was previously shown for MAPbI3 in chapter 5.1.1. Process 

starts with rapid increase in the current, reaches its limit at the different for every material 

time and current and then slowly goes through exponential decay (dot lines) due to the 

electrochemical degradation of the material.  
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Figure 16. Evolution of the current flowing through the channel of the lateral two-

terminal device under potentiostatic polarization with 1 V/µm applied bias for various 

perovskite materials. 
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The electrochemical doping is most likely due to the accumulation of charge 

carriers or defects in the material, how it was already described previously.48 This 

improves the conductivity in the channel at first stage. However, after reaching the limit 

concentration the material starts to degrade and the current decreases. And concentration 

of accumulated charge carriers or defects can be roughly estimated. According to the 

definition we can write the current-time dependence as: 

I(t) = dq/dt, 

Where I is the current flowing through the channel, t is time and q is a charge 

accumulated in a channel through biasing. From this point, area below the I(t) curve 

would correspond to the accumulated charge in the channel. We can evaluate the stability 

of materials by integrating their I(t) from 0 to the maximum current point for every 

material, which will correspond to the maximum accumulated charge Q that material 

could sustain. So according to the data from the Figure 16 we can preliminarily rate 

stability of investigated materials as Cs0.15FA0.85PbI3 (area = 305) > MAPbI3 (area = 105) 

> Cs0.125FA0.875PbBr0.375I2.625 (area = 90) > MA0.15Cs0.1FA0.75PbI3 (area = 74) > CsPbI2Br 

(area = 40).  

The same set of techniques as for MAPbI3 was used to understand the difference 

in the processes in different materials. We applied PL mapping to materials 

Cs0.15FA0.85PbI3, MA0.15Cs0.1FA0.75PbI3, MAPbI3 and Cs0.125FA0.875PbBr0.375I2.625.  

Unfortunately, we were not able to perform PL mapping for CsPbI2Br because this 

material could not sustain the transportation between the glovebox and measurement 

device. Even encapsulated lateral devices immediately degraded after getting into 



62 

  

ambient atmosphere, starting from edges of the film. Behavior of the materials in the 

device channel after applying an electric field and also optical photographs made right 

after the last PL mapping are demonstrated in Figure 17. 

 

 

Figure 17. Evolution of PL signal in the channel of lateral two-electrode device during 

the electric bias exposure for various perovskite materials. Optical photos of 

corresponding channels for every material after the 120 h biasing are presented on the 

left. Channels on all figures oriented horizontally, with cathode on top position and anode 

in bottom position. 
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Optical photographs of biased channels revealed severe changes in the film 

structure in an area adjacent to the cathode after a relatively long exposure to the electric 

bias for 120 h for all materials except Cs0.15FA0.85PbI3. The anode side was much more 

stable for MA0.15Cs0.1FA0.75PbI3 and MAPbI3, while Cs0.125FA0.875PbBr0.375I2.625 

demonstrates degradation at both sides of the channel. 

PL mapping demonstrates increasing of perovskite material PL signal in the 

channel for Cs0.15FA0.85PbI3, MA0.15Cs0.1FA0.75PbI3 and Cs0.125FA0.875PbBr0.375I2.625, after 

1 h bias applying, which correlates with chronoamperometry data and represents the 

increase in material conductivity. Then quenching of the PL intensity at cathode side is 

observed starting from 20 h of biasing. But MAPbI3 demonstrates a more rapid 

degradation process with a decrease in the PL intensity along the whole channel even at 

the 1-st hour. So, this confirms that the degradation process we defined earlier, with the 

reduction of organic cation at the cathode and following release of volatile products, is 

applicable to all hybrid perovskites.  

We used ToF-SIMS profiling to reveal the field-induced gradients for all 5 

materials. Figures 18 and 19 show that applying electric bias for ~ 300 h always leads to 

the severe depletion of organic cations near the cathode normalized to the yield of Pb+ 

cation. Pb+ was chosen as normalization cation because among all components of 

perovskite it is the least mobile one. Despite the fact that obtained data is quite difficult 

for the separated analysis, especially in cases of multicomponent materials, we still can 

observe general tendencies like the common for everyone electrochemical reduction of 

not only highly volatile MA+ cation (Figure 18-1a,b), but also for FA+ (Figure 18-1b,c, 
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Figure 18-2a) in all presented cases. Even big and heavy Cs+ cations migrate from anode 

to the cathode (Figure 18-1b,c, Figure 18-2a,b), leading to the chemical shift in all 

perovskite material. 

 

Figure 18-1. ToF-SIMS profiles of lateral two-terminal devices for across the channel 

formed by corresponding (noted on the left) perovskite semiconductor film MAPbI3 (a) 

MA0.15Cs0.1FA0.75PbI3 (b) Cs0.15FA0.85PbI3 (c) before (reference) and after (biased) 

exposure to electric bias of 1 V/µm for 300 h.  A ratio of ion yields is given to account 

for possible geometry effects. 

 

a 

b 

c 
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Figure 18-2. ToF-SIMS profiles of lateral two-terminal devices for across the channel 

formed by corresponding (noted on the left) perovskite semiconductor film 

Cs0.125FA0.875PbBr0.375I2.625 (a) CsPbI2Br (b) before (reference) and after (biased) 

exposure to electric bias of 1 V/µm for 300 h.  A ratio of ion yields is given to account 

for possible geometry effects. 

 

All materials were finally characterized by changes in topography according to 

AFM (Figure 19). Since Cs0.15FA0.85PbI3 demonstrated the best bulk material stability so 

far, we also decided to additionally test its close structural modifications 

Cs0.12FA0.8PbI2.92 and Rb0.1Cs0.15FA0.75PbI3. It was demonstrated by our colleagues 

recently that solar cells based on Cs0.12FA0.8PbI2.92 demonstrate enhanced stability, since 

excess of PbI2 shifts the equilibrium of the perovskite material and its degradation 

a 

b 
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products to the perovskite side. And partial replacement of FA+ with Rb+ in 

Rb0.1Cs0.15FA0.75PbI3 was recently demonstrated as the way to create highly stable and 

efficient MA+ free perovskite solar cells.90 It was shown that all the studied materials 

undergo degradation in the zones adjacent to the electrodes. Figure 19 shows the most 

severe changes in MAPbI3, including formation of deep canyon alongside the cathode. 

Similar effect could be observed for all hybrid materials containing organic components, 

but of different level. Formation of new particles is also visible for all materials but the 

most excessively for Cs0.15FA0.85PbI3. During all previous experiments Cs0.15FA0.85PbI3 

was the stability leader among all perovskite materials. Only its relatives 

Cs0.12FA0.8PbI2.92 and Rb0.1Cs0.15FA0.75PbI3 with similar chemical structure could 

probably overthrow it according to the AFM data. Another candidate for long-living 

devices could be the fully inorganic CsPbI2Br which does not contain any organic 

components prone to reduction process, but during the previous experiments it 

demonstrated comparatively low stability. 
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Figure 19. AFM data for corresponding (marked on the left) perovskite materials before 

and after biasing for 80 hours near both electrodes.  

biased fresh 
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5.2.2 Solar cells testing 

The n-i-p solar cells were fabricated in a configuration of 

ITO/SnO2/PCBA/perovskite/PTAA/V2O5/Al as shown in Figure 20a. The perovskites 

with various compositions (MAPbI3, MA0.15Cs0.1FA0.75PbI3, Cs0.15FA0.85PbI3, 

Cs0.12FA0.8PbI2.92, Rb0.1Cs0.15FA0.75PbI3, Cs0.125FA0.875PbBr0.375I2.625, CsPbI2Br and 

MAPbIxCl3-x) in the n-i-p structure were investigated for their lifetimes. In this 

experiment the device configuration different from the previously used was chosen 

because of the difficulties in optimizing the manufacturing process of solar cells with 

various active layers. Out of all tested device architectures only mentioned here allowed 

us to make devices with all desired perovskite materials of sufficient quality and starting 

efficiency. Figure 20b represents the evolution of normalized average PCE for obtained 

cells, each material was represented by the batch of minimum 3 devices, devices were 

biased at constant voltage 1V. Absolute values for all solar cell parameters (VOC, JSC, FF 

and PCE) and their evolution during the bias exposure is presented in Supplementary 

materials (Figure A4 in Appendix A). 
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Figure 20. N-i-p solar cells device configuration (a). Normalized average PCE evolution 

for the batches of solar cells with different perovskite photoactive layers (b). 

 

The obtained data correlates well with the chronoamperometry measurements 

from Figure 16. And inorganic perovskite CsPbI2Br devices demonstrated the fastest 

degradation among all materials, despite their favorable chemical structure. The poor 

performance of this material during first tests in lateral devices here was supported by the 

low thickness of the photoactive film, which is unfortunately around 200 nm for 

CsPbI2Br because of its processing method, while for other materials thickness is around 

400 nm. Thickness influences the voltage density per 1 nm in the biasing process, so it is 

obvious that thin film devices will surely degrade faster. 

Fortunately, thickness of all hybrid materials films was around 400 nm and thus 

we are able to compare them. And on top of the rating, we can see two materials with the 

best AFM profiles Cs0.12FA0.8PbI2.92 and Rb0.1Cs0.15FA0.75PbI3. Unfortunately, their 

analog Cs0.15FA0.85PbI3 was not able to demonstrate significant stability. But it can be 

noted that absence of MA+, presence of inorganic cations like Cs+ or Rb+ does 
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significantly improves stability of the device and material itself. Also, the excess of PbI2 

in the chemical composition also appeals to have positive effect on device stability, as it 

probably shifts the equilibrium of the reaction towards the original components. 

 

5.2.3 Conclusion for the second stage 

Based on the results for the second stage of this work, we can conclude that the 

chemical composition of perovskite material influences its stability in bulk, but it does 

not always correlate with a complete solar cell stability. Of course, replacement of a 

highly volatile MA+ with the bigger cation FA+ or inorganic Cs+ and Rb+ improves 

stability of the device, but the thickness of the photoactive material in the device should 

also be as high as possible. At the same time, replacement of I- with Br- seems to have 

insignificant effect on device stability. 

 

5.3 Device configuration influence on electrochemical stability of the PSCs 

5.3.1 Influence of hole-transport layers on electrochemical stability of the device 

PSCs for all experiments at this stage were assembled in a conventional p-i-n 

configuration because this structure permits the largest variability in used HTMs. It also 

helps to avoid large J-V curve hysteresis, which we consider as a significant factor since 

large hysteresis exhibits presence of additional polarization effects able to affect the 

experiment.39,40 Structure of the device is demonstrated in Figure 21a. 
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Figure 21. Schematic structure of solar cells used in experiments (a). Chemical structures 

of organic HTMs (b). 

 

ITO was covered with the corresponding hole-transport material or with the 

specific sequence of materials. Stoichiometric Cs0.15FA0.85PbI3 was selected as a 

photoactive layer because it was defined in the previous stage as a highly effective 

material with relatively high stability.102,103 PCBM in combination with the Mg was used 

to provide electron transport and Ag contacts were evaporated on top through the shadow 

mask. 

For the experiment, we selected the set of well-known HTMs of different nature. 

PTAA was reported as an outstanding polymer for improving the perovskite films and 

PSCs photostability.104-108 PEDOT:PSS is a long-known hole-transport materials for p-i-n 

device architectures with promising PCE.106 Structures of these organic HTMs are 

presented in Figure 21b. We also applied inorganic HTMs such as NiOx and CuOx, CuI 

and CuSCN. All of them exhibit suitable valence band positions, wide bandgap and high 

transparency, resulting in favorable characteristics and stability of the PSCs.109-113 
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At the first stage, selected batches of the devices (at least 3 samples for every 

investigated HTL) were exposed to the electric bias in forward direction in a “stepwise” 

mode: starting voltage was set as 0.7 V and then it was increased every 50 hours by 0.1 V 

up to 1 V, then the voltage was increased every 50 hours by 0.2 V up to 2.2 V. This 

method simultaneously allows to accelerate the degradation process for obtaining results 

in short period of time and demonstrates the influence of voltage magnitude. The 

experiment was performed in the dark, at room temperature inside the glovebox with 

controlled atmosphere (O2, H2O < 0.1 ppm). Characteristics of all devices were measured 

every 25 hours, average magnitude was counted and normalized to the starting point. 

Applying bias from 0.7 to 0.9 V did not induce any changes in the device 

performance regardless the hole-selective material. The evolution of average normalized 

device PCE starting from 0.9 V is demonstrated in Figure 22a. Systems with such HTLs 

as CuI, CuSCN and PEDOT:PSS demonstrated significant PCE decreasing started from 

0.9 V biasing voltage. The NiOx-based system demonstrates relative stability at voltages 

below 1 V, but immediately goes almost to zero efficiency at 1.2-1.4 V applied bias. 

Devices with PTAA appeared to be the most stable during this experiment: they have 

demonstrated improvement of PCE for 10% at biasing voltages equal or less than 1 V.  
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Figure 22. Evolution of normalized PCE during the “stepwise” biasing of solar cells with 

various HTLs (a). Evolution of the efficiency of PSCs with PTAA as HTL under applied 

electric bias (VMPP = 0.7 V, VOC = 1 V, IMPP = 18.3 mA/cm2, Eg/q = 1.55 V) (b). 

 

It is notable, that dramatic change of the efficiency starts at particular biasing 

voltage for every system reproducibly. The appearance of the so-called “threshold 

voltage” for PSCs was already observed previously in the publication of the Bae et al. 

and confirmed in previous part of the Thesis. That means, in the current situation we can 

claim that the threshold voltage depends on the incorporated charge-transport materials, 

which makes it even more important to understand the influence of HTM nature on PSC 

electrochemical stability.  

Speculatively, the magnitude of this “threshold voltage” should be related to the 

VOC or VMPP of the solar cell. To check this assumption, we calculated the average VOC 

and VMPP for every batch of samples before biasing. The following values were 

estimated: for PTAA solar cells average VOC = 1020 mV and VMPP = 900 mV, for NiOx – 

910 mV and 730 mV, for CuSCN – 770 mV and 620 mV, for CuI – 790 mV and 610 

mV, for PEDOT:PSS – 800 mV and 750 mV respectively. Additionally, it is noticeable 
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that for all configurations PCE decreasing starts right after biasing voltage 

reaches/overcomes the VOC of the device. In view of the voltage magnitude effect, we 

faced the necessity to choose the best value applicable for further investigation of 

different systems electrochemical degradation rate. Our previous experiment was 

accelerated and so the result cannot be applied for comparison of the PSCs long-term 

degradation. 

On the second stage, ITO/PTAA/Cs0.15FA0.85PbI3/PC60BM/Mg/Ag configuration 

was chosen as the reference system for checking the influence of biasing voltage on the 

PSC stability and additionally choosing the right biasing voltage for further experiments. 

This system is the most stable at voltages less than 2 V so it was necessary to find the 

right voltage when PTAA solar cells do not degrade just in few hundreds of hours. We 

decided to divide PTAA solar cell samples to 4 batches (at least 6 samples in each batch) 

and apply 4 different biases: V1 – 0.7 V is less or equal to the initial VMPP of the solar 

cells, V2 – 1 V is equal to average VOC of the solar cells, V3 – 1.2 V is equal to V at IMPP 

in the dark and V4 – 1.55 V is equal to Eg/q. These parameters were chosen according to 

the recommendations of the consensus paper dedicated to the PSCs stability protocols.114 

In Figure 22b, the evolution of normalized PCE for all four applied biases is 

demonstrated. The reproducible 10 % increasing of device performance at VMPP biasing 

is observed. VOC biasing induces constant uniform decrease and loss of 40 % of 

efficiency after 1000 h of aging. IMPP and Eg/q biasing leads to total degradation of all 

devices in 800 h and 200 h accordingly. As expected, higher biasing voltage induces 

faster degradation of device performance. This data also positively correlates with recent 
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works implying the faster photo- and bias-induced degradation under OC conditions 

versus the MPP.115-117 We assume that underlying mechanism can be related to the 

charge-carriers accumulation,118-120 which at small times and/or voltages leads to the 

electrochemical doping of the semiconductor film(s) inside the solar cell and following 

PCE improvement. Similar effect was observed for MAPbI3 thin films conductivity in the 

work of Frolova et al. and in previous chapter of the Thesis. In this case VOC becomes an 

ideal “threshold voltage” since it corresponds the state with the highest charge-carriers 

accumulation in the device and thus becomes the highest voltage device can sustain. 

Further biasing will most likely lead to the inter-layer ion migration and reduction-

oxidation processes in the device.121,122 

Following the obtained results, we decided to take 1 V as a biasing voltage for the 

third stage of our work including long-term biasing. Since the most plausible way of 

device long-term degradation is supposed to be an interaction at the interfaces of different 

layers as well as possible mutual penetration of ions, we also decided to make devices 

with double combinations of hole-transport materials in the structure. Inorganic 

HTM|PTAA layers with direct PTAA-perovskite contact were included to reveal the 

influence of the inorganic HTM/perovskite interface. Solar cells where ITO was 

consequently covered with PTAA|CuI, PTAA|CuOx, PTAA|CuSCN, were provided to 

identify the influence of the ITO-inorganic HTL contact and reveal possible interactions 

between them. Evolution of normalized average PCE depending on exposure time of 

constant 1 V biasing is presented in the heatmap (Figure 23). Evolutions for absolute 

device characteristics are given in Supplementary materials (Figure A5 in Appendix A).  
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Figure 23. Evolution of normalized average efficiency for solar cells with various HTLs 

under constant 1V electric bias. HTLs are ranged from the best (top) to worst (bottom). 

 

For majority of HTLs degradation goes rapidly in first 300 hours of exposure; 

then the rate of parameters decreasing slows down until the end of the experiment. 

According to the results, VOC of solar cells does not contribute significantly into 

efficiency diminishment: in majority of the cases it remains constant; strongest 

contribution comes from JSC and FF decreasing. J-V evolution examples for all systems 

are given in the Supplementary materials (Figure A6 in Appendix A).  

According to the Figure 23 all HTMs and combinations of HTMs can be divided 

into 5 groups depending on their influence on device stability. The 1-st group contains 

PEDOT:PSS and NiOx and represents the least stable HTMs which go to zero efficiency 

in less than 2000 h. For MAPbI3 solar cells it was suggested that acidic PSS component 

chemically interacts with the methylamine – product of electrochemical degradation of 

perovskite.123 In the present experiment, we have formamidinium cations as a component 
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of the perovskite layer and it is highly expectable for PSS to react with the product of 

FA+ reduction, so PEDOT:PSS solar cells demonstrate the worst stability.  

NiOx being one of the HTM outsiders is also an expected result. Although 

surprisingly, combining NiOx with PTAA dramatically improves device stability making 

this layer one of the most promising close to that of PTAA. This effect of PTAA layer 

introduction between NiOx and perovskite evidences that the NiOx-perovskite interface is 

responsible for the electrochemical degradation process in the 

ITO/NiOx/Cs0.15FA0.85PbI3/PC60BM/Mg/Ag system. It is widely known that the interface 

between the oxide charge-transport layer and perovskite is chemically active.95,124 For 

NiOx the possibility of interaction with iodide under electric bias,125 formation of nickel 

iodide,126,127 and presence of the hydroxide layer on the NiOx surface,128,129 which could 

chemically interact with perovskite components, was also demonstrated. The possible 

reaction of perovskite with water molecules that could remain in NiOx layer due to 

fabrication process also cannot be excluded. Degradation can occur because of one or 

superposition of all pathways, but it is always a field-induced process, because reference 

samples stored in the dark inert atmosphere remained stable and retained almost 100% of 

the starting efficiency. Therefore, PTAA layer serves as a protection barrier between 

NiOx aggressive factors and perovskite layer. 

The second group of HTMs includes PTAA|CuOx and CuOx|PTAA. Only these 

PTAA-containing HTLs demonstrate low stability, which can be due to oxygen, traces of 

water and KOH remaining in the CuOx layer after immersing a CuI film in aqueous KOH 

solution. The third group contains CuSCN and CuI, and the fourth group is represented 
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by PTAA|CuI and PTAA|CuSCN. An interesting observation is that introduction of 

PTAA between ITO-CuSCN and ITO-CuI leads to the significant stability improvement. 

This result could specify that degradation in this case occurs at the ITO-Cu(I)X interface, 

but even better stability for the Cu(I)X|PTAA system than for the PTAA|Cu(I)X is 

observed. To sum up, it is most likely not the ITO-Cu(I)X interface responsible for the 

degradation, but the poor quality of Cu(I)X films on ITO leads to the pinholes in the 

layer. Most likely the Cu(I)X films were damaged during the following perovskite 

processing because they both can be slightly dissolved by polar solvents including DMF 

and DMSO.130 As a result, we observe interaction of perovskite with ITO and accelerated 

degradation. Preliminary deposition of the PTAA layer on ITO removes the influence of 

ITO-perovskite interaction on device stability and improves it almost to the PTAA-only 

containing devices.  

The fifth group contains the most stable CuI|PTAA, CuSCN|PTAA, NiOx|PTAA 

and PTAA systems. A PTAA polymer seems to be chemically inert to the adjacent layers 

components which makes this material the best candidate for perovskite protection from 

electric field-induced degradation. Almost all systems containing PTAA in the hole 

transport layer (except CuOx) kept more than 60% of starting PCE to the end of the 

experiment.  

Thus, electrochemical degradation of perovskite is undoubtedly related to the 

adjacent HTM. Most likely defects and aggressive components (oxygen, water and 

hydroxide molecules, acidic PSS) in hole-transport layer induce interfacial field-driven 

chemical reactions becoming the initiators of perovskite layer decomposition. We 
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collected all important characteristics and proceeding factors of used HTMs in Table 1 

for better visualizing and placed all HTLs according to their influence on device stability 

from best to worst divided into aforementioned five groups. 

As we can observe, the bottom of the rating belongs to water-processed HTMs, 

which contain an oxygen/hydroxide or acidic component. Copper salts with the direct 

perovskite contact perform a bit better, but degradation is still significant most likely 

because of their partial removal by solvents used for perovskites processing (DMF and 

DMSO). Finally, the devices with a direct PTAA-perovskite contact demonstrate the best 

stability. PTAA is a toluene-processed polymer, which does not demonstrate any 

chemical reactivity to perovskite. This makes PTAA the best candidate for stability 

improvement and even protection of perovskite from other aggressive materials like 

NiOx. Of course, it should be noted that PTAA could not protect perovskite from every 

danger like in CuOx|PTAA case. Another noticeable thing is that except for water-

processed HTLs there is a correlation between system stability and VOC, VMPP. This 

indicates the most suitable criteria for stability-improving HTLs including: chemical 

inertness towards perovskite component, using of perovskite-friendly solvents like 

toluene and chlorobenzene, complete insolubility in perovskite solvents, formation of 

tight flawless film and with highest possible VOC and FF. 
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Table 3. Stability rating of all used HTLs                                                                        

depending on their ability to boost the device stability and their characteristics. 

HTLs from best 

to worst 

VOC start 

average, 

mV 

VMPP start 

average, 

mV 

Solvents Aggressive factors 

PTAA 1020 900 Toluene - 

NiOx | PTAA 980 850 H2O | Toluene O2-, OH- | - 

CuSCN | PTAA 980 815 DPS | Toluene - 

CuI | PTAA 970 810 MeCN | Toluene - 

PTAA | CuSCN 980 810 Toluene | DPS - | Partial flush 

PTAA | CuI 1000 800 Toluene | MeCN - | Partial flush 

CuSCN 770 620 DPS Partial flush 

CuI 790 610 MeCN Partial flush 

CuOx | PTAA 900 800 MeCN, H2O-KOH | Toluene O2- | - 

PTAA | CuOx 960 810 Toluene | MeCN, H2O-KOH - | O2- 

NiOx 910 730 H2O O2-, OH- 

PEDOT:PSS 800 750 H2O Acidic PSS 

 

To confirm the positive influence of the PTAA layer we performed the ToF-SIMS 

analysis of NiOx and NiOx|PTAA cells degraded at 1 V for 2000 h (biased) and stored in 

the dark for the same time (fresh). The distribution of the marker ions corresponding to 

all solar cell components is reflected in the Figure 24 representing the full sequence of 

solar cell layers from the top Ag electrode to the bottom ITO substrate. Ion selection was 

concluded according to the publication of S. P. Harvey et al. about ToF-SIMS 

implementation for PSCs.131 Using the set of the chosen marker ions it is possible to 

observe their displacements after degradation. It should be noted that we performed a 
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ToF-SIMS analysis at the edge area of the biased electrode, because during the biasing 

we observed visual changes in almost all devices and all these changes emerged at the 

electrode edge and spread along the whole electrode subsequently. 

 

 

Figure 24. ToF-SIMS ions profiles for fresh and biased (2000 h) samples of solar cells 

with NiOx and NiOx|PTAA as HTLs. 

 

According to Figure 24 the degradation of the NiOx-based solar cell after biasing 

can be observed. Significant changes are noticeable in the silver electrode: accumulation 

of Ag+ ions on the edge with magnesium (green frame in Figure 24) indicates the 

chemical reaction of silver and formation of silver iodide, which is confirmed by I+ 

appearance at the same position (purple frame in Figure 24). This corrosion of electrode 

edge is also visible on the optical photo of the electrode presented in Figure 25. 
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Figure 25. Optical photos of the solar cell backsides after 2000 h under constant biasing. 

 

Magnesium also reacts with iodine according to the Mg+ intensity increasing and 

traces remaining along the whole device depth. At the same time, PCBM and NiOx layers 

represented by C2
- and NiO2

- ions do not demonstrate any significant changes. 

The most severe degradation is visible in the perovskite layer: formamidinium 

ions were completely removed from their initial position and after biasing accumulated 

within the PCBM layer (red frame in Figure 24), while cesium and lead ions remain 

almost the same. A similar effect was observed for MAPbI3 solar cells, where 

methylammonium cations diffused into ETL after biasing (Figure 13), which means the 

reduction of formamidinium ions and penetration of gaseous products into ETL is 

observed. According to Figure 26 these gaseous products find their way through the 

corroded silver and form a lot of pinholes in the electrode surface. Thus, almost complete 

destruction of the perovskite layer is observed with the following volatilization of organic 

species and iodine penetration through ETL and chemical reaction with the silver 

electrode. 
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Figure 26. Optical microscope images of the top silver electrode edges before and after 

biasing for 2000 h. 

 

At the same time, ToF-SIMS data for the NiOx|PTAA solar cell does not demonstrate 

strong changes in perovskite ions distribution (Figure 24). Slight intermixing of all layers 

into each other can be explained by simple ion migration under the applied electric field. 

Optical photo of the NiOx|PTAA device (Figure 25) confirm the absence of corrosion and 

microscopic photo of the electrode edge (Figure 26) confirms much lower concentration 

of pinholes. 

 

5.3.2 Influence of electron-transport layers and top electrodes  

To investigate the influence of electron-transport materials and top metal 

electrodes we decided to shift from the p-i-n to the n-i-p configuration for the best 

variability in both type of desired materials. The structure of the device is demonstrated 

in Figure 27a. ITO was covered with the applicable electron-transport material. Non-

stoichiometric Cs0.12FA0.8PbI2.92 was selected as a photoactive layer because it was 

defined in the previous stage as the most stable perovskite material under the applied 
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electric field. PTAA was chosen as the best HTL in terms of stability, according to the 

previous results. V2O5 was added to improve charge extraction. We selected the set of 

electron-transport materials (ETMs): In2O3, TiO2, ZnO and SnO2 – well-known inorganic 

oxides,132 and covered them with C60 or fullerene derivative phenyl-C61-butyric acid 

PCBA, which works as the analog to PCBM.133 We decided to concentrate on these set of 

materials to have the best possible variability and did not consider small-molecule ETMs 

because according to our previous results they most likely will be chemically aggressive 

towards perovskite. And that was another reason for choosing the n-i-p configuration 

despite the risk of parasitic effects related to increased hysteresis. 

For this stage, the experiment with “stepwise” biasing was passed down because 

we have already chosen 1 V as the optimal biasing voltage. So, we selected at least three 

samples for every device configuration with starting PCEs of approximately the same 

range. PCE depending on exposure time of constant 1 V biasing is presented in the Figure 

27b, while evolution of absolute device parameters is presented in Supplementary 

materials (Figure A7, Appendix A). It should be noted that there are no data for pure 

oxides as ETLs, because such devices demonstrated zero stability, they either were not 

working since the moment of production or degraded right after preparation even before 

the biasing. So pure oxides should be placed at the bottom of the stability rating, which is 

of no surprise. We already have demonstrated the influence of the direct contact between 

perovskite and copper/nickel oxides on electrochemical stability of the device. 

Implementation of C60 between the oxide and perovskite improves the stability of the 

device slightly. All systems were able to work not more than 500 hours, the best of them 
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with titanium oxide is presented in Figure 27. And, finally, placing fullerene derivative 

PCBA between perovskite and metal oxide improves stability of the device significantly, 

especially in case of tin oxide. We can conclude that fullerene derivatives demonstrate 

the highest chemical inertness towards perovskite and are able to perform the higher level 

of isolation from aggressive layers compared to pure fullerene C60. 
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Figure 27. Schematic structure of solar cells used in the experiment of ETL variation (a). 

Evolution of normalized average PCE of solar cells with various ETLs (b). 

 

Finally, we decided to assemble the best possible configuration to test and 

compare various metals for the top electrode, since the only metals we used in all 

experiments with solar cells mentioned above were silver, as it is one of the most 

widespread and commonly used electrode material in solar energy generation industry. 

Devices were assembled in configuration 

ITO/SnO2/PCBA/Cs0.12FA0.8PbI2.96/PTAA/V2O5/Metal electrode (Figure 28a). Metals for 

top electrode were varied as: Ag, Al, Au – the most demanded metals for photovoltaics. 
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Other available and tested metals were Bi, Mn, Cu, Co, Ni, Cr. Table 4 demonstrates 

average initial absolute PCE for all used systems in the electrode variation experiment. 

Figure 28b represents the evolution of normalized PCE depending on exposure time of 

constant 1 V biasing. Evolution of absolute device parameters is presented in 

Supplementary materials (Figure A8, Appendix A). As it is demonstrated, the best metals 

for top electrodes are gold and aluminum regarding both efficiency and stability.  

Table 4. Average initial PCEs for investigated systems with various top electrodes. 

Top electrode 

material 
Au Ag Ni Al Co Cr Mn Bi Cu 

Average PCE, % 18.0 17.8 17.2 16.6 12.3 9.4 8.2 6.3 5.1 
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Figure 28. Schematic structure of solar cells used in the experiment of top electrode 

variation (a). Evolution of normalized average PCE of solar cells with various electrode 

materials (b). 
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In the Figure 24, the appearance of iodide anions was detected on the edge with 

the silver electrode. We also observed the corrosion of the top electrode in Figures 25 and 

26. Thus, we can conclude that stability of the device depends on how strongly the 

electrode metal can react with iodine. The formation of iodides for some electrode metals 

was already mentioned in the literature.91-95,135 We hoped that we will be able to correlate 

the obtained result with some of the characteristics of all metals, but unfortunately, we 

were not able to define any dependances and assume that this matter requires additional 

long-term investigations, broadening the list of top electrode materials with other 

materials like carbon, carbon nano-tubes, ITO and etc. The only obvious conclusion 

could be made for now is that the gold electrodes demonstrate the best stability due to the 

low reactivity towards iodine.  

 

5.3.4 Conclusion for the third stage  

Based on the presented scientific findings, important guidelines for charge-

transport material design for stable PSCs are established. It was demonstrated, that during 

the choice of the CTL for stable perovskite solar cells a special attention should be paid 

to the chemical inertness of CTL towards perovskite, using of perovskite-friendly 

solvents simultaneously with complete insolubility in perovskite solvents, formation of 

the tight flawless film and with the highest possible VOC and FF of the complete device. 

Furthermore, special attention should be paid to the interface between the charge-

transport layer and perovskite. In this regard, double CTLs consisting of the organic layer 

in direct contact with perovskite and supporting metal oxide are of great interest because 
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of organic-perovskite interface stability and inorganic material encapsulation properties 

combination.90,136 
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Chapter 6. Conclusions 

 

Herein, we revealed for the first time a comprehensive mechanism of previously 

poorly investigated electrochemical decomposition of CH3NH3PbI3 using a set of 

microscopy techniques (optical, AFM, PL) and ToF-SIMS. We demonstrated that applied 

electric bias induces the oxidation of I- to I2, which most likely remains trapped in the 

film in the form of polyiodides and, hence, the process can be conceivably reversed by 

reduction. On the contrary, reduction of organic methylammonium cation produces 

volatile products, which leave the film making the degradation irreversible and thus 

reduction becomes the crucial point of the whole process. 

We also demonstrated the influence of chemical composition on electrochemical 

stability of bulk material and complete device and concluded that replacement of highly 

volatile MA+ to the bigger cation FA+ or inorganic Cs+ improves stability, while variation 

of anion in the structure seems to have insignificant effect on device stability. 

We proposed a general pathway for electrochemical degradation of solar cells. 

Small biasing voltage and duration lead to the electrochemical doping and efficiency 

increasing due to charge-carriers accumulation, but further biasing induces interlayer ion 

migration and even redox process in the perovskite layer, both processes confirmed by 

the ToF-SIMS technique. The latter occurs if an aggressive factor like oxygen, water, 

acidic or basic reagent comes from the adjacent charge-transport layer and initiates 

degradation.  

We also presented the first systematic study on the influence of charge-transport 

materials and top electrodes on the field-induced degradation of perovskite solar cells. 
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And it was revealed that the most important factors for improving the solar cell stability 

are enhanced VOC and FF of complete device, chemical inertness of adjacent charge-

transport material (for example polymers or carbon-based materials) and its solvent 

towards perovskite (toluene, chlorobenzene), insolubility of CTLs in solvents for 

perovskite processing, formation of tight flawless films and, finally, the high thickness of 

perovskite layer. These conclusions can serve as material selection criteria for 

enhancement of perovskite solar cell stability.  

We also think that method of measuring PCE(t) of solar cells introduced in this 

Thesis can be widely applied for the analysis of PSC stability because of its flexibility 

and possibility of parameter variation. 

We strongly believe that our insightful results will lead new pathways for further 

development of stable perovskite photovoltaics.  
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Figure A1. XRD data for freshly prepared optimized thin films of perovskite materials:                                                             

MAPbI3 (a), MA0.15Cs0.1FA0.75PbI3 (b), Cs0.15FA0.85PbI3 (c) Cs0.12FA0.8PbI2.92 (d), 

Rb0.1Cs0.15FA0.75PbI3 (e), Cs0.125FA0.875PbBr0.375I2.625 (f),                                            

CsPbI2Br (g) and MAPbIxCl3-x (h). 
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Figure A2. Evolution of the solar cell open circuit voltage (VOC; a, c, e) and short circuit 

current density (JSC;  b, d, f) as functions of the electric bias exposure time at the applied 

potentials of 1 V (a-b),  1.5 V (c-d) and 2 V (e-f)  in forward and reverse directions. 
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Figure A3. Evolution of the solar cell fill factor (FF; a, c, e) and power conversion 

efficiency (PCE;  b, d, f) as functions of the electric bias exposure time at the applied 

potentials of 1 V (a-b),  1.5 V (c-d) and 2 V (e-f)  in forward and reverse directions. 
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Figure A4. Evolution of the absolute values for solar cell average open circuit voltage 

VOC (a), short circuit current density JSC (b), fill factor FF (c) and power conversion 

efficiency PCE (d) as functions of the electric bias exposure time at the applied potential 

of 1 V in forward direction, depending on the used perovskite material. 
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Figure A5. Evolution of the absolute values for solar cell average open circuit voltage 

VOC (a), short circuit current density JSC (b), fill factor FF (c) and power conversion 

efficiency PCE (d) as functions of the electric bias exposure time at the applied potential 

of 1 V in forward direction, depending on the used HTL. 
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Figure A6. The typical examples of the device J-V curves evolution under 1 V external 

bias voltage applied in forward direction. 
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Figure A7. Evolution of the absolute values for solar cell average open circuit voltage 

VOC (a), short circuit current density JSC (b), fill factor FF (c) and power conversion 

efficiency PCE (d) as functions of the electric bias exposure time at the applied potential 

of 1 V in forward direction, depending on the used ETL. 
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Figure A8. Evolution of the absolute values for solar cell average open circuit voltage 

VOC (a), short circuit current density JSC (b), fill factor FF (c) and power conversion 

efficiency PCE (d) as functions of the electric bias exposure time at the applied potential 

of 1 V in forward direction, depending on the used top electrode metal. 

 


