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3. Abstract 

Metal-halide perovskites have emerged as promising next-generation solar cells and have 

already achieved high power conversion efficiencies, rivalling current technologies. The 

chemical stoichiometry of perovskite can be easily varied to tune the material’s bandgap to 

produce a range of photovoltaic devices unrealised by other materials. Halide perovskites can 

also be easily fabricated from solutions or evaporated at a possibly low cost. However, what 

use does a solar cell have if it only lasts a few months? Little! So, I choose to explore the 

material stability of lead-halide perovskites in this thesis. Making stable halide perovskites 

would allow the fabrication of more efficient and more cost-effective solar cells. Hopefully, 

that can alleviate some of the possible outcomes of climate change. Even if perovskites are 

unsuitable for photovoltaic applications, extending the range of possible semiconductors 

away from only classically inorganic ones to more hybrid materials will hopefully bring an 

advantage for humanity. And for any semiconductor application, a stable material is needed! 

The challenge with improving the stability of halide perovskites lies in the manifold of different 

factors one has to consider: 

• A variety of different environmental conditions in which the device must be stable 

• The different materials which are in contact with the perovskite absorber 

• The myriad of chemical stoichiometries that constitute lead halide perovskites, each 

facing different stability issues, to name some:  

o Phase stability  

o Halide segregation  

o Cation segregation  
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o Evaporation of the organic component 

o Sublimation of the halides 

o Ion migration 

One of the critical findings in this thesis is that instabilities are not inherent for a specific 

perovskite, e.g., FAPbI3, but strongly depend on how the material is made. I developed two 

new fabrication routes (the DMA+ and 2D-3D-route), which, surprisingly, resulted in more 

stable perovskites compared to the classical routes with, for example, DMF and DMSO. Even 

though the classical and new routes both deliver a nominal almost identical material. Critical 

factors for that are the processing solvents and the crystallisation. With the DMA route, I got 

significantly more stable mixed halide perovskites. At 65 °C and under full-spectrum 

illumination, the DMF/DMSO devices had a T80 (the time until it reaches 80% of its peak 

median efficiency) of 780 h, while the DMF/DMACl devices had a T80 of 1190 h. 32 devices of 

each were measured. The best DMF/DMSO and DMF/DMACl device had a T80 of 1040 h and 

1410 h, respectively. At 85 °C and otherwise the same aging conditions, the DMF/DMSO and 

DMF/DMACl devices had a median T80 time of 330 h and 430 h, respectively. 27 devices were 

measured for each. The most stable DMF/DMSO and DMF/DMACl devices at 85 °C had a 

median T80 time of 380 h and 490 h, respectively. In terms of efficiency, I found that the DMA 

route produces equally efficient devices as the DMF/DMSO route.  

Besides these fabrication methods, I also developed a new passivation type. It is dynamic. It 

allows for the passivation of defects not only during the fabrication but also to passivate newly 

evolving defects during the operation. The molecule is called HUBLA (hindered 

urea/thiocarbamate bond Lewis acid-base). It is inspired by the field of living polymers. I prove 

the dynamic passivation of HUBLA chemically through X-ray photoelectron spectroscopy (XPS) 

and physically through photoluminescence maps of aged and not-aged perovskite films. I then 
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go on to show the stability of perovskite films under various different stressors. HUBLA 

improves the stability of the thin films under moisture and heat. In devices, HUBLA 

significantly improves the efficiency and stability. The best-performing n-i-p device with 

HUBLA reaches 24.7%, while the control reaches 21.7%. In p-i-n devices, the best-performing 

device with HUBLA reached 25.1% and for the control, 22.7%. Devices under 1 sun illumination 

at 85 °C retained less than 50% of their initial performance after 431 h. The same devices 

under the same conditions with HUBLA retained 88% of their initial value over 1000 h. In N2 

at 85 °C and under 1 sun, the control devices have a T80 of 866 h, and the HUBLA devices 

maintain 94% after aging for nearly 1500 h. At 85 °C in N2, the HUBLA devices retained 90% of 

their initial efficiency after 21864 hours. Nearly 2.5 years at the highest tested operating 

temperature for photovoltaics, and the devices still worked well. I believe that this shows the 

extraordinary potential of dynamic passivations.  
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7. The need to advance PV: Climate Change 

Industrialisation in the last two centuries has significantly increased the emission of 

greenhouse gases (GHGs). These lower the planet's cooling rate by absorbing outgoing 

longwave radiation and storing the heat instead of allowing it to escape into space. The result 

is a continuous rise in global temperature and extreme changes in the climate, which have 

increased human mortality and the likelihood of extreme weather events.1  

 

Figure 1 The development of global greenhouse gas emissions and predicted emissions 

modelled from 2015 onwards. The coloured ranges denote the 5th to 95th percentile across 

the global modelled pathways. The red ranges depict emissions pathways assuming policies 

that were implemented by the end of 2020. Ranges of modelled pathways that limit warming 

to 1.5 °C (>50%) with no or limited overshoot are shown in light blue and pathways that limit 

warming to 2 °C (>67%) are shown in green. Global emission pathways that would limit warming 
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to 1.5 °C (>50%) with no or limited overshoot and also reach net zero GHG in the second half 

of the century do so between 2070–2075. Figure and text adapted from 1. 

Strong greenhouse gas emission reductions are needed to limit the warming to 1.5 °C below 

pre-industrial levels, as shown in Figure 1. Photovoltaics (PV) are one of the best ways of 

mitigating the impact of climate change by changing the way humanity produce energy 

moving away from fossil fuels towards renewable energies, as shown in Figure 2. The more 

one can lower the environmental footprint, the better. Meaning that further improving PV is 

a good way of tackling climate change.2 Especially promising are halide perovskites because 

as a single-junction device they offer a lower CO2 footprint compared to already established 

PV technologies.3 They can also provide novel functionalities for new applications as, for 

example, efficient, flexible solar cells, which would extend the possible usage of PV devices.4 

In a tandem stack, they can increase the power conversion efficiency (PCE) of PVs further, 

which could lower the installation cost and time. 

 

Figure 2 Overview of selected mitigation options and their estimated costs and potentials in 

2030. Relative potentials and costs will vary by location, context and time and are likely to 

change over the longer term beyond 2030. Costs are net lifetime discounted monetary costs of 

avoided greenhouse gas emissions calculated relative to a reference technology. The unit is 
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USD tCO2-eq –1 which means the cost, in US dollars, of reducing or removing one ton of carbon 

dioxide equivalent emissions. This unit is commonly used in discussions related to the cost-

effectiveness of different strategies for mitigating greenhouse gas emissions. The potential 

(horizontal axis) is the quantity of net GHG emission reduction that can be achieved by a given 

mitigation option relative to a specified emission baseline. Net GHG emission reductions are 

the sum of reduced emissions and/or enhanced sinks. The baseline used consists of current 

policy (around 2019) reference scenarios from the AR6 (the 2023 IPCC report) scenarios 

database (25–75 percentile values). The mitigation potentials are assessed independently for 

each option and are not necessarily additive. Figure and text adapted from 1. 

  



24 

 

8. General introduction to photovoltaics 

Please note that the following text is partly inspired from the book Physics of Solar Cells by 

Jenny Nelson.5 

Photovoltaics describes the conversion of light into electricity through the photovoltaic effect. 

A photovoltaic system consists of solar modules which are made of solar cells. A solar cell 

produces electricity by absorbing light, as shown in Figure 3. Theoretically any radiation can 

be used to be converted into electricity, even radioactive radiation like beta particles (called 

betavoltaic).6 To give some historical introduction, the Bell Labs built the first solar cells out of 

silicon in 1954 with about 6% efficiency.7 

Figure 3 Sun light spectrum and the corresponding ideal black body spectrum for the surface 
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temperature, the solar spectrum (AM0) and the received solar spectrum at sea level (AM1). 

Adapted from8. 

The push to develop solar cells further originated from the space industry, where they proved 

to be the most reliable energy source for space missions. The critical mission was the Vanguard 

I, launched in 1958, which marked the first use of solar-powered satellites. The Vanguard I 

demonstrated remarkable longevity, operating for six years, while the concurrently employed 

battery system failed after just six days.9 This early success underscored solar cells' reliability 

and longevity advantages in space applications. Today, PV systems are the typical energy 

source used in space missions like the international space station, as shown in Figure 4. In the 

following, I will explain how a solar cell works.  

 

Figure 4 Picture of the International Space Station from the SpaceX Crew Dragon Endeavour on 

Nov. 8, 2021. The station is 263 miles above the Marshall Islands in the Pacific Ocean at the 
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moment the picture was taken. The 8 orange/gold panels right and left are PV devices. The 

picture was taken by NASA.10 

Light consists of electromagnetic radiation. When absorbed by a semiconductor, the electrons 

within the material become excited and move to a higher energy band. The electron must be 

separated from the ground state to harvest this energy. The separation is feasible through the 

semiconductor bandgap and an asymmetric junction. The electron is excited from the valence 

into the conduction band. Excess energy is rapidly lost and the electron thermalises to the 

energy of the conduction band. In the case of metals, the electron could not be extracted 

because it would recombine through thermalisation with the ground state too quickly to be 

extracted. For an insulator, the bandgap is too large that the energy of the light is insufficient 

to excite the electron into the conduction band. Therefore, the semiconductor's bandgap 

should be significantly larger than the average thermal energy at room temperature (RT) of 

kBT ≈ 25.7 meV.  

Upon excitation, the electron leaves behind a quasi-particle in the valence band with opposing 

polarity, a hole. In an equilibrium, for a solar cell in the dark, the probability of an electron or 

hole occupying an energetic state is given by the Fermi-Dirac statistic:  

𝑛̅𝑖 =
1

𝑒(𝐸𝑖−𝜇)/𝑘𝐵𝑇 + 1
 

Where 𝑛̅𝑖 is the average probability of electrons or holes in a given energetic state 𝐸𝑖. μ is the 

chemical potential, 𝑘𝐵 is the Boltzmann constant, and T is the temperature. At zero Kelvin, the 

chemical potential would be equal to the Fermi Energy. This equation also describes the Fermi 

level. It is the energy needed to add one electron to the semiconductor or in other words it is 

the kinetic energy of the highest occupied state. 
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Under non-equilibrium conditions, a solar cell under illumination, the Fermi level splits into 

two quasi-Fermi levels, one for holes and one for electrons. The deviation of each quasi-Fermi 

level from the equilibrium Fermi-level reflect the local concentration of electrons and holes 

within their respective bands, in the semiconductor. The difference in the quasi-Fermi levels 

defines the local chemical potential Δμ. If electrons could be collected at one side of the 

semiconductor and holes the other, the potential difference would simply be V = Δμ. Within 

the light absorbing layer, Δμ reflects the maximum voltage that a solar cell could produce 

under the current lighting conditions. The total energy increase or electrochemical potential 

energy is given by the Gibbs free energy, NΔμ. N is the number of excited electrons. In the 

dark, Δμ=0. 

A gradient in at least one of the quasi-Fermi levels is required to produce power, typically 

achieved by having spatially varied concentrations of carriers. Two different driving factors 

can promote that and lead to the separation of the electron-hole pair. (1, drift) A built-in 

electric field that forms at the interface between two materials with a different work function. 

(2, diffusion) A charge-carrier gradient is produced through the selective removal of the 

charge carriers on opposite sides of the device. In perovskite solar cells, charge separation 

happens primarily via diffusion.11–13  

In general, the main analysis tool of solar cells is the current-voltage characteristic (the IV-

curve). The voltage is varied while measuring the current and the product of both defines the 

power the solar cell produces. A good solar cell has a J-V curve with the shape shown in Figure 

5. In the following, the four key parameters which describe a solar cell are explained: The Fill 

Factor (FF), the short-circuit current (JSC), the open circuit voltage (VOC) and the power 

conversion efficiency (η).  
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The JSC describes the current produced by the solar cell without an applied load (V=0 V). It is 

related to the quantum efficiency (QE) of the solar cell. It describes the probability that an 

incoming photon will produce an outgoing electron for a given energy. It is typically given as 

a percentage, e.g. 80% of all incoming photons of a given wavelength produced an electron 

hole pair:  

𝐽𝑆𝐶 = 𝑞 ∫ 𝑏𝑆(𝐸) 𝑄𝐸(𝐸) 𝑑𝐸 

q is the elementary charge and bS describes the incident light spectrum. It is the incoming 

photon flux density for a given energy, as shown in Figure 3. The current-voltage characteristic 

(J-V curve) for an ideal diode is given by:  

𝐽(𝑉) = 𝐽𝑆𝐶 − 𝐽𝑑𝑎𝑟𝑘(𝑉) 

Where 𝐽𝑑𝑎𝑟𝑘(𝑉) is given with:  

𝐽𝑑𝑎𝑟𝑘(𝑉) = 𝐽0(𝑒
𝑞𝑉

𝑘𝐵𝑇 − 1) 

With that one can derrive the VOC with:  

𝑉𝑂𝐶 =
𝑘𝑇

𝑞
ln (

𝐽𝑆𝐶

𝐽0
+ 1) 

With T being the temperature, k or kB the Boltzmann constant and 𝐽0 is a material property. 

The FF describes the “squareness” of the current-voltage characteristic. It is given by the ratio 

of the maximum power and the product of 𝐽𝑆𝐶  and VOC:  

𝐹𝐹 =
𝑃𝑀𝑃𝑃

𝐽𝑆𝐶𝑉𝑆𝐶
=

𝐽𝑀𝑃𝑃𝑉𝑀𝑃𝑃

𝐽𝑆𝐶𝑉𝑆𝐶
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The efficiency η is the ratio of the produced power divided by the incoming power of the light. 

It is given by:  

𝜂 =
𝑃𝑀𝑃𝑃

𝑃𝐿𝑖𝑔ℎ𝑡
=

𝐽𝑀𝑃𝑃𝑉𝑀𝑃𝑃

𝑃𝐿𝑖𝑔ℎ𝑡
=

𝐽𝑆𝐶𝑉𝑆𝐶𝐹𝐹

𝑃𝐿𝑖𝑔ℎ𝑡
 

The dark current represents the potential from the load applied through the electrical circuit. 

In the dark the J-V curve would have the same shape only shifted to zero current at zero 

voltage. In Figure 5, a typical J-V curve under illumination is shown.  

 

Figure 5 Typical IV-curve and the corresponding power. Adapted from 14.  
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9. Introduction to halide perovskites 

Halide perovskites offer applications ranging from single photon detection15 to light-emitting 

diodes (LEDs).16 Especially prominent are the PV applications, which took off in 2012.17,18 To 

give a brief historical introduction, halide perovskites were first used in a PV device by 

Miyasaka and co-workers in a dye-sensitised solar cell (DSSC) as nanocrystals in 200619 and 

2009.20 They synthesized the nanocrystals by combining lead iodide or lead bromide with the 

corresponding methylammonium halide salts. The dispersion was then spin-coated into the 

TiO2 scaffold. They used an iodide-triiodide (I−/I3
−) liquid electrolyte redox couple to facilitate 

hole extraction.20,21 However, the performance of the device often would last only for up to a 

few hours. Three years later, Snaith and co-workers17 showed that it forms a solid at higher 

molarities and reached surprisingly high power conversion efficiencies (PCE) of 10.9%. At the 

time, most new emerging PV materials rarely got above 10% and typically only after decades 

of research. Snaith and co-workers also realised that the commonly used TiO2 layer wasn’t 

necessary since they could also use an insulating scaffold of AlOx. The perovskite layer had 

good enough charge transport that the charge extraction scaffold, the TiO2, became obsolete 

or at least could be significantly reduced in size. At the same time as Snaith, Park et al.22 found 

that using a solid hole transporting material significantly improved the lifetime of their used 

methylammonium (MA+) lead iodide nanoparticles (NPs). They reached 9.7% by optimising 

the thickness of the mesoporous TiO2 layer. Interestingly, Kanatzidis and co-workers, around 

the same time, used a halide perovskite as a hole conductor in a solid state DSSC and observed 

an enhancement in the external quantum efficiency (EQE). However, it was unnoticed that the 

caesium tin iodide perovskite was photo-absorbing as well.23 That set the start of an exciting 

development of solid-state halide perovskites used in photovoltaic devices. 
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Halide perovskite here describes the typical structure in which three or more elements, of 

which one is a halide form corner-sharing-octahedrons with one of the elements filling the 

space between the octahedrons as shown in Figure 6. They are described by A+B2+(X-)3 with A+ 

being an inorganic cation like Cs+ or an organic molecule like methylammonium (MA+) or 

formamidinium (FA+). B2+ is Pb2+ or Sn2+ (in rare cases also Ge2+) and X- is a halide as I-, Br- or 

Cl-. The halides fill the corner positions of the octahedrons, with the metal filling the space in 

the octahedron, and the A-site filling the space between the octahedrons.  

 

Figure 6 Crystal structure of FAPbI3. The crystal structure was taken from 24. Formamidinium is 

shown in the middle with carbon being brown, nitrogen is light blue and hydrogen is white. I- 

is purple and Pb2+ is grey.  

After the initial discovery in 2012, PSCs quickly improved and reached efficiencies of 

conventional and already established PV technologies like CIGS and silicon (Si). In the 

following, some critical findings for the rapid increase in efficiency are outlined in 

chronological order. Please note that often the highest efficiencies are achieved with 
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Figure 7 Best research cell efficiencies from National Renewable Energy Laboratory (NREL). 

Adapted from 25. Accessed on the 03.01.2024. 

solution-processed PSCs meaning that all precursor salts are dissolved in a solvent, mixed, 

deposited and dried producing a solid thin film. After the initial discoveries as already outlined, 

Bach and co-workers used a solvent (also called anti-solvent) to rapidly reduce the solubility 

of the precursor solution on the spinning substrate to rapidly form a dense and solid 

perovskite film.26 Seok and co-workers changed the commonly used solvent system to 

coordinating and high-boiling point solvents like dimethyl-sulfoxide (DMSO) to dissolve the 

perovskite precursor materials.27 That changed the crystallisation of the material, an 

intermediate phase formed with MAI–PbI2–DMSO. Only by annealing the films at higher 

temperatures a full 3D perovskite phase would form. Further progress was achieved by mixing 

of different A-site cations, MA+ and FA+ 28 or later even three cations with Cs+.29 Pinning down 

the direct advantage of that is difficult but essentially all three cations have advantages and 

disadvantages and by combining all three cations the disadvantages (e.g. phase stability) can 
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be balanced. Also the net tolerance factor is within the stable region, more about that later in 

this chapter. More progress has been achieved by using a 2D perovskite as a passivator on 

top, mixed within or below the 3D perovskite layer.30 This resulted in lower non-radiative 

recombination losses which are induced at the interface towards charge-transport layers. 

Finally, the change away from a mesoporous TiO2 layer towards planar structures with for 

example SnO2 or self-assembled monolayers (SAMs) as charge transport layers.31,32 Through 

these advances PSCs managed to obtain certified 26.1%, approaching the efficiency of the 

market leader silicon solar cells of 26.8%, as shown also in Figure 7. In a stack with Si they 

surpassed any other tandem technology even III-V element solar cells as GAAs with certified 

33.9%.25 The first practical Si solar cell was presented in 1954.7 Silicon has 70 years of research. 

Within only 12 years perovskite solar cells managed to almost close the gap at least in terms 

of efficiency. 

 

Figure 8 Golden Triangle of performance for solar cells.33 

While the push towards higher-efficiencies is important, it is equally important that the solar 

cell retains most of its performance during the usage as device and that the cost of the device 

is low. That is summarised in the golden triangle of performance for solar cells as shown in 
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Figure 8. One can relate those three parameters through the levelised cost of electricity 

(LCOE). The LCOE is simplified the cost of the whole PV installation divided by the total 

produced energy of the system. In a previous work I used that to derive a parameter space 

which is defined through the LCOE of silicon solar cells. Meaning that to achieve the same 

price as silicon solar, the current PV market leader, perovskite solar cells have to achieve these 

parameters. Or in other words that is what halide perovskites have to achieve to improve PV 

and help tackle climate change. In Figure 9, I show that for scenario representative of 2021 in 

which the silicon solar cells last 25 years, has an efficiency of 19.9% (the US median value for 

2021) and a LCOE of 11.9 US¢/kWh. All these values are based on the NREL PV Benchmark 

report.34 The lifetime is given as T80 meaning the time until the devices reaches 80% of its 

initial PCE. Please note that the manufacturing cost are uncertain as they strongly depend on 

the materials which are used in the commercialised product. The shown manufacturing cost 

values are based on literature which model a low-cost architecture if it would be scaled-up 

and produced in large scales.35–37  
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Figure 9 Cost analysis of silicon/perovskite tandems, perovskite/perovskite tandems, single-

junction PSCs and a silicon module.4 Please note that I made this figure. The indicated 

manufacturing cost are calculated low-cost manufacturing cost for all-perovskite tandem, a 

perovskite module and a silicon-perovskite module based on literature values. The line for the 

silicon module cost is the actual cost of a current module. The graph shows how long the 

modules would have to last depending on the efficiency and manufacturing cost to reach the 

same cost as silicon in 2021.  

As shown in Figure 9, PSCs are likely required to last for at least a decade and likely even two. 

However, so far, most devices only last for days, months or a year. A key reasons for that is 

that high performance is often achieved by compromising stability. For example, Spiro-

OMeTAD, a hole transporting material (HTM), is used in many record efficiencies PSCs even 

though it is fairly established that the material and the necessary dopings with it cause 

instabilities.38 In other words, there is a temptation to use materials which lower the stability 

in the push for higher efficiencies. Another challenge with improving the stability further lies 
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in the variety of different conditions it has to be stable under heat, light, moisture, air, electric 

fields and mechanical pressure.39 However, assessing if a change to the device improves the 

stability under all conditions is challenging and takes often significant time. For example, light-

stability measurements can take up to 6 weeks or longer, especially if tested under different 

temperatures and humidity the time-frame can be several months. A third challenge comes 

from the difficulty in understanding the origins of degradation in a PSC. Multiple layers and 

materials are used together and it is difficult to disentangle the influence of each layer and 

material. Given these challenges the focus of this work is on studying the change of the 

perovskite layer itself first and then later understanding how that change impacted the 

stability in the full device.  
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10. Stability of lead halide perovskites 

In the following, the major stability challenges of lead halide perovskites are outlined. One of 

the key challenges is the decomposition of the organic cations and the subsequent degassing 

of their degradation products and the formation of the wide-bandgap PbI2. Especially MA+ is 

susceptible to deprotonation and consequently reacts with neighbouring atoms, such as 

iodide, forming HI and CH3NH2 which evaporate.40 Consequently, compositions without MA+ 

have been becoming the focus for a more stable perovskite. However, even the more 

thermally stable MA+ free perovskites suffer from instabilities. The other two binary lead 

perovskites, CsPbI3 and FAPbI3, are phase-unstable. So, at RT and especially at lower 

temperatures they are thermodynamically prone to change from a perovskite structure to a 

non-perovskite structure, called δ-phase. The common solution for that is mixing FA+ and Cs+. 

The resulting FA1-xCsxPb(I1-yBry) perovskite with 0 < x < 1 and 0 ≤ y ≤ 1 is phase stable at RT. 

However, under different stress, for example, moisture exposure it is possible that the ions, 

FA+ and Cs+, segregate to form individual phases which are subsequently again phase-

unstable. Overall, it seems more likely that it is possible to improve the phase instability of 

FAPbI3, CsPbI3 or a mixture of both compared to creating stable MAPbI3.41 Given that MA+ is 

inherently more susceptible to heat and more likely to deprotonate than FA+.42 

Further stability challenges arise from the halides. In particular, Iodide is prone to degas as I2 

or HI and leave the perovskites structure.43 Additionally ion migration under light or an electric 

field might cause detrimental reactions at the interfaces or might worsen the charge 

extraction.44 Further other elements from adjacent layers like the metal contact layer might 

migrate into the perovskite layer and cause the formation of recombination centres or react 

with the halides.45 Equally the halides can migrate to the metal electrodes and react with 
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them.46 If water is present the perovskite might also hydrate and finally further go into the 

hexagonal phases from which it then further decomposes.47 Further there are mechanical 

adhesion issues especially happening in planar n-i-p structures, meaning the layers can break 

apart and voids are forming.48 In summary, there is a variety of different decomposition 

pathways which are depending on the exact perovskite compositions, the conditions under 

which the perovskite is aged and in a solar cell the exact device stack. See Figure 10 for a 

comprehensive summary. 

 

Figure 10 Grey boxes are causes, the blue box are effects and the red box are mitigation 

strategies and specific implementations. Adapted from 49.  

In the following I will outline some of the major progresses for more stable perovskite solar 

cells which have been reported so far. The first one was changing from a solution to a solid 

perovskite absorber.17 That MA+ is especially volatile and leaves the structure easily.50 A few 
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years later it became clear that there are significant influences of the adjacent layer and that 

for a stable perovskite cell also a stable architecture is needed.51 Good advancements were 

also made by improving the encapsulation.52 Furthermore, the addition or usage of a 2D 

perovskite was found to improve the stability especially in the presence of moisture.53  

Some of the recent noticeable device stability achievements are mentioned below. An 

especially challenging target is the stability under light at 85 °C - the likely highest operating 

temperature PSCs would encounter.54 Recently, two research groups reported especially 

promising results for that. The group around Alex K.-Y. Jen used a 2D conjugated metal–

organic framework as an electron transporting layer (ETL) at the perovskite/metal interface 

and reported 90% after 1000 hrs under maximum power point (MPP) at 85 °C under 

continuous light exposure.55 The group around Yanfa Yan reported a passivation of the 

perovskite with a phosphorus-containing molecule which apparently binds to lead.56 Their 

devices retained more than their initial efficiency at 85 °C under light at open circuit (OC) for 

more than 1500 hrs. In summary there was a continuous and significant progress in the 

stability of PSCs but it is not yet enough for a successful commercialisation. Perovskite solar 

cells will have to last for decades to reach the same price as silicon.   

Besides that there seem to be some general trends in the stability of halide perovskite as 

recently analysed by Jacobsson and co-workers.57 They analysed stability data of over 7000 

devices and found that especially a carbon electrode is important for a stable PSC. That is 

consistent with reported stability records, for example, by Grancini et al.58 for over 1-year 

stable devices under continuous light at 55 °C, which also used a carbon electrode in a HTM 

free, fully printable mesoscopic architecture.59 However, so far PSCs with carbon electrodes 

are lacking significantly behind in efficiency. Similar electrode designs, however, reached 
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higher efficiencies. Liyuan Han and co-workers fabricated a composite of copper–nickel (Cu–

Ni) alloy which was covered by an in situ grown bifacial graphene which they hot-pressed onto 

the device.60 They reached 24.34% and an impressive light stability at RT of over 5000 hours 

with only 5% loss of the initial performance. In summary, it is fairly established that for a more 

stable halide perovskite device a not-metal electrode will be needed46,61 or at least a dense 

and continuous layer which prevents the halides from reaching the metal. Boyd et al.62 

showed that this is can be challenging since the halides can also migrate lateral and even a 

uniform and impermeable ITO layer is not necessarily enough to prevent them from reaching 

the metal contact.  

Jacobsson and co-workers57 also found that CsPbI3 is more stable than FAPbI3 which again is 

more stable than MAPbI3. CsPbI3 is general described as an inorganic perovskite since only Cs+ 

is used as A-site cation. However, often organic materials like DMA+ are used to phase-stabilise 

the perovskite. So, one has to be cautious in assuming that the photo-absorber is inorganic – 

it likely is not. In general, it also has to be noticed that the phase instability of the CsPbI3 is 

more severe than for FAPbI3. Under ambient air exposure at RT pure CsPbI3 will degrade within 

seconds to minutes while pure FAPbI3 will last hours to days. The exact duration till both 

perovskites are fully degraded depends strongly on the exact fabrication, especially the 

temperature at which the perovskite layer was annealed and how it was cooled are important. 

A noticeable work about CsPbI3 was recently published by Yueh-Lin Loo and co-workers.63 

They used large amount of polyvinylpyrrolidone (PVP) as addition to the perovskite precursor 

which was later removed by soaking the perovskite layer in IPA afterwards. The novelty of 

their work was the usage of a CsCl treatment after the fabrication to create a 2D Cs2PbI2Cl2 

perovskite layer on top of the inorganic perovskite. Additionally, they observed a temperature 

dependent degradation behaviour which fitted to an Arhenius reaction rate behaviour. From 



41 

 

that they estimated that their CsPbI3 devices with a 2D capping layer would last more than 5 

years at 35 °C. However, at 110 °C in air without encapsulation their 2D capped CsPbI3 devices 

degrade within a few hours. In the following, I will go into more detail what describes the 

phase stability of perovskites.  

10.1. Tolerance Factor 

The tolerance factor describes the size which the three or more different ions need to have to 

form a 3D perovskite structure. It is supposed to be a guidance to predict novel 3D perovskite 

structures, but it can fall short of accurately predicting the formation especially for hybrid 

materials. However, regardless of its accuracy understanding the limits of the tolerance factor 

is surprisingly useful in also understanding the challenges of creating phase-stable perovskites. 

In the following, I will outline various models for the tolerance factor starting with the first 

and most fundamental model the Goldschmidt tolerance factor. Novel tolerance factor 

models are described as well.  

10.1.1.  Goldschmidt tolerance factor 

This tolerance factor is based on a mathematical model derived by Goldschmidt in 1926.64 It 

is based on the idea that the ions in the cubic perovskite lattice are solid spheres which are 

not moving. Meaning each ion is only occupying one lattice site, also called non-rattling 

principle. It is important to keep these assumptions in mind given that they are for example 

not fulfilled for CsPbI3.65 The tolerance factor t is given by:  

𝑡 =
𝑟𝐴 + 𝑟𝑋

√2 (𝑟𝐵 + 𝑟𝑋)
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Where rA, rB and rX are the ionic radii of the cation, metal and halide, respectively. To 

understand the valid range of the tolerance it is necessary to introduce the octahedral factor 

μ. 

𝜇 =
𝑟𝐵

𝑟𝑋
 

Filip et al.66 further expanded the model and introduced guidelines for the tolerance factor. In 

Figure 11 the limits of the tolerance factor are shown. It is solely based on geometrical 

principles. So, assuming one expands the size of an element further how long can the 

perovskite lattice still form. Based on the calculations one can derive various limits the stretch 

limit (SL, Figure 11B), octahedral tilt (OL, Figure 11C), tilt limit (TL, Figure 11D), chemical and 

secondary stretch limit (CL and SSL, respectively). The combinations of different limits give the 

region (Figure 11E) in which a 3D perovskite would form. Please note that 𝜇̅ is for the APbI3 

perovskites the same as μ.  
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Figure 11 Goldschmidt tolerance factor limits: (A) cubic perovskite, (B) stretch limit, (C) octahedral limit, 

(D) tilt limit and (E) the resulting perovskite region. Adapted from 66 

For lead halide perovskites, one can plot this for APbI3, with A being a monovalent cation. 

Commonly used ionic radii are taken from Shannon’s work.67 For lead halide perovskites, 

values are also typically taken from Kieslich et al.68 However, determining the exact ionic radii 

is difficult given the strong dependence on the individual lattice. I show the tolerance factor 

for various reported radii in Figure 12. The molecules were selected based on their size, and 

because they were typically used in 2D and 3D halide perovskites. The calculated  radii of each 

molecule are based on 69. 
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Figure 12 Goldschmidt tolerance factor for monovalent cations which are used in APbI3 perovskites for 

different possible radii. The steric radii are based on DFT calculations by Santanu Saha and Marina R. 

Filip or Shannon radii. Ionic radii are based on Shannon radii or by Kieslich et al.68 The grey shaded area 

represents the region in which perovskites should form according to the Goldschmidt tolerance factor. 

Here μ is 0.54 and so the lower limit of the tolerance factor is 0.74. The higher limit is for any cubic 

perovskite structure always 1. The experimentally-reported phase stable region is between Cs+ (lower) 

and FA+ (upper), as highlighted. Both CsPbI3 and FAPbI3, have a metastable 3D cubic perovskite phase 

under ambient conditions. NH4
+ is ammonium, mim is methaniminium, MDA2+ is 

methylenediammonium, Gua+ is guanidinium, EA+ is ethylammonium, DMA+ is dimethylammonium, 

Imid+ is imidazolium, tetrahydrotriazinium is THTZ-H+, HMTA+ is hexamethylenetetramine, BnA+ is 

[PhCH2NH3
+] and BA+ is [C4H9NH3

+]. Adapted from 69. Please note that I made this graph.   

The strength of the tolerance factor lies in its ease of application, and one is free of typical 

concerns associated with experimental work. However, as shown in Figure 12, the accuracy 

of the tolerance factor is limited. Below are some of the challenges with it elaborated:  
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• Hard sphere assumption  

The Goldschmidt tolerance factor assumes that the elements are solid spheres which don’t 

change their size depending on the surroundings. This assumption is accurate primarily for 

perovskites with O- or F- where the electronegativity is large and the bonding is largely ionic.70 

However, for heavier halides the electronegativity is lower and especially iodide is softer 

chemically. So, this assumption is less valid. Also, for organic molecules the shape might 

change. For example, Kubicki et al.71 showed that the organic molecule guanidinium can re-

orientate once it is incorporated in the lattice.  

• Non-rattling principle  

Further, it is assumed that each ion only occupies one lattice site in the perovskite structure; 

in other words, it does not vibrate (rattle) and leaves its spot between the Pb-halide scaffold. 

However, as already mentioned, that is not valid for CsPbI3. Cs+ rattles in its cage, and together 

with the low number of iodide contacts and the distortion of the octahedrons, it causes the 

material to decompose at RT.65 

• Cubic lattice 

All calculations assume that the lattice is cubic. However, recent research by Doherty et al. 

suggests that for at least FAPbI3, the lattice is possibly more accurately described with a 

tetragonal structure.72 That would have interesting implications given that FAPbI3 is at the 

higher end of the tolerance factor close to the stretch limit. However, this limit is only valid 

for cubic structures.66 

• Estimating accurately ionic radii 

Ionic radii are typically extracted from crystallographic data. However, the definition of ionic 

radii varies, and even in the same definition, there are variations depending on the 
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coordination and local chemistry.66 Therefore, Palgrave et al.70 suggested a revised ionic radii 

system which is more suitable for halide perovskites. It is further outlined below.  

• Molecules are not a sphere  

The fundamental assumption of the tolerance factor is that one can fit each ion with a sphere. 

While that is accurate for atoms, it is challenging for molecules, which can have complicated 

structures. Saliba and co-workers73, therefore, introduced the globularity model. They fit the 

molecule surface and give a number of how close the shape is to a sphere.   

There are further challenges which are more related to the experimental conditions. Typically, 

halide perovskites are fabricated at lower temperatures around 100 to 150 °C. So, the lattice 

can still include other low-temperature phases or solvents.69 Given all these challenges further 

efforts have been dedicated to developing improved tolerance factor calculations. An 

important one is outlined below. 

10.1.2.  Revised radii for an improved tolerance factor 

Palgrave et al.70 also revisited the tolerance factor of Goldschmidt and found that especially 

the assumption that the ionic radius of the halide is not accurate. They found that the 

commonly used halide radii derived by Shannon67 is accurate for oxides and fluorides but not 

for heavier anions especially iodide. They compared the ionic radii derived by Shannon with 

other measured radii for MX6 octahedra and derived revised ionic radii rB(x) for the metal 

depending on the halide X. For chloride that rPb(Cl) is 0.99, for bromide it is rPb(Br) 0.98 and iodide 

is rPb(I) is 1.03.  
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Figure 13 Goldschmidt tolerance factor with revised radii for the B-site by Palgrave et al.70 compared to 

the ones by Shannon et al.67  

As shown in Figure 13 the Goldschmidt tolerance factor fits well with the experimental data 

with the revised radii for the B-site. Please note that for the A-site I and also Palgrave et al.70 

used the approach of Kieslich et al.74 to estimate the radius of the organic which is based on:  

𝑟𝐴𝑒𝑓𝑓 = 𝑟𝑚𝑎𝑠𝑠 + 𝑟𝑖𝑜𝑛 

With rAeff being the effective radius of the A-site cation. rmass is the distance from the centre of 

mass of the molecule to the furthest distant atom which is not hydrogen and rion is the 

corresponding radius of this atom.68  

In summary, the tolerance factor is a useful tool to understand the impact of the individual 

cations, metals and halides have on the phase-stability of halide perovskites. For FAPbI3 it is 

close to the stretch limit meaning the A-site is slightly too large. For CsPbI3 the Cs+ atom does 
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not fulfil the non-rattling principle. In Chapter 1 and 2, I will be using DMA+ as excess cation 

and find that it is residual in the material. As shown in Figure 13, it seems likely that it could at 

least be partly incorporated into the perovskite lattice. In the following, the phase-stability of 

halide perovskites is further elaborated and explained. 

10.2. Phase-stability of FAPbI3 and other lead halide perovskites 

FAPbI3 is a polymorph meaning it is crystalline material which exists over a broad range of 

different phases. The cubic photoactive phase of FAPbI3 is called α-phase and at RT it tends to 

degrade into a hexagonal δ-phase, also called 2H. Additionally, there is also a β- and γ-phase. 

The β-phase is similar to the α-phase only with slightly tilted octahedrons and not anymore 

cubic but a tetragonal structure. The β-phase is the intermediate phase between the α- and 

γ-phase. The low-temperature black phase is the γ-phase. All phases are shown in Figure 14. 

  

Figure 14 Different possible phases of the halide perovskites. With the FA+ being a dark blue sphere, 

lead being beige and iodide being light blue. Adapted from 75. 
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The exact structure of FAPbI3 at RT matters as Doherty et al.72 found that the degradation of 

the perovskite starts at the cubic phase and then propagates further into the material. In 

comparison the tetragonal structure frustrates the phase transition and stabilises the 

perovskite phase. There are different reports for the crystal structure of the black α-phase of 

FAPbI3 at RT. The main difference lies in the orientation of the FA+ molecule. Chen et al.76 

solved the structure as cubic with Pm3̅m symmetry and lattice constant of ac = 6.3855(2) Å. In 

there they found that the FA molecules have isotropic orientation meaning there is no 

preferred alignment. Stoumpos et al.77 have fitted FAPbI3 with a trigonal structure with a well-

defined FA molecule position. Overall, the cubic structure seems to be the one commonly 

reported for single crystals of FAPbI3, as various reports, as described in the following, also 

found a cubic structure. Weller et al.78 found in two reports that it adopts a cubic structure 

with a = 6.3620(8) Å, in which the FA+ molecule is located in the central mirror plane. They 

found that the FA molecule also very quickly rotates at RT. Kieslich et al.78,79 also found that 

FAPbI3 single crystal adopt a cubic Pm3̅m structure at RT with a = 6.3566(2) Å. Seshadri  et al.80 

fitted FAPbI3 single crystals also with a cubic Pm3̅m structure with a = 6.35788 Å at 299 K.  

Interestingly, the work by Kieslich et al.74 and Weller et al.79 also showed that FAPbI3 single 

crystals have a phase transition from the cubic Pm3̅m structure to a tetragonal P4/mbm phase 

between 300 and 250 K. This tetragonal phase has slightly tilted octahedrons and a checker 

board alignment with the FA+ molecule following the alignment and stretching them out as 

well. This checker board alignment was also reported for the tetragonal phase of FAPbBr3 by 

Franz et al.81  Š im ėnas et al.82 developed on the results by Franz also a general model 

describing the phase transition from the cubic to the tetragonal phase. They find that the 

quadrupole moment of the FA+ cations causes the checkerboard alignment of the molecules. 
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Meaning that the electric field of the molecules matters since it changes the orientation of 

other aligning molecules.  

 

Figure 15 (A) The cubic unit cell of α-H2N−CH−NH2PbI3 (FAPbI3) single crystal according to Weller 

et al.78 The ellipsoids are indicated at 30% probability. Blue is nitrogen, grey is hydrogen, dark 

grey is carbon, lead is dark grey, iodide is purple and NH-I bonds are dotted lines. Please note 

that this is one of 12 different possible arrangements the FA+ molecule can take in the cavity 

between the octahedrons. These results are in agreement with the reports of Seshadri et al.80 

and Kieslich et al.74 Adapted from 78. (B) The tetragonal phase of FAPbI3 from Weller et al.79 The 

cubo-octahedral cages stretch out in the [100] or [010] lattice directions. The FA+ cations align 

themselves in the same elongated direction, as indicated by the brown arrow. This checker 

board alignment is consistent with their ab initio molecular dynamics simulations which also 

demonstrates a similar tilting pattern of octahedra and the orientation of FA cations within the 

cages. These results are also consistent with the reports by Franz et al. for FAPbBr3.82 Adapted 

from 79. 

Regardless of what the initial crystal structure of FAPbI3 is, it is already surprising that FAPbI3 

is meta-stable at RT and that this meta-stability depends strongly on the fabrication process. 
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To understand that further, it is helpful to understand the phase transition between the cubic 

and hexagonal phases, which will be discussed in the following. Since it is not a direct 

group/subgroup transition between the two different phases, there must be a complex 

combination of sliding and twisting among the organic molecules, lead, and iodide atoms, 

leading to the breaking and forming of Pb-I bonds. Meaning that several atoms and molecules 

have to move for the transition to occur. From an energy landscape perspective, this complex 

transition does not occur spontaneously, but rather requires to overcome an energy barrier 

between the two final states.76  
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Figure 16 (A) This illustration shows a possible pathway for transitioning from a cubic structure to a 

hexagonal structure. The colored polygons represent cages formed by iodine atoms. Purple lines 

indicate the movement of iodine atoms and the distortion of cages during each step. The eight spheres 

inside each polygon represent the FA+ cation, while the dark gray spheres represent lead atoms. Each 

lead atom is surrounded by six iodine atoms. The dark gray, green, and red solid lines connect 

neighboring lead atoms that share one, two, and three iodine atoms, respectively. The dark gray lines 

in the initial cubic structure depict the unit cell's cube, while the dashed blue lines in the final hexagonal 

structure connect lead atoms in different unit cells in the hexagonal ab plane. (B) Calculated energies of 
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the structures along the pathway from the cubic to the hexagonal phase. (C) The number of corner-

sharing (dark gray symbol), edge-sharing (green symbol), and face-sharing (red symbol) PbI3 octahedra, 

as well as single-bonded iodine atoms (blue symbol), per six cubic unit cells along the pathway. Adapted 

from 76. 

In Figure 16A a possible pathway from the cubic to the hexagonal phase is illustrated showing 

some of the 43 phase transition intermediates. Please note that this is only one of many 

possible pathways and the height of the final energy barrier between the two states depends 

on the exact pathway between them. In other words, the phase transition can also happen 

through a different pathway in which different combinations of movements occur. In Figure 

16B the energies derived from density functional theory (DFT) calculations are shown for each 

phase transition intermediate. In Figure 16C an overview is given of the different arrangements 

during the pathway. Please note that the hexagonal phase is face-sharing and the cubic phase 

is corner-sharing. Any change from the shown cubic structure would change the total barrier 

height and length towards the hexagonal phase. Showing again why understanding and 

characterising the initial crystal structure matters. Because possible a solution towards a 

phase-stable FAPbI3 under typical solar cells operating temperatures lies in changing its initial 

phase so that the energy barrier is high enough to keep FAPbI3 in its photoactive phase. Figure 

17 shows from a thermodynamic perspective how the delta and alpha phase relate 

energetically. An ideal solution would be to make the black phase the thermodynamically 

favoured phase. However, as an anecdotal note to that, even diamonds have at 25 °C 

atmospheric pressure a negative Gibbs free energy to change to graphite.83 The necessary 

activation energy, however, is too large so that it is not observed. In other words, ΔG (the 

difference in Gibbs free energy) is no measure of the rate of the reaction which might matter.  
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Figure 17 Change of Gibbs free energy (GC) depending on the temperature and applied strain. 

Tc is the critical temperature at the which the cubic phase is more favored than the hexagonal 

phase. H is the enthalpy. Adapted from 84. Please note that this is a simplification, as shown in 

Figure 16 the energy barrier between the α- and δ-delta phase is not a single peak but rather a 

series of peaks. 

In the following, I will discuss how solvents impact the phase stability of lead halide 

perovskites.  

10.3. Residual solvents  

It is possible that solvents like γ-butyrolactone (GBL) are remnant in the single crystal and thin 

film structure, which might have an impact on the size of the crystal structure and other 

properties.69 Seok et al.85, for example, showed that residual GBL is the reason for a significant 

faster phase transformation of FAPbI3 single crystals from the α-phase into the δ-phase. As 

shown in Figure 17A, they dissolved an equal amount of FAI and PbI2 and added enough GBL 

that the precursors material didn’t dissolve visible as yellow precipitate in the solution. They 

added then enough solvent until the precipitate vanished. Afterwards, they increased the 

temperature which caused the precursor again to precipitate because of the inverse solubility 
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in GBL.86 They then added again more solvent to measure a solubility curve. Interestingly, from 

90 °C the precipitate isn’t any more yellow (indicative of the hexagonal phase) but now forms 

in the black phase. That, indicates that the interaction of the solvent with the precursors might 

change the energy barrier height between the two different phases, as shown in Figure 18B. 

Meaning that residual solvents have likely a strong impact on the phase stability on the lead 

halide perovskite. That is also what I find in Chapter 2 of this thesis. In the next section I will 

talk more about the different perovskite solar cell architectures and the fabrication of the 

halide perovskite layer. 

 

Figure 18 (A) Solubility curve of FAPbI3 in GBL. (B) Change in energetics for the δ- to α-phase 

transition. Adapted from 86. 

11. Perovskite solar cell architectures 

There are three commonly used architectures for perovskite solar cells, as shown in Figure 19. 

While there are also other used architectures21, like, for example, the triple mesoscopic 

architecture59, most of them have never achieved efficiencies above 20% or have been used 

by other research groups frequently. The mesoporous n-i-p structure originally came from 

DSSC, where the mesoporous TiO2 layer was necessary to help with efficient charge transport. 

Often, FTO is used as TCO since ITO is not stable under the high temperatures needed to make 
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the TiO2 layer.87 Then, a spray-coated compact TiO2 layer is deposited, followed by a spin-

coated mesoporous TiO2 layer. On top, a perovskite layer is deposited with a small capping 

layer.88 A 2D passivation follows that. Afterwards, the hole transporting layer is deposited, 

which is often spiro-OMeTAD, PTAA or P3HT. For the top electrode, Au or Ag are often used. 

Au is generally more stable, and Ag allows a lower temperature deposition, which can benefit 

the PCE. However, the mesoporous architecture has been lacking in terms of efficiency in 

recent years. The highest achieved efficiency for a mesoporous device is 24.9%89, while planar 

devices reach efficiencies of 25% and above.90 The planar n-i-p architecture is similar, except 

that the mesoporous TiO2 layer is commonly replaced with a SnO2 layer. Often, a chemical 

bath deposition or spin-coated nanoparticles are used to deposit the SnO2.31,91 For p-i-n 

devices, the HTL and the ETL layer order were swapped. So, the HTL is deposited before the 

perovskite layer and the ETL afterwards. That changes the possible choice of charge transport 

layers because of the solvent combability. PTAA, NiOx, or SAMs are often used for the bottom 

substrate. The SAMs are often based on carbazole and have different functional groups, such 

as Me-4PACz ([4-(3,6-dimethyl-9H-carbazol-9-yl)butyl]phosphonic acid).32 While for years, the 

p-i-n devices were lacking behind the n-i-p devices, in recent years, that trend changed. The 

key was the discovery of the SAMs.32,92 For the ETL in p-i-n devices often fullerene are used 

like evaporated C60 or solution processed PCBM and BCP.  

In general, I was able to achieve better stabilities with p-i-n devices and higher efficiencies 

with n-i-p devices.93 Because of that, I use both architectures in this thesis.  
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Figure 19 Different perovskite solar cell architectures. Adapted from 94. TCO means transparent 

conductive oxide. ETL means electron transport layer and HTL means hole transporting layer. 

MP means mesoporous. P-i-n means positive-intrinsic-negative and n-i-p means negative-

intrinsic-positive. That refers to the order of charge transport layers. E.g. for a p-i-n device the 

HTL is below the perovskite layer. Please note that in this example the sunlight comes from the 

bottom.  

11.1. Perovskite deposition: Solvent quenching  

Various fabrication and deposition methods have been developed for PSCs.95 The solvent 

quenching method, as already mentioned, has been especially successful and reproducible 

since it is easy to adapt and produces highly efficient devices. A schematic of it is shown in 

Figure 20A. Vaynzof and co-workers96 studied 14 different antisolvents; they found two key 

factors that impacted the resulting perovskite film quality: the solubility of the organic 

precursors in the antisolvent and its miscibility with the host solvent(s) of the precursor 

solution. They were able to produce efficient devices with a variety of different antisolvents 

by using a fast and slow deposition method by varying the pipette tip size. They categorised 

the antisolvent into three groups, as shown in Figure 20B. In this thesis, I mostly use Anisole 

and TFT for the perovskite fabrication.  
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Figure 20 (A) Schematic for the antisolvent treatment. Based on 97. (B) Understanding of the 

impact of different antisolvents. The various antisolvents are categorized depending on their 

impact on the crystallization. The top shows the solubility of MAI in the corresponding 

antisolvents. The bottom is a summary of the various proposed film formation mechanisms. 

The solvents are: 1: ethanol (EtOH), 2: isopropanol (IPA), 3: butyl alcohol (BuOH), 4: ethyl 

acetate (EA, only here EA), 5: chloroform (CF), 6: chlorobenzene (CB), 7: butyl acetate (BA), 8: 

1,2-dichlorobenzene (DCB), 9: anisole (Ani), 10: trifluorotoluene (TFT), 11: diethyl ether (DEE), 

12: m-xylene (Xyl), 13: toluene (Tol), are 14: mesitylene (Mesit). Text and pictures are adapted 

from 96.  
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11.2. Crystallisation of lead halide perovskites  

Applying the anti-solvent induces rapid super-saturation in the precursor solution on the 

substrate, and the perovskite starts nucleating. Depending on the desired bandgap, different 

amounts of halides are used. The larger the bandgap, the more bromide or chloride salts are 

used. However, often, the larger bandgap materials suffer from larger non-radiative 

recombination losses.98 I recently found that the halides Cl-, Br-, and I- have different 

crystallisation times.99 First, a chloride-rich phase forms, than bromide and finally iodide (Cl- > 

Br- > I-). Other reports also support that.100,101 As shown in Figure 21A, adding the antisolvent, 

here Anisole, to the precursor solution of a FA0.83Cs0.17Pb(I0.6Br0.4)3 leads to forming an 

intermediate phase. The colour of the intermediate shows the predominant halide species, 

with orange being more bromide-rich and white/yellow being chloride-rich when MACl is 

added.102 In Figure 21B, one can see that after a mild heat treatment (60 °C for 1 s), the control 

shows a PL indicative of an iodide-rich region while the sample with MACl has a more 

homogenous PL, which is also shifted towards higher energies. In Figure 21C, the in-situ 

annealing of an antisolvent-quenched but not annealed thin film is shown. One can observe 

that already at 25 °C, the film with MACl shows a crystalline peak, which is shifted towards 

smaller lattice parameters compared to the control, which shows a significantly less crystalline 

initial peak.  

In summary, the usage of different halides changes the crystallisation. The chloride phase has 

the lowest needed heat of formation (standard enthalpy of formation), followed by bromide, 

and iodide.103,104 These differences cause different formation times. Then, during the growth 

stage, a halide homogenisation process happens. The other halides are gradually incorporated 

into the expanding perovskite lattice through diffusion. Chloride seems to help with overall 
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having a more homogenous halide distribution of iodide and bromide compared to 

composition with only bromide and iodide. This might explain why I find in Chapters 1 and 2 

that DMACl works better than DMAI and DMABr.  

 

Figure 21 (A) Solvent quenching of the FA0.83Cs0.17Pb(I0.6Br0.4)3 without or with 15 mol% or with 

24 mol% MACl under N2 atmosphere by antisolvent dripping with anisole. 320 μL of anisole is 

added dropwise (10 μL each time) into 100 μL of perovskite precursors. Please note that the 

same amount of anisole is used during the device fabrication. (B) Normalised PL spectra of 

intermediates formed for FA0.83Cs0.17Pb(I0.6Br0.4)3 and 15 mol% MACl-processed 

FA0.83Cs0.17Pb(I0.6Br0.4)3 after 1 seconds of thermal annealing at 60 °C. (C) XRD patterns tracking 
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the evolution of cubic perovskite (100) peak during step-wise annealing of 15 mol% MACl and 

control perovskite films. The control film, with no MACl additive, is annealed at 100 °C in a N2 

atmosphere, whereas the perovskites fabricated with 15 mol% MACl additives is annealed at 

150 °C in air with ≈30% RH. Text and figures are adapted from 98. Please note that I measured 

(A) and (C).  
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12. Methods 

The following text is adapted from two of my first-author publications.105,106 

12.1. Device fabrication for the DMA route 

12.1.1. p-i-n devices  

I used a stack of glass/FTO/PTAA/Al2O3 NPs/perovskite/LiBr/C70/Zr(acac)/Au. The devices 

were prepared by David McMeekin. They were measured by David McMeekin and me. 

Substrate Preparation: Devices were fabricated on fluorine-doped tin oxide (FTO) coated glass 

(Pilkington, 15 Ω/sq). Initially, FTO was removed at specific regions where the anode contact 

will be deposited. This FTO etching was done using a 2M HCl and zinc powder. Substrates were 

then cleaned with Hellmanex detergent and rinsed with water. Finally, the substrates were 

then cleaned sequentially in acetone and isopropyl alcohol (IPA) and dried with a compressed 

air gun.  

PTAA layer fabrication: A Poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) precursor 

solution was prepared by dissolving a 1.5 mg ml-1 PTAA (Xi’an Polymer) in a 1:1 anhydrous 

chloroform (CF): chlorobenzene (CB). I spin-coated this solution dynamically in a nitrogen-

filled glovebox at 2000 rpm for 20s and annealed the substrate at 150 °C for 10 min in air.  

Al2O3 Nanoparticles (NPs) layer fabrication:  Alumina nanoparticles (Al2O3 NPs) (< 50 nm) 

precursor solution was prepared by dispersing an IPA in 1:150 v/v ratio (Al2O3 NPs: IPA). 50 μL 

of this dispersion was then dynamically spin-coated onto the PTAA layer at 4000 rpm for 30 s. 

A subsequent annealing of at least 5 minutes at 85 °C was done. 
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The “DMF/DMSO” FA0.83Cs0.17Pb(Br0.2I0.8)3  – perovskite precursor solution preparation: The 

FA/Cs (formamidinium/Cs) perovskite solutions were prepared by dissolving the precursor 

salts: 171.3 mg FAI (99.99%, GreatCellSolar), 53.0 mg CsI (99.9%, Alfa Aesar), 132.1 mg PbBr2  

(98%, Alfa Aesar), 387.2 mg PbI2 (99.99% trace metals and purity of > 98.0%, TCI), in 1 mL of 

anhydrous N, N-dimethylformamide (DMF): dimethylsulfoxide (DMSO) in a 4:1 v/v ratio to 

obtain a stoichiometric solution with the desired composition.  

The “DMF/DMSO” FA0.83Cs0.17Pb(Br0.2I0.8)3  – perovskite layer preparation: The perovskite 

precursor perovskite solution was spin-coated in a nitrogen-filled glovebox using a two-step 

program. After spreading 50 μL of the perovskite solution onto the substrate, the first step is 

programmed to spin at 1000 rpm for 10 s, and the second step is programmed at 6000 rpm 

for 20 s. 10 s prior to the end of the second step, 100 μL of ethyl acetate solvent was dropped 

on the film to quench the growth of perovskite. The films were immediately placed on a 

hotplate in N2 at 100 °C for 20 m. 

The “DMF/DMACl” DMAxFA0.83Cs0.17Pb(Br0.12I0.88)3Clx – perovskite precursor solution 

preparation: The perovskite solutions were prepared by dissolving the precursor salts: 

199.8 mg FAI, 61.8 mg CsI, with x mol% DMACl (e.g. 34.2 mg for x=0.3), 92.5 mg PbBr2, 

529.2 mg PbI2, in 1 mL of anhydrous DMF. The precursor solution was prepared using the 

following precursor salts: FAI (99.99%, GreatCellSolar), CsI (99.9%, Alfa Aesar), PbI2 (99.99% 

trace metals and purity of > 98.0%, TCI), PbBr2 (98%, Alfa Aesar), Dimethylammonium Chloride 

(DMACl) (≥ 98.0 %, Alfa Aesar). 

The “DMF/DMACl” – DMAxFA0.83Cs0.17Pb(Br0.12I0.88)3Clx – perovskite layer deposition: The 

perovskite precursor solution was spin-coated in a nitrogen-filled glovebox using a two-step 

program. After spreading 50 μL of the perovskite solution onto the substrate, the first step is 
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programmed to spin at 1000 rpm for 7 s, and the second step is programmed at 4000 rpm for 

20 s. 5 s after the start of the second step, 100 μL of a 3:1 trifluorotoluene (TFT): EA solvent 

mixture was dropped on the film. The films were immediately placed on a hotplate in N2 at 

100 °C for 5 m. This step is designed to remove the solvent, however, at this point, the 

perovskite remains in its yellow intermediate phase. A subsequent annealing step on a 170 °C 

preheated hotplate in air for 10 m allows for the 2H to 3C sequence to take place, where the 

films turn from a yellow to a black colour. The last annealed step takes place in a 175 °C 

preheated oven in the air for 90 m to fully crystallize the perovskite. In the oven, a large glass 

cover lid is placed over the samples to prevent dust particles and air flow from affecting the 

annealing. 

FABr layer deposition: A FABr precursor solution was prepared by dissolving a 2 mg ml-1 of 

FABr (99.99%, GreatCellSolar) in IPA. After the full crystallization of the perovskite, I spin-

coated this solution dynamically in a nitrogen-filled glovebox at 4000 rpm for 20s and 

annealed the substrate at 100 °C for 5 min in N2. 

LiBr layer deposition:  A lithium bromide (LiBr) precursor solution was prepared by dissolving 

0.15 mg ml-1 of LiBr (Sigma) in IPA. I spin-coated this solution dynamically in a nitrogen-filled 

glovebox at 4000 rpm for 20s and annealed the substrate at 85 °C for 10 min in N2. 

C70 layer fabrication:  A C70 fullerene precursor solution was prepared by dissolving a 24 mg 

ml-1 of C70 (Solenne) in dichlorobenzene (DCB). I spin-coated this solution statically in a 

nitrogen-filled glovebox at 800 rpm for 40s on a pre-heating substrate at 85 °C. I annealed the 

substrate at 85 °C for 10 min in N2. 

Zr(acac)/PEIE layer fabrication:  A zirconium acetylacetonate/polyethylenimine ethoxylated 

(Zr(acac)/PEIE) precursor solution was prepared by dissolving a 2 mg ml-1 of Zr(acac) (sigma, 



65 

 

97%) in IPA and adding a 0.1% (v/v) of PEIE (80% ethoxylated solution, 37 wt. % in H2O, Sigma) 

to this solution. I spin-coated this solution dynamically in a nitrogen-filled glovebox at 4000 

rpm for 20s.  

Metal electrode layer fabrication:  80 nm silver or gold electrodes were thermally evaporated 

under a vacuum of ≈10−6 mbar at a rate of ≈0.2 nm·s-1 or 0.01 to 0.04 nm/s, respectively. I 

used gold electrodes for stability measurements and silver electrodes for efficiency 

measurements. 

12.1.2. n-i-p devices  

For n-i-p devices, I employed two slightly different architectures using a compact layer (CL) of 

SnO2 combined with a chemical bath (CB) deposited SnO2 and SnO2 nanoparticles. Otherwise, 

all layers are the same of glass/FTO/SnO2 CL/SnO2 CB/perovskite/Spiro/Au and 

glass/FTO/SnO2 NPs/perovskite/Spiro/Au. These devices were made by me, only the 

champion device (Figure 46) with a KCl surface treatment was made by Seongrok Seo.  

Substrate Preparation: Devices were fabricated using FTO Tec7 coated glass (Pilkington) as 

the transparent electrode. FTO was etched with 2 M HCl and zinc powder to obtain the 

required electrode pattern. Following a cleaning procedure consisting of a series of sonication 

steps was applied. First, 10 min in Decon mixed with DI water (5% in DI), followed by 10 min 

of sonication in acetone and finally isopropanol.  

SnO2 Layer for DMF/DMSO Controls, SnO2 Compact Layer (CL): The substrates were plasma 

cleaned (Pico, Diener electronic) for 10 min. In the meantime, a SnCl4·5H2O (Sigma-Aldrich, 

244678-100G, 98% lumps) of 17.5 mg/ml solution in IPA was prepared. Statically, 200 ml of 

the SnCl4 solution was deposited at 3000 rpm (200 acc.) for 25 s in an ambient atmosphere 

(30 to 50% RH, 20 to 25 °C). Until all substrates were finished, they were annealed at 100 °C 
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and brought onto a sintering hotplate. They were heated with the lid closed and no gas flow 

attached for 1 h at 180 °C. In the meantime, the CB solution was prepared. After adding each 

component, the solution was stirred with a stir bar for a few minutes. For 32 substrates (28 x 

28 mm), the following solution was prepared: 

o 200 ml of deionised water  

o 2.5 g Urea (Sigma-Aldrich) 

o 50 μl Thioglycolic acid (Sigma-Aldrich, 98%) 

o 2.5 ml HCl (99.999%, Alfa Aesar, 087617.AK, CAS 7647-01-0) 

o 540 mg SnCl2 (≥ 99.99%, Sigma-Aldrich, 43508-50g, CAS 10025-69-1)  

 

I first added the substrates into a glass baker, filled it carefully with the CB solution, and 

covered it with a glass cover. Consequently, the substrates were heated in a ventilated oven 

at 90 °C for 4 h. Afterwards, the CB was drained, and the glass baker was quickly filled with DI 

water. Consequently, the substrates were sonicated for 5 minutes in deionised water, blown 

and dried and then IPA for 5 minutes, respectively. Finally, the substrates were heated at 180 

°C on a sintering hotplate for 1 h again. The substrates were subjected to UV ozone for 15 min 

before usage.  

SnO2 Layer for DMF/DMACl, SnO2 Nanoparticles (NPs) solution: A 2% diluted SnO2 

nanoparticle solution (Alfa Aesar) diluted in H2O (UltraPure Water, Cambridge Bioscience). 

The solution was spin-coated statically onto FTO Tec7 at a spin rate of 4000 rpm (1000 rpm 

acc.) for 30 sec. Substrates were annealed at 150°C for 30 min. Before spinning the perovskite 

layer, the substrates were treated with UV-ozone for 10 minutes. 

KCl Treatment: 20 mM of KCl (Sigma-Aldrich) were dissolved in DI water. It was then spin-

coated onto the SnO2 CB layer. Statically 200 ul of the solution were dropped at 3000 rpm 
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(2000 acc.) for 30 s in an ambient atmosphere and then dried it on a hotplate at 100 °C for 10 

minutes. 

The “DMF/acid” - FA0.83Cs0.17Pb(Br0.2I0.8)3 perovskite precursor solution preparation: The 

FA/Cs perovskite solutions were prepared by dissolving the precursor salts: 171.3 mg FAI 

(99.99%, GreatCellSolar), 53.0 mg CsI (99.9%, Alfa Aesar), 132.1 mg PbBr2 (98%, Alfa Aesar), 

387.2 mg PbI2 (99.99% trace metals and purity of > 98.0%, TCI), in 1 mL of DMF to obtain a 

stoichiometric solution with the desired composition. 85.6 µl of hydroiodic acid (HI) (57 wt.% 

in H2O, distilled, stabilized, 99.95%, Sigma-Aldrich) and 18.4 µl/ml of hydrobromic (HBr) (48 

wt. % in H2O) was added for every 1 ml of DMF. After the addition of the acids, the perovskite 

precursor solution was aged for 48 h in a nitrogen atmosphere. The DMF/acid films were made 

by David McMeekin and me.  

DMF/DMSO perovskite preparation: FA0.83Cs0.17Pb(I0.9Br0.1)3 perovskite 827.86 mg of FAI 

(99.999%, Dyenamo), 256.17 mg CsI (99.998% Alfa Aesar), 2272.78 mg of PbI2 (99.999% Alfa 

Aesar) and 319.30 mg PbBr2 (98%, Alfa Aesar) are dissolved in 4 ml of 4:1 DMF: DMSO. They 

were stirred at room temperature in the glovebox for 1 to 3 hours before deposition. 70 μl of 

the solution are spread onto the substrate statically and spin-coated at 10 s at 1000 rpm (200 

rpm acc.) and 35 s at 6000 rpm (2000 rpm acc.) and solvent quenched with 150 μl anisole 10 

s before the end. The layers were annealed at 100 °C for 15 min. Spinning and heating for the 

control device were done in a N2 glovebox. 

DMF/DMACl perovskite preparation: DMACl0.3FA0.83Cs0.17Pb(I0.85Br0.15)3 perovskite 136.99 mg 

DMACl (Sigma-Aldrich), 799.32 mg of FAI (99.999%, Dyenamo), 247.34 mg CsI (99.998% Alfa 

Aesar), 2000.78 mg of PbI2 (99.999% Alfa Aesar) and 462.43 mg PbBr2 (98%, Alfa Aesar) are 

dissolved in 4 ml DMF. They are stirred at room temperature in the glovebox for 1 to 3 hours 
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before deposition. 70 μl of the solution are spread onto the substrate statically and spin-

coated at 10 s at 1000 rpm (1000 rpm acc.) and 30 s at 4000 rpm (4000 rpm acceleration) and 

is quenched with 150 μl of TFT 17 s into the program. The layers were annealed at 100 °C for 

10 min and directly afterwards at 170 °C. The 30 mol% DMACl: FA0.83Cs0.17Pb(I0.85Br0.15)3 

perovskite was spun in a drybox at 20% RH at around 23 to 25 °C. The heating for the 170 °C 

step was performed in ambient (30 to 55% RH).   

Spiro-OMeTAD preparation: The hole transfer materials were deposited by preparing a spiro-

OMeTAD in chlorobenzene (90 mg/mL, Lumtech) and mixing with 35.5 uL 4-tert-butyl-pyridine 

(tBP), 23 uL Li-bis(trifluoromethanesulfonyl)imide (Li-TFSI) (520 mg/mLacetonitrile), and 5uL 

tris(2-(1h-pyrazol-1-yl)-4-tert-butylpyridine)-cobalt(III)tris(bis(trifluoromethylsulfonyl)imide) 

(FK209, Lumtech) (180 mg/mL acetonitrile). The spiro-OMeTAD layer was deposited at 4000 

rpm for 25 s with 2000 acceleration in a N2 glovebox. Afterwards, 75 nm of Ag was deposited 

under a vacuum (10-6 mbar).  

12.2. Device fabrication for the HUBLA chapter 

N-i-p and p-i-n devices were used. The n-i-p devices were made by Wei-Ting Wang. The p-i-n 

devices were made Wei-Ting Wang, Ning Zhou, Hin-Lap Yip and me. For simplicity, all materials 

are first mentioned here. 

12.2.1. Materials for Chapter 3 

Tin(IV) oxide (SnO2, 15% in H2O colloidal dispersion), lead iodide (PbI2, 99.999%) and 

molybdenum(VI) oxide (MoO3) were purchased from Alfa Aesar. Triethanolamine (TEA, 98%), 

tri(ethylene glycol) (TEG, 98%), tert-butylethylenediamine (tBEDA, 98%), 1,3-bis(2-isocyanato-

2-propyl)benzene (TMXDI, 97%), cysteamine hydrochloride (98%), LiTFSI (99%), tBP (98%), 

anisole (anhydrous, 99.7%), dimethyl sulfoxide-d6 (DMSO-d6), ethylenediamine (EDA) and 
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deuterium oxide (D2O) were obtained from Sigma-Aldrich. Dioctyltin dilaurate (DBTDL, 96%) 

was purchased from Merck. IPA (99.8%), dried diethyl ether (99%), DMF (99.8%), DMSO 

(99.8%), chlorobenzene (CB, 99%), acetonitrile (ACN, 99.8%), and γ-butyrolactone (GBL, 99%) 

were obtained from Acros Organics. Formamidinium iodide (FAI) and methylammonium 

iodide (MAI) were purchased from Greatcell Solar Materials. Cesium iodide (CsI) (>99.999%) 

was purchased from Alfa Aesar. PbBr2 was purchased from TCI. Spiro-OMeTAD (>99.5%) was 

obtained from Lumtech. Au and Ag pellets were purchased from Kurt J. Lesker. PTAA was 

purchased from Flexink. Poly(4-butylphenyl-diphenyl-amine) (polyTPD) was purchased from 

1-Material. 2,3,5,6-Tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4-TCNQ), [6,6]-phenyl-

C61-butyric acid methyl ester (PCBM), buckminsterfullerene (C60) and bathocuproine (BCP) 

were bought from Lumtec; [2-(9H-carbazol-9-yl)ethyl]phosphonic acid (2PACz) was purchased 

from Xi'an Baolaite Photoelectric Technology Co., Ltd. CbzPh was prepared according to the 

previous literature.107 HelioSeal PVS 101 Tape was obtained from Koemmerling (Nanjing) 

Advanced Material Co., Ltd. UV curable resin (TB3035B) was purchased from Three-Bond. 

12.2.2. Fabrication of FAMA (FA0.72MA0.28PbI3) composition n-i-p perovskite solar cells 

Substrate preparation: Indium tin oxide (ITO)-coated glass substrate was sequentially 

sonicated in deionized water, acetone, and IPA, then treated with ultraviolet ozone for 10 min 

after being dried with an air gun.  

SnO2 layer preparation: SnO2 nanoparticles (2.67%, diluted by deionized water) were spun 

onto the above ITO substrate at 5,000 rpm for 30 s, and annealed in ambient air at 150 °C for 

30 minutes.  

FAMA (FA0.72MA0.28PbI3) composition: 1.3 M perovskite precursor solution (1ml) was 

constructed by mixing FAI, PbI2, MAI in DMF: DMSO mixed solvent (9:1, v: v) with the chemical 
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formula FA0.72MA0.28PbI3, and 27 mg PbCl2 was also added as additive. The perovskite 

precursor solution was deposited onto the prepared substrate with 1000 rpm for 10 s and 

5,000 rpm for 20 s. During the spin coating step, 100 µl CB was poured on the precursor film 

at 10 s prior to the end of spin and the film was then annealed at 100 °C for 30 minutes in a 

nitrogen-filled glove box.108 For the HUBLA device, HUBLA (0.03 - 0.2 mg ml-1 in IPA) was spun 

onto the perovskite film.  

Hole transport layer and electrode deposition: Spiro-OMeTAD was dissolved in 1 ml of CB 

solution which contains 72.3 mg Spiro-OMeTAD, 18 µL LiTFSI solution (520 mg ml-1 in ACN) 

and 30 µl tBP. HTM was deposited onto perovskite film at a spin rate of 4000 rpm for 30 s. The 

above film was then left overnight under controlled ambient conditions. Finally, MoO3 was 

evaporated on to the samples under vacuum of <10-5 torr at a rate of 0.1-0.2 Å s-1, and then 

100 nm Ag were evaporated under vacuum of <10-5 torr at a rate of 1-2 Å s-1. Evaporation 

masks of 0.1 cm2 device areas were used. 

12.2.3. Fabrication of FAMACs (FA0.72MA0.18Cs0.1PbI3) composition p-i-n perovskite solar 

cells 

Substrate preparation: ITO-coated glass substrate was sequentially sonicated in deionized 

water, acetone, and IPA, then treated with ultraviolet ozone for 10 minutes after being dried 

with an air gun.  

Self-assembled monolayer (SAM) layer preparation: 2PACz solution (70 µl 2PACz in 1.2 ml 

IPA) was spin-coated on ITO substrate at 4000 rpm for 30 s and then annealed at 120 °C for 

10 minutes.32 

FAMACs (FA0.72MA0.18Cs0.1PbI3) composition: 1.3 M perovskite precursor solution (1ml) was 

constructed by mixing FAI, PbI2, MAI, CsI in DMF: DMSO mixed solvent (9:1, v: v) with the 
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chemical formula FA0.72MA0.18Cs0.1PbI3, and 27 mg PbCl2 was also added as additive. The 

perovskite precursor solution was deposited onto the prepared substrate with 1000 rpm for 

10 s and 5000 rpm for 20 s. During the spin coating step, 100 µL CB was poured on the 

precursor film at 10 s prior to the end of spin and the film was then annealed at 100 °C for 30 

min in a nitrogen-filled glove box.108 For the HUBLA device, HUBLA (0.03-0.2 mg mL-1 in IPA) 

was spun onto the perovskite film.  

Electron transport layer and electrode deposition: Afterward, 30 nm C60 and 5 nm BCP were 

evaporated onto the samples under vacuum of <5×10-6 torr at a rate of 0.1-0.3 Å s-1. Finally, 

100 nm Au electrode was deposited by a thermal evaporator at the rate of 1-2 Å s-1. 

Evaporation masks of 0.1 cm2 device areas were used. 

12.2.4. Fabrication of FA0.92Cs0.08PbI3 composition in p-i-n perovskite solar cells  

SAM layer preparation: Cleaned ITO substrates were subjected to ultraviolet-ozone for 

25 min and transformed in a N2-filled glovebox for film fabrication. SAM (0.5 mg mL–1 in IPA) 

was dynamically spin coated onto the cleaned ITO at 3000 rpm for 30 s, followed by annealing 

at 100 ℃ for 15 min. The substrates were cooled down to room temperature and washed with 

pure IPA and then annealed at 100 °C for 5 min.32  

FA0.92Cs0.08PbI3 composition: Then, 1.7 M perovskite precursor solution was dissolved in DMF: 

DMSO mixed solvent (4:1, v:v) with the chemical formula FA0.92Cs0.08PbI3. Then, 50 μl of the 

prepared precursor solution was spin-coated at 1,000 rpm for 10 s and 5,000 rpm for 30 s onto 

the SAM-based ITO substrate; 180 μl CB as the antisolvent was dripped on the film at 10 s 

before the end of the last procedure and then annealed at 100 °C for 30 min. After deposition 

of the perovskite active layer, 50 μl HUBLA (dissolved in IPA) solution was spin-coated onto 

the film.  
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Electron transport layer and electrode deposition: PCBM (5 mg/ml) was spin coated onto the 

perovskite film and annealed at 70 °C for 10 min. The films were then cooled down to room 

temperature and readied for thermal evaporation. 25 nm C60, 8 nm bathocuproine (BCP) and 

100 nm Au electrode were sequentially evaporated under a high vacuum. 

12.2.5. Fabrication of FA0.83Cs0.17Pb(I0.9Br0.1)3 composition in p-i-n perovskite solar cells  

Substrate Cleaning: The FTO substrates (30 × 30 mm) were brushed with a detergent (fairy 

liquid with a toothbrush) and consequently sonicated for at least 10 minutes in a 4% v/v 

solution of Decon 90, acetone and IPA. 

Poly-TPD layer preparation and deposition: 1 mg ml-1 Poly-TPD were dissolved in an amber 

vial in toluene with 0.2 mg ml-1 of F4-TCNQ. The solution was stirred overnight at 80 °C in a 

nitrogen glovebox. Before usage the solution was filtered a 0.22 µm PTFE filter. The FTO 

substrates were treated with UV-ozone for 10 minutes directly before use. In ambient (30 to 

55% RH), 80 μL of poly-TPD were dynamically deposited onto the FTO substrate (2000 rpm, 

2000 acc. for 20 s). Afterwards, the substrates were heated for 5 min at 130 °C in ambient. 

FA0.83Cs0.17Pb(I0.9Br0.1)3 perovskite and deposition: To prepare the 1.45 M 

FA0.83Cs0.17Pb(I0.9Br0.1)3 perovskite precursor, 827.86 mg FAI, 256.17 mg CsI, 2272.78 mg PbI2 

and 319.30 mg PbBr2 are dissolved in 4 ml of 4:1 DMF: DMSO (Sigma-Alderich). They are stirred 

at room temperature in the glovebox over night before deposition. Before the deposition the 

solution was filtered with a 0.4 µm PTFE filter. 200 μl solution was dynamically applied onto 

the substrate 7 to 8 s into the first step of the spin-coating. The spin-coating program is 10 s 

at 1000 rpm (200 rpm acc.) and 35 s at 5000 rpm (2000 rpm acc.). 10 s before the end of the 

second spin-coating step, 400 μl anisole was applied. The perovskite layer was annealed at 

100 °C. Spinning and heating for the devices was done in a nitrogen glovebox.  
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PCBM, BCP layer and electrode deposition: 20 mg ml-1 PCBM were dissolved in a mixed 

solvent of 3:1 CB: DCB overnight. Before usage the solution was filtered with a 0.22 μm PTFE 

filter. In a nitrogen glovebox, 50 μl PCBM were dynamically deposited onto the substrate at 

2000 rpm (2000 acc.) for 20 s. The substrates were annealed afterwards for 4 minutes at 100 

°C. 0.5 mg ml-1 BCP was dissolved in IPA and stirred overnight at 80 °C. Before usage the 

solution was filtered with a 0.22 µm PTFE filter. 70 μl BCP was deposited dynamically at 5000 

rpm (2000 acc. for 30 s). The substrates were finally annealed for 1 minute at 100 °C. 75 to 

100 nm Au were deposited through a shadow mask at (<3 × 10-6 torr) using a thermal 

evaporator (Nano 36, Kurt J. Lesker). 
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12.3. Measurements 

12.3.1.  X-ray diffraction (XRD) characterization 

The 1D-XRD patterns were obtained with a Panalytical X’Pert Pro or an X-Ray diffractometer 

or a Bruker D8 Advance with a Cu Kα X-ray tube at 40 kV and 40 mA. For Chapter 3, the XRD 

diffraction patterns of FAMA and FAPbI3 films were carried on an D8 Discover, Brucker with 

Cu Kα (λ=1.54059 Å) radiation. The XRD measurements for Chapter 1 and 2 were done by me 

or David McMeekin. The XRD measurements for Chapter 3 were done by me or Qiang Zhang. 

XRD analysis in Chapter 1 was partly done by Harry Sansom.  

12.3.2.  Wide-angle X-ray scattering (WAXS) measurement: 

Wide-angle X-ray scattering (WAXS) measurement was performed using the Stanford 

Synchrotron Radiation Lightsource (SSRL) Beamline 11–3 with an X-ray wavelength of 0.9744 

Å. Two-dimensional scattering data were collected using a Rayonex MX225 detector in a 

grazing incidence geometry with the X-ray beam held at an incident angle of 3°. Images are 

calibrated using a LaB6 standard and integrated between 10° < χ < 170° (χ is the polar angle) 

using GSAS-II.109 WAXS was measured by Laura Schade.  

12.3.3.  Two-dimensional (2D) X-ray diffraction (XRD2): 

2D-XRD pattern were conducted in ambient air at room temperature using a Rigaku SmartLab 

X-ray diffractometer with CuKα1 (1.54060 Å) and a HyPix-3000 2D hybrid pixel array detector, 

operated at 40 kV. XRD2 was measured by me. For the in-situ measurements I measured 

roughly every minute a XRD2 of a thin film sample which is deposited on a heating stage at 

different temperature. With XRD2 not only the 2θ direction is measured but also the conic 

section of a poly-crystalline sample. As I show in Figure 22, the diffraction compared to a 

normal single crystal (Figure 22A) is not an individual peak but a diffraction cone (Figure 22B). 
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Measuring it with a 2D detector results in the appearance of characteristic diffraction rings 

showing the spread of the diffraction peak in γ-direction. More information about XRD2 can 

be found in the work of He et al. (Powder Diffr. 18, 71-85 (2003))110.  

 

Figure 22 (A) Single crystal XRD, show typically sharp and defined peaks. (B) X-ray diffraction of 

poly-crystalline samples show typically cones. (C) Measurement of a diffraction cone with a 2D 

detector. Figure is adapted from 110. 

12.3.4.  Nuclear magnetic resonance (NMR) 

1H-NMR spectra were recorded on a Bruker Avance III 400 MHz or 600 MHz spectrometer. For 

each measurement, 16 perovskite films (2.5 x 2.5 cm) were scratched off the substrates. The 

perovskite material was then suspended in deuterated acetonitrile (CD3CN) and the 

suspension decanted. All spectra are referenced versus residual solvent peaks with respect to 
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δ(TMS) = 0 ppm. For Chapter 3, the HUBLA sample was tested by dissolving in DMSO-d6 

solvent. For the hydrolysis of HUBLA, the HUBLA sample was prepared by dissolving in DMSO-

d6 first, and then D2O was added with a volume ratio 15% after the spectrum at 0 minute was 

tested. The NMR tube was heated at 65 ℃ after 1 hour. To record the generation of disulfide 

bond, cysteamine hydrochloride and iodine (I2) pellets were added into 10 mL D2O solution 

and stirred. NMR was measured by Sebastian Fürer in Chapter 1 and 2. For Chapter 3 it was 

measured by Qiang Zhang. 

12.3.5.  Scanning electron microscopy (SEM)  

The morphology of perovskite films was investigated using a SEM (Hitachi S-4300) at an 

accelerating voltage of 3-5 kV. The SEM images in Chapter 3 of the FAMA films were 

performed with a Hitachi S-4800 operated at 15 kV and measured by Qiang Zhang. 

12.3.6.  Solar cell characterization  

For chapters 13 and 14 the current density–voltage (J-V) curves were measured (2400 Series 

SourceMeter, Keithley Instruments) under simulated AM 1.5 sunlight at approximately 

100 mW cm-2 irradiance generated by an Abet Class AAB sun 2000 simulator, with the intensity 

calibrated with an NREL calibrated KG5 filtered Si reference cell. The mismatch factor was 

calculated to be less than 1%. The active area of the solar cell is 0.0919 cm-2, by employing an 

opaque mask with an aperture. The forward J–V scans were measured from forward bias (FB) 

to short circuit (SC) and the backward scans were from short circuit to forward bias, both at a 

scan rate of 0.25 V s-1. A stabilization time of 5 seconds under 1 sun illumination and forward 

bias of 0.2 V above the expected VOC was done prior to scanning. The devices were measured 

by David McMeekin and me.  
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For Chapter 3 the FAMA n-i-p devices and FAMACs p-i-n devices were measured with a 

Keithley 2400 source meter under a simulated AM 1.5 G spectrum and the active area was 0.1 

cm2. With a solar simulator (Enli Technology Co., Ltd., Taiwan), the light intensity was 

calibrated using a KG5 reference cell before each measurement and the scan rate was 200 mV 

s-1. For the FA0.83Cs0.17Pb(I0.9Br0.1)3 p-i-n devices in Chapter 3, they were characterized in 

ambient condition with the room temperature around 20-24 ℃ and 45% relative humidity 

under AM1.5G simulated sunlight generated by a class AAA WaveLabs Sinus-220 solar 

simulator, using a Keithley 2400 source meter. The intensity of the solar simulator was set to 

produce 100 mW cm-2 equivalent irradiance using a certified KG3-filtered Si reference 

photodiode (Fraunhofer ISE). The voltage was swept at a rate of 0.61 V s-1 first from forward 

bias to reverse bias (forward sweep) followed by a reverse sweep in the opposite scan 

direction. The minimum voltage was -0.1 V and the maximum voltage was 1.2 V. The areas 

were defined using black anodized aluminum shadow masks in direct contact with the glass 

side of the substrates within enclosed sample holders. For chapter 3 the devices were 

measured by Wei-Ting Wang, Suer Zhou and me.  

12.3.7.  Thermogravimetric analysis (TGA)  

The TGA was directly performed on a perovskite coated glass substrate. A thin microscope 

glass cover slip was used as substrate. The choice of a low-weight substrate allowed for an 

acceptable signal-to-noise ratio for the TGA measurement. A TA Instruments Q500 

Thermogravimetric Analyser was used for the measurements of the coatings. This instrument 

allows the measurement of weight change as a function of temperature/time in a controlled 

environment. Instrument control was performed using TA Instruments Thermal Advantage 

software. Subsequent data analysis was performed using TA Instruments Universal Analysis 

data analysis program. The sample was cut to size and placed inside a 100 ul Platinum crucible 
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(Coated side up) and heated at a rate of 10 °C per minute in a controlled atmosphere 

(Nitrogen) at a flow rate of 100 ml per minute. Precise gas flow control was maintained via a 

Mass Flow Controller built into the instrument. The mass of the sample was recorded as a 

function of temperature during the experiment. Data has been plotted to show the 

relationship between weight and temperature and also included are the first derivative 

profiles for the weight losses observed which give a clear indication of the onset and range of 

decomposition. The TGA was measured by Nicholas Hawkins. The films were prepared by 

David McMeekin. 

12.3.8. Time-of-flight secondary ion mass spectrometry (ToF-SIMS) measurements  

An ION-TOF TOF-SIMS V TOF SIMS spectrometer was utilized for depth profiling and chemical 

imaging of the perovskite utilizing methods outlined in detail by Harvey et.al.111 Analysis was 

completed utilizing a 3-lens 30kV BiMn primary ion gun. 3-D tomography was completed with 

100nm lateral resolution using a Bi3++ primary ion-beam cluster (100 ns pulse width, 0.1 pA 

pulsed beam current), a 50 x 50 µm area was sampled with a 1024: 1024 primary beam raster. 

Depth Profiling was accomplished with a 1kV oxygen ion sputter beam (5-10 nA sputter 

current) with a raster of 150×150 microns. After completion of the SIMS measurements the 

depth of the craters was determined by optical interference light microscopy, in order to 

convert the SIMS sputter time scale to a sputter depth scale. The TOF-SIMS measurements 

were done by Steven P. Harvey. 

12.3.9. Stability test  

For the stability measurements in Chapter 2 a glass/glass encapsulation was sealed with a UV-

cured epoxy (LT-U001 UV-Glue, Lumtec). The UV glue was cured for 30m with a UV lamp 

containing 4 x 9W bulbs under N2 atmosphere. All the devices were aged under full spectrum 
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simulated AM1.5G, 76 mW cm-2 irradiance at Voc using an Atlas SUNTEST XLS+ (1700W air-

cooled Xenon lamp). The chamber temperature was set to 65 or 85 °C. The aging test is in 

correspondence to ISOS-L-2 aging condition. Please note that the light source is pulsed at 

100Hz frequency. The devices were measured by David McMeekin and me. 

For the stability measurements in Chapter 3, I used p-i-n devices with a FA0.83Cs0.17Pb(I0.9Br0.1)3 

composition and poly-tPD as p-type layer and PCBM/BCP as n-type layer. The recipe is based 

on 112. I measured the stability of the FA0.83Cs0.17Pb(I0.9Br0.1)3 p-i-n devices at 85 °C in N2 in the 

dark, and chose to compare device performance to the most efficient HUBLA device after 1 

day of aging as it induced the most significant increase in performance. The devices were put 

inside a home-built oven with a temperature control set to 85 °C (±4 °C) and removed 

periodically to measure device performance under ambient conditions (45% RH). 

The other stability tests in Chapter 3 were done as following:  

A MPPT test of encapsulated FAMACs p-i-n devices were performed and measured under 1 

sun, 85 ℃ and 30% RH. The light source for the MPPT test was a BBZM-III xenon lamp with 

filter. The FAMACs p-i-n devices were sealed with encapsulation adhesives, including HelioSeal 

PVS 101 Tape and UV Curable resin (TB3035B). The devices were measured by Wei-Ting Wang. 

The MPPT test of unencapsulated p-i-n devices based on FA0.92Cs0.08PbI3 composition were 

subjected to testing within the high-throughput solar-cell lifetime test system developed by 

CRYSCO under 1 sun and 85 ℃ in N2. This system incorporates MPPT while operating under a 

light-emitting-diode-simulated AM 1.5 G spectrum. Ning Zhou and Hin-Lap Yip fabricated and 

measured the FA0.92Cs0.08PbI3 devices.  
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12.3.10. Intensity-modulated photocurrent spectroscopy (IMPS) mapping 

Impedance techniques, such as IMPS imaging, involve the measurement of a device's response 

to a small alternating current (AC) perturbation while simultaneously being illuminated with a 

constant direct current (DC) level, typically set at 1 sun intensity.113 IMPS imaging operates in 

the frequency domain and quantifies the current (𝑗e) at each pixel in response to modulated 

light intensity (current density, 𝑗ϕ), as depicted in Figure 23A.114 The modulation frequency is 

systematically varied, resulting in a dispersion relationship or transfer function denoted as Q. 

When one possess knowledge of the equivalent circuit, one can fit the data in the form of arcs 

plotted in polar coordinates, as illustrated in Figure 23B. This fitting process enables the 

extraction of valuable information such as recombination lifetimes, shunts (low resistance 

paths between electrodes), interfacial trapping parameters, ionic and carrier mobilities, and 

more, all of which are related to specific transport and charge storage characteristics of the 

cell.  

Here, however, the device area is too large and the RC attenuation did not allow the extraction 

of most parameters besides the series resistance. All photocurrent data is nevertheless 

preserved in vector format for subsequent impedance-based analyses. In contrast to previous 

IMPS imaging data, this study benefits from an integrated IV measurement system and a 

multiplexer system, allowing for the seamless execution of both IMPS imaging and subsequent 

IV measurements as a streamlined batch process for monitoring cell degradation over time. 

Jamie Laird and I both measured the devices together at the University of Melbourne. Jamie 

analysed and plotted the data.  
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Figure 23 (A) Simplified schematic of the protype IMPS microscope.114 (B) Typical arcs measured 

in an RC unlimited device where useful parameters can be extracted. Figure (A) and (B) were 

adapted from 114. (C) 4-pixel device layout which was used for the IMPS mapping setup. Each 

of the 3 smaller squares (upper row) has an active area of 0.25 cm2 when masked and the large 

rectangle below has an active area of 1 cm2 when masked. (D) Photocurrent (je) map of ~1 cm2 

device before aging showing a large inhomogeneity on the right side of the device. (E) Same 

device after aging at around 0.75 suns in ambient air (~50% RH) for around 400 h without 

encapsulation showing a large discoloring on the right side. The spot on the right is likely 

transparent and only the gold metal electrode below is still visible.  
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12.3.11. In-situ photoluminescene (PL) map spectra 

For the PL map measurements, the thin film samples were prepared by the precursor solution 

using 1.6 M FAPbI3: MACl in 4:1 (v/v) DMF: DMSO (e.g., 633 mg of FAPbI3 and 23.6 mg of MACl 

in 500 µL DMF and 125 µL DMSO) and deposited on FTO glass. I statically spread 160 µL 

perovskite precursor solution on the FTO substrate and start the spin coating program (6000 

rpm, 3000 rpm/s acceleration) for 50 s. At 10-12 s I quench with 250 µL of anisole. Afterwards 

I anneal the films at 150 ℃ for 15 minutes. All of the perovskite layer fabrication was 

performed in a N2 filled glovebox. The thin film sample was mounted in a Nikon Ti2 microscope 

base with a 130 W mercury lamp, Kymera 328i spectrometer, and Zylar 4.2 PLUS sCMOS. The 

light was monochromated using a Semrock brightline filter cube to provide 488 nm excitation. 

The light intensity was 9.65 W/cm2 at 60x magnifications. The illuminated area was 4.91x10-4 

cm2. The PL signal were normalized by the exposure time to ensure comparability between 

the images of different films. The samples were mounted with the perovskite surface towards 

the objective. All films and measurements were done by me. Analysis of the data was done by 

Kevin J. Rietwyk. 

12.3.12. Optical Microscope 

Optical microscope images were taken on a Nikon Eclipse LV100ND microscope with Nikon TU 

Plan Fluor lenses (10x/0.30 A, 20x/0.45 A, 50x/0.60 B, 100x/0.90 A). The images are taken with 

an attached Nikon Digital Camera D6.10. All measurements were done by me.  

12.3.13. UV-Vis absorption spectroscopy (UV-Vis) 

Absorbance spectra of FA0.83Cs0.17Pb(I0.9Br0.1)3 films were measured with a Varian Cary 300 Bio 

UV-visible spectrophotometer with 50×50 mm reflective neutral density filters with an optical 
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density of 3.0 (made out of UV fused silica). All UV-Vic measurements in Chapter 1 and 2 were 

done by David McMeekin and in Chapter 3 by me. 

12.3.14. X-ray photoelectron spectroscopy (XPS) 

XPS spectra were taken on a Thermo Fisher K-Alpha system (X-ray source: Al Kα; pressure: 

1×10−8 Pa). To obtain the N 1s and Pb 4f spectra of FAPbI3/HUBLA film under humid condition 

(30% or 65% RH at 25 ℃), FAPbI3/HUBLA films were aged in a Xenon Arc Test Chamber (Xi’an 

LIB Environmental Simulation Industry). To obtain the S 2p and Pb 4f spectra of FAPbI3/HUBLA 

film under heating condition (85 ℃ in N2), FAPbI3/HUBLA films were aged in a N2 glovebox at 

elevated temperature. To obtain the binding energies of each monomer, TMXDI, TMXDI 

hydrolysate, tBEDA, CH and CDH were coated on the FAPbI3 films, respectively, and their N 1s 

and S 2p XPS spectra were performed. Here, N 1s and S 2p XPS spectra were used to evaluate 

the hydrolysis and redox reactions of HUBLA itself coated on perovskite under humid and 

heating conditions, respectively, while Pb 4f spectra were used to evaluate whether HUBLA 

and its evolving agents could effectively passivate defects on perovskite. XPS measurements 

were done by Qiang Zhang. 

12.3.15. Thermal Desorption-Gas Chromatography-Mass Spectrometry (TD-GC-MS) 

The following text was adapted from our publication 115.  

The thin films with different perovskite compositions were loaded into a thermal extractor 

unit (Micro-Chamber/Thermal Extractor M-CTE250 from Markes International). The films 

were heated at 165 °C for 60 minutes under a flow of N2 gas (50 ml min-1). The volatile 

components which were released during the extraction were collected onto a sorbent-packed 

collection tube. The tube is then loaded into a thermal desorption unit. It is heated to release 

the volatiles concentrated in the tube. The volatiles are then passed into the gas 
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chromatography-mass spectrometry instrument (Agilent 5977B GC/MSD). The volatile 

components were identified by comparing it to the NIST 17 Mass 20 Spectral Library. The 

reported components had at least 85 % match with the database compound. The 

measurements were done by Shuan Reeksting. The analysis was done by Benjamin M. Gallant 

with advice from Shuan Reeksting.  

12.3.16. Attenuated total reflection-infrared spectroscopy (ATR-IR) characterization 

The ATR-IR spectra were taken using a Thermo Scientific Nicolet 6700 FTIR spectrometer, 

equipped with a diamond attenuated total reflection (ATR) crystal. The ITO/SnO2/perovskite 

and ITO/SnO2/perovskite/HUBLA samples were measured in ATR mode using spectral range 

from 4000 cm-1 to 400 cm-1 and signal average over 32 scans. ATR-IR spectroscopy was done 

by Qiang Zhang. 

12.3.17. Steady-state photoluminescence (PL) and time-resolved photoluminescence 

(TRPL) characterizations 

The PL was recorded with an optical microscope system from UniRAM, Protrustech (excitation 

wavelength 532 nm). TRPL spectra were measured with an Edinburgh FLSPP20 

Spectrofluorometer (excitation wavelength 405 nm). To coat the single-crystals they were 

dipped into 0.125 mg ml-1 of HUBLA solution and afterwards dried with nitrogen. PL and TRPL 

were measured by Elisabeth A. Duijnstee. 

12.3.18. External quantum efficiency 

External quantum efficiency (EQE) measurements were carried out with a QE-R system (Enli 

Technology Co., Ltd., Taiwan) under 25 °C, 30-45% RH. EQE was measured by Wei-Ting Wang. 
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12.3.19. Preparation of hindered urea/thiocarbamate bond Lewis acid-base (HUBLA)  

1.72 g tBEDA (10 mmol), 10 ml DMF were charged in 250 ml three-necked flask under inert 

nitrogen atmosphere and kept in ice bath. And then 4.89 g TMXDI (20 mmol) was dropped 

into the solution and stirred for 2 h. Afterward, 2.27 g cysteamine hydrochloride (20 mmol) 

and three drops of DBTDL were dissolved in 20 ml DMF and then dropped in the reaction 

system. The reaction was carried for 3 days and then poured into dried diethyl ether. The 

precipitates were collected and purified by precipitation at dried diethyl ether for three times. 

Finally, the white solid was dried under vacuum overnight. The material was prepared by Wei-

Ting Wang, Qiang Zhang and Yanfeng Zhang. 

12.3.20. Preparation of poly(urea-urethane) elastomer and self-healing experiment 

In a 50 ml three-necked flask, 3.71 g TMXDI (15.2 mmol) was dissolved in 5 ml DMF and cooled 

to 4 °C. And then 0.86 g tBEDA (5 mmol) was slowly dropped into the above solution to form 

oligo-urea. Afterward, 0.188 g TEA (1.26 mmol), 1.282 g TEG (8.54 mmol) and two drops of 

dibutyltin dilaurate were added and the solution was vigorously homogenized. Finally, the 

polymer solution was charged to a 5×5×0.5 cm3 mold followed by curing at room temperature 

for 24 h under vacuum to remove the DMF. For the self-healing test of elastomer, 14 black 

cubes and 13 white cubes were stuck together and self-healed for 24 hours at 25 °C. The 

material was prepared by Wei-Ting Wang, Qiang Zhang and Yanfeng Zhang. 

12.3.21. Preparation of single crystals 

Single crystals were grown according to a previously published protocol.116,117 An equimolar 

amount of FAI and PbI2 were dissolved in GBL. The solution was stirred at 60 °C for one hour 

and then filtered with a 0.45 µm GMF filter (25 mm diameter). 4 ml of the filtered solution 

was added to a FAPbI3 seed crystal and annealed for 8 h at 95 °C in an oil bath. For the HUBLA 
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treatment, the crystals were dipped into the HUBLA solution. Single crystals were fabricated 

by Elisabeth A. Duijnstee.  

12.3.22. Preparation of poly(urea-urethane) and its self-healing behavior 

To show the self-healing ability of HUB, a HUB-based poly(urea-urethane) elastomer was 

prepared; TEA, TMXDI, TEG, and tBEDA were mixed and cured at room temperature to form 

the elastomer.118 Here, the sixteen elastomer cubes (5×5×5 mm3; poly(urethane-urea)) were 

dyed with black color while another sixteen cubes were white. As seen, after being placed at 

room temperature for 24 h, the elastomer cubes can be reconnected through the cross-linked 

interfaces to build a Rubik's Cube. This self-healing property can be attributed to the dynamic 

reaction of HUBs with a dissociation-association reaction (the equilibrium reaction between 

HUB) at the interface.118  Initially, the HUB dissociated on the surface of the white and black 

cubes, and the isocyanate and hindered amine groups at the interfaces will then react again 

to form HUB when the two surfaces were attached. The material was prepared by Wei-Ting 

Wang, Qiang Zhang and Yanfeng Zhang. 
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13. Intermediate phase engineering with DMAX  

The work in this chapter has been adapted and reproduced in part from D. P. McMeekin*, P. 

Holzhey*, S. O. Fürer, S. P. Harvey, L. T. Schelhas, J. M. Ball, S. Mahesh, S. Seo, N. Hawkins, J. 

Lu, M. B. Johnston, J. J. Berry, U. Bach and H. J. Snaith, Intermediate-phase engineering via 

dimethylammonium cation additive for stable perovskite solar cells, Nature Materials, 22 

(2023) 73–83.; DOI:10.1038/s41563-022-01399-8, *these authors contributed equally 

13.1. Context and Summary 

The pursuit of the perfect perovskite composition, one that balances long-term stability and 

efficiency, remains an ongoing challenge. The focus in this thesis shifts from the typical 

emphasis on perovskite chemical composition to an often-overlooked facet: the quality of its 

crystalline structure. 

In recent years, the metal-halide perovskite field has gravitated towards a straightforward 

fabrication process, initially introduced by Jeon et al.119 This process involves employing a 

solvent system consisting of DMF and DMSO, along with an "antisolvent" such as 

chlorobenzene, toluene, diethyl ether, or anisole, which is used to induce a rapid perovskite 

growth.26 Although this method may not be readily adaptable for industrial use, it allows for 

the effortless creation of laboratory-scale prototypes, offering a satisfactory degree of film 

consistency and uniformity across various perovskite compositions. 

Throughout the spin-coating procedure, the introduction of the antisolvent prompts rapid 

nucleation, giving rise to a series of intermediate phases and expelling a significant portion of 

the initial high-boiling-point solvents.120 Subsequent annealing creates the necessary 

thermodynamic conditions for a fully formed 3D corner-sharing perovskite structure. 
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However, DMSO-PbX2 complexes (e.g., DMSO·PbX2 and (DMSO)2·PbX2, where X = I, Br or Cl) 

can lead to residual DMSO solvent being trapped within the film, owing to their strong 

molecular interaction with perovskite/PbX2 and their high boiling points. This represents only 

one of numerous precursor phase pathways that could be explored to yield higher-quality 

perovskite structures.121–124 

The anti-solvent quenching approach accelerates heterogeneous nucleation with a high 

concentration of nucleation centres, resulting in a brief crystal growth period. This method 

yields materials with relatively small grain sizes and polycrystalline films characterised by a 

higher degree of structural and energetic disorder. These defects typically translate into an 

increased density of trap states and shorter carrier diffusion lengths when compared to 

lengthier, more homogeneous nucleation and growth methods, such as single crystal growth 

techniques.125–127 

Additionally, the smaller grain sizes result in a greater abundance of grain boundaries, which, 

in turn, cause more surface defects. These defects and boundaries have been implicated in 

promoting pathways leading to moisture-induced degradation.128 While these films may 

perform admirably initially in photovoltaic devices, enhancing the crystal quality towards a 

"single-crystal-like" perovskite film is a significant stride toward bolstering the long-term 

stability of perovskite materials and devices. In the following chapter I compare the commonly 

used solvent-quenching method with DMF/DMSO to the acid-route. The acid route is a 

different fabrication method in which an acid is added to the precursor solution and only DMF 

is used and there is no need to use an “anti-solvent” to quench the perovskite. I analyse both 

methods and try to understand key differences. I find that the acid-route produces more 

stable films but also has some drawbacks. Finally, I analyse what is a key difference in the acid 
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route and combine it with the solvent quenching method to derive a novel and better 

fabrication method: the DMA route.  

13.2. Background – the Acid route 

In Henry’s group the lead halide perovskites were initially fabricated by adding an acid to the 

perovskite precursor. However, this method is limited to using DMF exclusively, as DMSO 

tends to form an adduct with the introduced HI and HBr.129 After the addition of the acid the 

solution was left for several days.130 Please note that no antisolvent was used here. The acid 

films were only placed on a hotplate. These aged precursor solution with the addition of 

hydrohalic acids resulted in apparent larger, highly crystalline and oriented perovskite grains 

as shown in Figure 24.  
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Figure 24 Impact of hydrohalic acids on the morphology and crystal quality of the 

FA0.83Cs0.17Pb(I0.6Br0.4)3 perovskite film. (A) A scanning electron microscope (SEM) image of a 

FA0.83Cs0.17Pb(I0.6Br0.4)3 perovskite film prepared with a DMF/DMSO solvent mixture and (B) 

with hydrohalic acid (HI/HBr) additives. (C, D) Wide-angle X-ray scattering (WAXS) image of 

FA0.83Cs0.17Pb(I0.6Br0.4)3 perovskite films deposited on a fluorine doped tin oxide (FTO) substrate 

with both methods. Text and figure adapted from 105. 

I see a change in the morphology of the films with the domains/apparent grains observed in 

SEM changing in size from a few hundred nanometres to several microns (Figure 24A and B) 

commensurate with the scattering measurements.131 Please note that the larger gaps in 

Figure 24A are a result of the longer beam exposure during the SEM measurement. Fresh films 
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are hard to focus on and only after some exposure it is possible to focus on the surface. That, 

however, damages the films as well. In Figure 24C and D, I display wide-angle X-ray scattering 

(WAXS) measurements, where I observe that the control “DMF/DMSO” route results in 

concentric Debye–Scherrer rings indicative of polycrystalline thin films with a low degree of 

texture. They show two points of maxima around the rings indicative of slight preferred 

orientation along the (110) plane. For the acid route, I observe a significant variation in 

intensity across the Debye–Scherrer rings, indicative of a highly textured film which has a high 

degree of preferred orientation vertical to the substrate plane. In Figure 25, I present the in-

situ crystallization WAXS measurements for both fabrication methods during heating, plotting 

scattering intensity versus time, revealing that the DMF/acid films crystallize at a significantly 

slower rate compared to the DMF/DMSO films, even though they crystallize at a higher 

temperature (185 C vs 100 C). Further, the acid route shows additional peaks which are likely 

polytypes (2H, 4H, 6H and PbI2) showing that the acid route goes through a series of different 

intermediates until it forms the perovskite structures. The fast and rapid crystallisation of the 

DMF/DMSO route likely indicates that most of the perovskite phase already formed during 

the solvent quenching step. In the next part I study the device and light stability of the two 

different routes. 
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Figure 25 WAXS 2D plot of a FA0.83Cs0.17Pb(I0.6Br0.4)3 perovskite film fabricated with a low-

temperature DMF/DMSO and a high-temperature DMF/Acid fabrication method. The data 

shows the first 5 and 90 min of a FA0.83Cs0.17Pb(I0.6Br0.4)3 perovskite film fabricated with the (A, 

B) acid route annealed at 185  C. An overview of the evolution of the relevant phases in the 

first 5 mins for the acid route is shown in (C). The data shows the (D, E) DMF/DMSO fabrication 

method annealed at 100  C and the corresponding overview in (F). The DMF/Acid method was 

prepared with a “fully-aged” solution, which was aged for more than 72h after adding the 

HI/HBr additive. Annealing was done in a helium atmosphere with slight water/oxygen 

contamination. Text and figure adapted from 105. 

The devices were aged under AM 1.5G sunlight at maximum power point (MPP) in ambient 

air for 24 hours without encapsulation. All devices were fabricated with a 

FTO/SnO2/PC61BM/FA0.83Cs0.17Pb(I0.6Br0.4)3/ 2,20,7,70-tetrakis(N, N-di-p-methoxyphenyl-

amine)-9,90-spirobi-fluorene (spiro-OMeTAD)/Au architecture. In Figure 26, I show the TOF-

SIMS tomography of pristine and aged perovskite devices with the DMF/DMSO and DMF/acid 
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perovskite films. This measurement allowed me to assess the inhomogeneities of the FA/Cs 

A-site cations and the I/Br halides. After aging, I observed a stronger compositional variation 

of the A-site for the DMF/DMSO perovskite films than the DMF/acid films, consistent with 

improved compositional stability of the DMF/acid processed films. 

 

Figure 26 FA+/Cs+ A-site cation and halide segregation. TOF-SIMS 2D mapping of FA+ (blue) and 

Cs+ (red) overlays for the (A) DMF/DMSO, (B) DMF/acid devices aged for 0 hours, and (C) 

DMF/DMSO, (D) DMF/acid devices aged for 24 hours. 2D maps for Br- (blue) and I- (red) overlays 

for the (E) DMF/DMSO, (F) DMF/acid devices aged for 0 hours, and (G) DMF/DMSO, (H) 

DMF/acid devices aged for 24 hours. The data was reconstructed to include data only from the 

perovskite absorber layer from a 3D tomography dataset of the entire device stack. The images 

are based on a relative intensity scale for each species, which is shown for each individual image 

in the appendix in Figure A 1 and Figure A 2. Text and figure adapted from 105. 

Interesting is that the dominant decomposition pathway is the segregation of the A-cations 

and not the halides as commonly assumed for FACs compositions with high Br- content.98,132–

134 Recent work by Knight et al. showed similar results.135 That might be related to the ambient 
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aging given that CsI is hygroscopic and FAI is also likely very sensitive to moisture at least 

according to the material safety datasheet (MSDS). E.g. it could be that the moisture 

decomposition which is typically accompanied with the formation of a orthorhombic CsPb(I1-

xBrx)3 phase47 is faster than the halide segregation. Further tests without moisture present 

would be necessary to entangle the origin of the effect. While the acid route has some 

advantages it also has some downfalls. An “under-aged” solution leads to lower crystallinity, 

smaller grain sizes, and lower charge-carrier mobilities and an “over-aged” solution suffers 

from poor perovskite coverage across the substrate. Further it has been challenging to use 

them in p-i-n structures which I believe originates from their higher surface roughness.  

Ideally, I would like to combine both the acid-route with the solvent quenching route to 

produce a new more stable solvent quenching route. I realised over time that one of the key 

components of the acid-route is the decomposition of the DMF. Over time dimethylamine 

((CH3)2NH) and formic acid (HCOOH) are formed in the solution via the hydrolysis of 

dimethylformamide.136,137 This degradation process can also happen alone or be accelerated 

through the exposure of the solution to air or water (Figure 27A).136,138 Through TOF-SIMS 

measurements residual amounts of DMA+ in the perovskite film are found. The film was 

annealed at 185 C for 90 mins in an oven and prepared from a DMF precursor solution aged 

for 48h with hydrohalic acids additives (Figure 27B). Hence, I can confirm that these hydrohalic 

acids in water (HI 57 wt. % H2O and HBr 48 wt. % H2O) cause fast hydrolysis of DMF while 

simultaneously providing a source of halide, causing an unintended and uncontrolled addition 

of dimethylammonium halide salt (CH3)2NH2
+

 X- into the perovskite solution. With this insight, 

I introduce a new controllable method of precursor phase engineering with the addition of 

dimethylammonium halide, and specifically dimethylammonium chloride (DMACl).  
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Figure 27 (A) Schematic showing the degradation of dimethylformamide (DMF) into 

dimethylamine and formic acid in the presence of water. The chemical equation of the DMF 

hydrolysis reaction, where DMF is the reactant, while dimethylamine and formic acid are the 

products. (𝐶𝐻3)2𝑁𝐶(𝑂)𝐻 ⇌ 𝐻𝐶𝑂𝑂𝐻 + (𝐶𝐻3)2𝑁𝐻.  (B) Positive Polarity Time-of-flight 

secondary ion mass spectrometry (TOF-SIMS) detecting dimethylammonium C2H8N+ ions of 

(FA, Cs)Pb(Br, I)3 films prepared using various fabrication methods after a 185 C 90 m annealing 

step. Text and figure adapted from 105. 
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13.3. Intermediate phase of the DMA route 

Intermediate, or precursor phases commonly occur during the formation of polycrystalline 

metal-halide perovskite thin-films.139 Although influential, they are often an overlooked 

aspect of the complex crystallization process driven by thermodynamics. I observed that films 

prepared with a precursor solution aged with hydrohalic acids crystallized via distinct 

intermediate phases. I postulate that the source of these specific intermediate phases and 

thus control the formation process, is the unintentional presence of DMA+. To test this theory, 

I prepared perovskite thin-films from precursor solutions which contained increasing 

concentrations of dimethylammonium halide salts (DMAX). Consistent with my hypothesis, I 

observed that this addition of the DMAX induces the formation of perovskite precursor 

phases, which allows for crystallisation to proceed via the formation of hexagonal perovskite 

polytype (2H, 4H and 6H) intermediate phases, which I illustrate in Figure 28. This class of 

perovskite polytypes is comprised of a mixture of corner-sharing (cubic) and face-sharing 

(hexagonal) octahedral connections assembled in various ratios. This family of perovskites are 

commonly found in perovskite oxides but have also been reported to occur in metal-halide 

perovskites.140–142 Here, I identify the DMAzFAyCs1-yPb(IxBr1-x)3Clz perovskite system as part of 

this polymorphism class of material, where the proportion of cubic to hexagonal octahedral 

connections increases when exposed to high-temperatures (> 140 C) (Figure 28A); resulting 

in a phase transition from 2H, 4H or 6H face-sharing hexagonal frameworks, to a 3C corner 

sharing cubic perovskite.143  
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Figure 28 (A) Crystal structure of a unit cell of the hexagonal lead halide perovskite polytypes—

2H, 4H and 6H—showing PbI6 octahedra connectivity, along with a 3C cubic perovskite 

structure. (B) A series of photographs of DMAx(FA0.83Cs0.17)1–xPb(Br0.2I0.8)3Clx perovskite films 

spin-coated with various amounts of DMACl additive, where percentages are expressed in 

excess amounts with respect to the lead content. (C) A series of X-ray diffraction patterns of 

the corresponding thin films showing the intermediate precursor phases in the form of 

hexagonal polytypes. Text and figure adapted from 105. 

As Mancini et al.144 and García-Fernández et al.145 have independently reported that 

DMAPbX3, where X is I-, Br- or Cl- anions, forms in various hexagonal face-sharing crystal 

arrangements. For example, DMAPbI3 crystallizes in a 2H-hexagonal polytype with a space-
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Figure 29 (A) Impact of temperature on the various film preparation methods DMF, DMF/DMSO 

and DMF/DMACl. The films were heated at 25 °C, 100 °C, 120 °C, 130 °C and 140 °C for 1 minute 

in an air atmosphere. The neat DMF film appeared black immediately after spin coating, while 

the DMF/DMSO and DMF/DMACl had a translucent appearance after spin coating and only at 

a temperature above 100 °C and 140 °C that these films appeared black. All images were 

captured on the FTO glass side. (B) A series of Ultraviolet-visible (UV-Vis) absorbance spectra of 

DMAx(FA0.83Cs0.17)1-xPb(Br0.2I0.8)3Clx perovskite films spin-coated with various amounts of DMACl 

additive, where percentages are expressed in excess amounts with respect to lead. Text and 

figure adapted from 105. 

group P63/mmc comprising chains of face-sharing [PbI6]4- octahedra separated by chains of 

DMA+ cations,146 whereas DMAPbCl3 and DMAPbBr3 both crystalize in a 4H-hexagonal 

perovskite polytype. These 4H perovskite polytypes are formed with Pb2X9 dimers of face-

sharing octahedra, which are then connected to one another via corner-sharing octahedra.145 

Figure 28 shows the intermediate phases occurring in the solvent-dried films before the 

conversion to fully crystalline 3C perovskite form. After a 5 minute 100 C anneal, I observe a 
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colour change, along with the appearance of the 2H to 6H hexagonal polytypes phase, 

identified by peaks between 2  11.6 – 11.8. Moreover, I observe that with  20% excess 

DMACl (with respect to the Pb or combined FA+ + Cs+ content) I fully suppress the formation 

of the 3C cubic FAyCs1-yPb(IxBr1-x)3 perovskite when heated at or below 100 C. As it also 

becomes evident from the UV-Vis absorbance spectra in Figure 29B. I assume that most of the 

solvent (DMF) has been removed from the film during this 100 C annealing process, but most 

of the DMACl remains incorporated within the crystalline polymorphs. With a subsequent 

anneal at higher temperatures, I assume that most of the DMACl (the most volatile remaining 

component) is driven out of the film until only the 3C cubic FAyCs1-yPb(IxBr1-x)3 perovskite 

predominantly remains. However, I am aware from further characterisation described later 

that some of the DMA+ and potentially also some fraction of Cl- remains in the lattice.  

When adding DMACl in excess with respect to lead to the FAyCs1-yPb(IxBr1-x)3 perovskite 

system, it appears to act as a “crystallizing agent” which controls the speed at which the 2H, 

4H, 6H to 3C crystallization sequence takes place. In turn, this directly impacts the nucleation 

dynamics, crystallization rate and final crystal quality of the perovskite film. These hexagonal 

polytypes may template the perovskite orientation due to their similar hexagonal crystal 

structure to the 2H δ-FAPbI3 “yellow” phase, which also exhibits a strong diffraction peak at 

2θ 11.8. This template offers a unique perovskite crystallization strategy, where the 2H to 

3C crystallization sequence is controlled in a minute rather than seconds for the standard 

DMF/DMSO solvent system. Furthermore, I highlight that intermediate phases, induced with 

the additions of DMSO or DMAX, are indispensable for avoiding large macroscopic cracks, 

which are otherwise found in films processed from neat-DMF (Figure 30).  
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Figure 30 Comparison between a DMF/DMSO and a neat DMF solvent mixture for perovskite 

devices. (A) Images of backlit perovskite films prepared with a DMF/DMSO and a neat DMF 

solvent mixture. (B) PCE comparison between both methods. (C) J-V characteristics and steady-

state photocurrent at a fixed voltage of a DMF/DMSO device. (D) J-V characteristics of a neat 

DMF device. Text and figure adapted from 105. 

The intermediate phases induced by the DMSO·PbI2 and/or (DMSO)2·PbI2 complexes 

disappear within the first few seconds of the annealing process, leading to rapid crystal 

formation. For the DMF/DMACl route, I observe that little to no hexagonal face-sharing 

DMAPbX3 crystal structure remains when DMAX is added in excess, and the films are annealed 

at elevated temperatures (> 185 C) (Figure A 3). Films with higher DMACl content do require 



101 

 

longer annealing time or higher temperatures to fully or at least mostly remove the DMAPbX3 

crystal structure, which is consistent with the postulation that the excess DMACl needs to be 

volatilized from the film, for crystallisation to occur. A further in-depth discussion of the 

DMAPbX3 and the ideal DMACl content is given in the next chapter. Please note that this is a 

similar requirement to when processing perovskite films from non-halide lead salts, such as 

lead acetate or lead chloride with an excess of A-halide cations.147 

Eperon et al. have previously investigated substituting FA+/Cs+ for DMA+ in lead-halide 

perovskites148 as opposed to the excess addition that I have undertaken here. To investigate 

the similarities and differences of these two approaches, in Figure A 4, I show photographs, 

XRD and UV-Vis absorption data of a series of films that were prepared using a cation 

substitution method, where A-site FA/Cs cations were replaced by DMA+ cations targeting a 

DMAy(FA0.83Cs0.17)1-yPb(BrxI1-x)3 perovskite system. Similarly to Eperon et al.,148 I observed a 

slight blue shift in absorption onset with substitution. However, this was accompanied by 

lower preferred crystal orientation along the (100) plane. More importantly, I observe the 

presence of the formation of two separate phases, a 2H face-sharing located at 2 = 11.8 

associated with δ-FAPbI3 (11.78° and 11.81°) and/or DMAPbI3 (11.72° and 11.75°), along with 

a 3C corner-sharing perovskite (Figure A 4). I also observe a lowering of the steepness of 

optical absorption onset, indicative of an increased electronic disorder.149 Figure A 5 shows 

films of the identical DMAy(FA0.83Cs0.17)1-yPb(BrxI1-x)3 perovskite system after a 185 C 

annealing step. This high-temperature annealing step resulted in the removal of the 2H 

δ-FAPbI3 and/or DMAPbI3 peak; however, significant PbI2 peaks located at 2  12.7 

appeared. In contrast, when DMAX is added in excess amounts with respect to the 

FA0.83Cs0.17Pb(BrxI1-x)3, I obtain film morphology and crystal quality similar to the “acid 
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method”, where hydrohalic acids would hydrolyse the DMF over time to introduce DMA+ into 

the precursor solution. This “excess cation” method is therefore different to the DMA+ 

substitution explored previously and consists of a DMAy(FA0.83Cs0.17)Pb(BrxI1-x)3Xy, where X is I-

, Br- or Cl- anions,  in a perovskite precursor solution, that serves to control the intermediate 

phases during the crystallization process. As shown in Figure A 3, this results in highly textured 

perovskite films without any additional hexagonal polytypes remaining in the fully annealed 

films. Incidentally, if I add 50% excess DMABrxI1-x, as opposed to DMACl, I observed a 25 nm 

redshift in bandgap for films fully crystallised into the 3C perovskite, compared to neat 

FA0.83Cs0.17Pb(BrxI1-x)3 films, potentially due to a preferential loss of bromide (in DMABr) during 

the crystallization processing. Lastly, I have investigated the use of all DMAX and 

dimethylamine as an additive and have observed that all of these compounds can form 

hexagonal polytype intermediate phases (Figure 31). However, I found that in order to achieve 

an efficient device with a smooth perovskite morphology, DMACl was the most suitable 

additive, resulting in DMAx(FA0.83Cs0.17)Pb(Br0.2I0.8)3Clx precursor phases. Notably, DMACl 

allowed for faster removal of excess compounds at lower temperatures and did not 

significantly narrow the band gap of the perovskite, which is the case when adding 

DMAI/DMABr or HI/HBr in excess. 

As reported by García-Fernández et al.,146 due to the low dimensionality of the DMAPbI3 

crystal structure, this compound appears to behave as an ionic conductor but suffers from 

poor electronic conductivity. These insulating properties may be the reason why the optimum 

annealing requires high temperatures along with long durations in order to drive out the face-

sharing DMAPbX3 perovskite. However, I note that a small portion of DMA+ could potentially 

be incorporated into the cubic (FA0.83Cs0.17)Pb(BryI1-y)3 structure, as I measure some residual 

DMA+ using TOF-SIMS. Ke et al. recently reported that up to 30% of the caesium in CsPbI3 can 



103 

 

be substituted with DMA+, thus forming Cs0.7DMA0.3PbI3 in a 3C corner-sharing cubic crystal 

structure.150 Similarly, Marshall et al. recently showed that the CsxDMA1-xPbI3 perovskite only 

forms a pure-phase material with up to ≈ 25% DMA+ substitution; above this point, the A-site 

cations begin to phase segregate.151 Hence, assuming similar incorporation fractions, 4-5% 

(i.e. 25 to 30% of the 17% Cs) DMA+ cations may be incorporated into the final perovskite 

structure. 

 

 

Figure 31 Impact of DMAI and DMABr on the intermediate phases of the FA0.83Cs0.17Pb(Br0.8I0.2)3. 
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(A, B) A series of photographs of DMAxFA0.83Cs0.17Pb(Br0.8I0.2)3Ix and 

DMAxFA0.83Cs0.17Pb(Br0.8I0.2)3Brx perovskite films spin-coated heated at 100 °C for 1 m, with 

various amounts of DMAI and DMABr additive, where percentages are expressed in excess 

amounts with respect to lead. (C, D) A series of X-Ray diffraction patterns of the corresponding 

thin film showing the intermediate precursor phases in the form of hexagonal polytypes. Text 

and figure adapted from 105. 

However, I did not observe a significant change in absorption onset between the 

“DMF/DMSO” and DMF/DMAX fabrication methods after fully annealing the neat iodide 

perovskite film at high temperature (Figure 32). However, for larger Br- contents I find that 

there is a slight shift in bandgap as discussed in the next chapter.  

 

Figure 32 Optical band gap comparison between the perovskite films prepared with three 

different precursor solutions: FA0.83Cs0.17PbI3 (DMF/DMSO), DMA0.3FA0.83Cs0.17PbI3Cl0.3 
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(DMF/DMACl), DMA0.3FA0.83Cs0.17PbI3.3 (DMF/DMAI). All films were characterised throughout 

the annealing process after 10 mins of annealing at 170 °C on a hotplate and subsequent 

annealing in an oven at 175 °C after 30, 60 and 90 mins. A series of UV-Vis absorbance spectra 

measured throughout the annealing process of a film prepared with a precursor solution 

composed of (A) FA0.83Cs0.17PbI3 (DMF/DMSO) (B) DMA0.3FA0.83Cs0.17PbI3Cl0.3 (DMF/DMACl) (C) 

DMA0.3FA0.83Cs0.17PbI3.3 (DMF/DMAI). (D) A UV-Vis comparison spectrum of a series of fully 

annealed films. Text and figure adapted from 105. 

13.4. Properties of the DMA route 

In the next section, I compare the crystallographic and photophysical properties of 

FAyCs1-yPb(IxBr1-x)3 perovskite films prepared with the “DMF/DMSO” and the “DMF/DMACl” 

route. A series of XRD pattern of 0-100% excess DMA are shown in Figure 33. The peaks are 

labelled in Figure 33. Interestingly, the crystal orientation (Figure 34) is not linearly correlated 

with the used DMA content but rather shows a peak at around 20% and then goes down again 

for 40% and increases again towards higher amounts. Further from 40% DMA a new peak 

appears at around 10.9° as analysed in Figure 34B. This could indicate that potentially 

undesired phases form inside the FACs perovskite. This peak fits the hydrated 

FA0.83Cs0.17Pb(I0.85Br0.15)3·H2O perovskite phase.47 The DMACl salt is relatively wet as it is 

delivered so it might contain trace quantities of H2O. That would agree with the findings using 

the DMACl route for Pb-Sn where Michael Farrar found similar evidence for a hydrated 

perovskite phase in the DMACl Pb-Sn thin films.152 However, the films for pure Pb were 

annealed at 180 °C for 1h in an oven which should remove any residual water. 
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Figure 33 XRD of FACs thin films with excess DMA content from 0 to 100% (in mol% regarding 

the Pb content), peaks are labelled accordingly.  

Further one would expect a linear increase in the hydrated perovskite phase with increasing 

amount of DMACl amount but that is not the case. To double-check the reproducibility of the 

peaks I repeated the same series as shown in Figure A 8 and an in-depth analysis in Figure A 

9 and Figure A 10. All three series (the third one is made by David P. McMeekin) show a new 

peak appearing at around 10.9° which increases around 40 mol% DMACl added in excess and  
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Figure 34 Analysis of XRD of FACs thin films with excess DMA content from 0 to 100% (in mol% 

regarding the Pb content), peaks are labelled accordingly. (A) The orientation of the crystals is 

measured by the relative peak intensity of the (100) to the (110) peak. (B) Peak intensity of the 

new unknown peak, which appears at around 10.9° relative to the FTO (100) peak. (C) Unit cell 

volume (A-3) of the lattice fitted with a 𝘗𝘮3̅𝘮 structure. (D) Full-width half maximum (FWHM) 

of the (100) peak. Measurements were done by me and the analysis was done by Harry Sansom.  

goes down in intensity around 60 to 70 mol% and increase again with more DMACl. The peak 

does not fit the reported crystal structure of DMA+ structures144,145,153 and also does not fit with 

any measured XRD pattern for the fabricated films as for example DMAPbI3 spin-coated onto a 
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FTO substrate (Figure A 6 and Figure A 7). It is not clear what this peak might be and with only 

one new peak a XRD fitting of this structure is impossible. By fitting each XRD structure with the 

𝘗𝘮3̅𝘮 crystal structure one can determine the given unit cell volume which is plotted in Figure 

34C. I see a linear increase in volume indicative of a possible incorporation of DMA+. In Figure 

34D, I plot the full width half maximum (FWHM) of the corresponding peaks. To further 

understand the materials quality I measured XRD2 to understand not only the out-of-plane 

orientation (1D XRD) but also the in-plane orientation of a new series of DMAz(FAyCs1-y)Pb(BrxI1-

x)3Clz perovskite films. As shown in Figure 35, the in-plane orientation seems to correlate with 

the same trend as for the 1D XRD. There is an increase in orientation towards 20% to 30% DMA 

and then it decreases again for higher DMA content.  

 

Figure 35 XRD2 of the (100) peak of a FA0.83Cs0.17Pb(I0.85Br0.15)3 perovskite film prepared using 

DMF/DMSO and a series of DMAxFA0.83Cs0.17Pb(I0.85Br0.15)3Clx dissolved in DMF only. Text and 

figure adapted from 105. 
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Figure 36 XRD2 gamma peak analysis, showing the distribution of the (100) peak along the in-

plane direction as a function of the azimuth angle (γ) for a series of DMACl and DMF/DMSO 

control films. Left and right are the graphical depictions of the corresponding orientation of the 

grains. The same analysis for 0 to 100% DMACl is shown in Figure A 11. Text and figure adapted 

from 105. 

For 40% and 50% DMACl it shows a slight increase in broadening. The peak then increases 

again towards 100% DMA content. Oesinghaus et al.154 outlined a potential interpretation of 

the XRD2 which would translate to the graphical depicted interpretation of crystal grains as 

show in Figure 36. The FACs film made with DMF/DMSO shows two peaks along the cone 

section of the (100) peak which corresponds to a slight corner-up orientation meaning an 

average maximum of 30° between the FTO surface and the (100). That becomes slight less 

pronounced with the removal of DMSO. With the addition of DMA+ the orientation changes 

towards a face-up orientation as it becomes apparent with the addition of 10% DMACl and 

the emergence of a third peak. That peak becomes dominant with 20% and more DMACl 

corresponding to a face-up orientation of the perovskite lattice. These findings coincide with 

the previous XRD2 analysis of the DMF/acid method, where films prepared with an aged 
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solution with the addition of hydrohalic acids tend to orient their (100) peak to  = 0.131 Films 

with a high DMA+ content have slower crystallization rates, allowing for face-up orientation to 

occur, while films with low or no DMA+ content, such as the conventional DMF/DMSO films, 

crystallize at a much quicker rate, resulting in a significant portion of crystallite with a corner-

up orientation. I hypothesize that crystallites may preferentially orient with their (100) plane 

parallel to the substrate if enough time and thermal energy is available. Similarly, Oesinghaus 

et al. established links between different MAPbI3 perovskite fabrication methods prepared via 

various lead precursors (e.g. PbI2, PbCl2, or Pb(CH3COO)2) and their crystalline orientation.154 

Here, I expand on this knowledge by establishing links between the DMA+ induced 2H-3C 

precursor phases, which govern the crystallisation kinetics of the FAyCs1-yPb(IxBr1-x)3 perovskite 

system in order to template the growth of the highly ordered face-up domains. As shown in 

Figure 37A, by comparing XRD patterns of perovskite thin films with roughly identical 

thicknesses and scan parameters, I observe an increase of almost two orders of magnitude 

(77x) in the number of counts between the DMF processed neat FA0.83Cs0.17Pb(Br0.2I0.8)3 film 

and the DMA0.5(FA0.83Cs0.17)Pb(Br0.2I0.8)3Cl0.5 processed film. Concurrently, I observe the 

disappearance of the XRD peak associated with the (110) orientation located at  20.1 for 

precursor solutions with over 40% DMACl. Lastly, the full-width-half-maxima (FWHM) for the 

(100) peak was lowered by roughly a factor of two compared to the DMF/DMSO control, 

indicative of an increase in the crystal grain size and reduction in micro strain of the perovskite 

material (Figure 37B).  
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Figure 37 (A) One-dimensional XRD patterns of DMAx(FA0.83Cs0.17)Pb(I0.8Br0.2)3Clx perovskite thin 

films with various amounts of excess DMACl after a full annealing step. The inset figures show 

enlarged regions of the (100) and (110) XRD peaks. (B) FWHM of the (100) peak, and a (110) to 

(100) peak ratio for films with various DMA+ contents, compared to a control film with 

DMF/DMSO as solvents. Text and figure adapted from 105. 

Lastly, I also show a series of scanning electron microscope (SEM) of the DMACl series from 0 

to 100 mol% excess compared to the control with DMF/DMSO (Figure 38). There is a 

significant increase in apparent grain size until 20% mol excess. At 30% mol excess of DMACl 

the grain structure changes towards larger grains which are surround by several smaller 

grains. With 40% mol excess the apparent grains are again smaller and more convoluted. The 

convolution continues to increase and smaller holes appear in the films. With 100% mol excess 

the FTO substrate below even becomes visible.   
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Figure 38 SEMs of DMAx(FA0.83Cs0.17)Pb(I0.8Br0.2)3Clx perovskite thin films with 0 to 100 %mol 

amounts of excess DMACl after a full annealing step and a control film with DMF/DMSO.  

13.5. Discussion and summary 

On the pursuit of the perfect crystallisation route for lead halide perovskites for photovoltaics 

I found that the acid route has distinct advantage compared to the commonly employed 

solvent quenched fabrication route with DMF/DMSO. The acid route produced FACs thin films 

with larger apparent grains, stronger orientation and better light and device stability. One of 

the key differences during the formation is the crystallisation sequence of going through the 

hexagonal polytypes 2H, 4H and 6H before forming the final 3C perovskite phase.  

Through the analysis of the acid route it became clear that dimethlyamine is a crucial 

component and might be the origin of the enhanced stability. To utilise also the advantages 

of the solvent quenching route with DMF/DMSO both methods were combined to a new 
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fabrication route called DMA route. For that the commonly used DMSO was replaced with a 

dimethylammonium halide which is added in excess to the perovskite precursor solution. For 

the quenching solvent we used TFT or a mixture of TFT with EA. Because of the large amount 

of excess organic cation, we also changed the heating treatment to three steps annealing at 

100 °C in the N2 glovebox, 170 °C on a hotplate in ambient air and finally 180 °C in a dry oven. 

The DMA route is a novel fabrication route which hasn’t been reported so far. Previous 

publications used DMA but only by replacing other A-sites and still with DMSO.148,155  

This new DMA route already has been adapted to other perovskite systems. Michael Farrar 

and I have been using the DMA route for the Pb-Sn perovskite.152 James Drysdale and I also 

used the DMA route successfully for larger bandgaps of 2eV (with 60 to 70% Br-). For both 

perovskite systems the DMA route has led to more stable and reproducible halide perovskites. 

I am hopeful that the field will adapt this method and use it.  

In the next chapter I will investigate the performance and stability of the DMA route in films 

and devices. Interesting further research would be to understand the new peak arising in the 

XRD at around 10.9 ° with ≥40 mol% excess. Do new secondary phases form as result of the 

DMA route with ≥40 mol% excess? Might these phases also play a role for less excess DMA 

even though they are not visible in XRD? 

This effect mainly originates from the decomposition of the DMF through the acid which lead 

also to the formation of Dimethylamine. By just adding the DMAX halide salt with I-, Br- or Cl- 

one is able to reproduce this change in intermediate phases while not having to use an acid. 

The resulting and new fabrication method, the DMA route, results in films which also have 

larger apparent grains, enhanced crystallinity, a face-up orientation and allow for the removal 

of DMSO as solvent. DMACl worked the best of the three salts likely given that the excess 
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halide is easier to remove. Amounts of 20 to 30% mol of DMACl as excess worked the best in 

giving good FACs perovskite thin films. In the next chapter I will study the stability of these 

films and also fabricate devices.  
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14. Stability and performance of the DMA route 

The work in this chapter has been adapted and reproduced in part from D. P. McMeekin*, P. 

Holzhey*, S. O. Fürer, S. P. Harvey, L. T. Schelhas, J. M. Ball, S. Mahesh, S. Seo, N. Hawkins, J. 

Lu, M. B. Johnston, J. J. Berry, U. Bach and H. J. Snaith, Intermediate-phase engineering via 

dimethylammonium cation additive for stable perovskite solar cells, Nature Materials, 22 

(2023) 73–83.; DOI:10.1038/s41563-022-01399-8, *these authors contributed equally 

14.1. Ambient thin film stability 

In the previous chapter, I showed that the acid route produces significantly more stable 

perovskite solar cells. By understanding that dimethylamine, one of the degradation products 

of DMF, was a crucial component in the acid route and responsible for many properties, I was 

able to develop a new DMA route. In this chapter, I will study the stability of thin films and full 

devices. In Figure 39, the impact of the perovskite processing solvent composition on the 

stability of perovskite thin films in a humid environment is shown. A series of films prepared 

with various DMF to DMSO ratios were continually exposed to humid air with a relative 

humidity (RH) of approximately 85% at room temperature. These films are compared to the 

optimised, highly orientated and crystalline DMF/DMACl processed FA0.83Cs0.17Pb(I0.8Br0.2)3 

perovskite films. I observe improved stability with reducing DMSO content in the solvent and 

significantly improved stability for the DMF/DMACl processed films.  

DMSO is a common Lewis-base solvent known to complex and coordinate with lead halide 

(PbX2). This ability allows intermediate precursor phases to occur, slowing the perovskite 

crystallisation process and increasing its processing window.120,156–158 However, the 

combination of strong molecular interaction with perovskite/PbX2 and a high boiling point 
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results in residual DMSO solvent remaining in the final perovskite film. With NMR 

spectroscopy powders from perovskite thin films dispersed in deuterated-acetonitrile (ACN-

d3) were analysed and residual DMF or DMSO was detected. Figure 39B shows residual solvent 

peaks for both DMF (7.93, 2.89 and 2.77 ppm)159 and DMSO (2.51 ppm) for a thin film 

fabricated with a 50 L drop-casted perovskite film, indicative that 1 hour 100 C anneal is not 

sufficient to remove all solvents from a thick drop-casted film. Although a control DMF/DMSO 

solvent-quenched approach with  500 nm thick films did show no residual DMF, a DMSO 

 

Figure 39 Impact of solvent and fabrication method on thin film humidity stability. (A) A series 

of photographs of thin films spin-coated fabricated with different ratios of DMF to DMSO, along 

with a comparison of the DMF/DMACl method. (B) 1H Nuclear Magnetic Resonance (NMR) 

spectra of perovskite thin films dispersed in ACN-d3. NMR spectra of a perovskite thin film 

prepared with a (Top) DMF/DMSO drop-casted method, (Middle) DMF/DMSO solvent-
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quenched method, and (Middle) DMF/Acid method, (Bottom) DMF/DMACl method. Text and 

figure adapted from 105.  

peak could still be detected after the standard 1 hour 100 C annealing step. On the other 

hand, the DMF-only perovskite film prepared with an excess amount of DMACl is compatible 

with high-temperature annealing processing (> 170 C), enabling the film to drive out most of 

the processing solvents from the films, while the 2H, 4H, 6H to 3C crystallization sequence 

takes place. While I cannot measure any DMF with solution NMR, I was able to measure 

residual solvent with thermal desorption gas chromatography mass spectrometry 

 

Figure 40 Thermal Desorption-Gas Chromatography-Mass Spectrometry. The chromatograms 

correspond to the release of different compounds during the thermal desorption of a 

DMA0.3FA0.83Cs0.17Pb(I0.85Br0.15)3Cl0.3 thin film annealed for 100 °C, 170 °C each for 10 min 

followed by 175 °C in an oven in air for 90 min. Mass spectra were used to identify the 

desorption products. All identified compounds were matched with the National Institute of 

Standards and Technology (NIST) 17 database and scored at least 85% for identification 

accuracy. Unlabeled signals represent compounds for which no satisfactory match was found 

in the NIST 17 database. 2-cyanoethyl acrylate is a common contaminant associated with 

plastics and plastic manufacturing processes. They were likely introduced in trace amounts 
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through contact between the sharp-edged glass substrates and the plastic containers used to 

transport samples before measurements. 

(TD-GC-MS). TD-GC-MS has a significantly higher resolution limit than solution NMR, which 

might explain the difference. Further, for the solution NMR measurements, the thin films were 

scraped off the substrate with a razor blade, meaning that residual material at the bottom 

close to the TCO substrate might not be measured. The material at the bottom interface is the 

one which most likely contains residual solvents like DMSO.160 Interestingly, I also found that 

the solvent used for quenching the perovskite fabrication (α,α,α-trifluorotoluene (TFT)) 

residual in the perovskite thin film. However, I nevertheless observed a significant difference 

in the stability. It seems that residual DMSO is more harmful than other residual solvents, 

which could be related to the stronger coordination of the solvent. Equally, the amount of 

residual solvent might be relevant. The performed TD-GC-MS measurements were not 

quantitative. In Figure A 12, I show the TD-GC-MS for a DMA0.30FA0.83Cs0.17Pb(I0.8Br0.2)3Cl0.3 thin 

film, which was only annealed for 100 °C and 170 °C for 10 mins each. Surprisingly, I observed 

the same residual solvents. The higher temperature (+ 10 °C) and longer annealing time (+1 hr 

in the oven in air) do not help remove residual solvents. Given that the boiling point of DMF 

is 153 °C and of TFT at 103 °C, one might expect that the annealing condition in both cases 

would be enough to remove both solvents. However, boiling point values are given for a 

solvent in itself, meaning that the boiling point is not necessarily an accurate guideline for 

when one would expect a solvent to leave, especially if a solvent like DMF is still coordinating.  

In summary, I hypothesize that the entrapped DMSO causes the reduced humidity stability of 

the DMF/DMSO processed films. However, further investigation into residual solvents is 

needed to fully understand their impact on the stability of lead halide perovskite. Recent 
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research by Seok and co-workers,85 suggests that residual solvents lower the energetic barrier 

to transition from the α- to the δ-phase for FAPbI3, which correlates with these results here.  

14.2. Thermal stability  

Another advantage of the DMACl route is the high-temperature processing without significant 

degradation of the FA0.83Cs0.17Pb(I0.8Br0.2)3 film. There is no significant PbI2 XRD peak appearing 

for temperatures below 200 C for 7 minutes, as shown in Figure 41. PbI2 is the degradation 

product of the lead halide perovskite.161 Showing that the DMACl route gives rise to a 

thermally robust lead halide perovskite. 

 

Figure 41 DMA0.3(FA0.83Cs0.17)Pb(I0.8Br0.2)3Cl0.3 perovskite films after various annealing 

conditions varying time and temperature. Text and figure adapted from 105.  
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In Figure 42, I show the thermal degradation of various perovskite films prepared with 

different deposition techniques when heated at 150 C in an N2 atmosphere.128,162  I present 

in Figure 42B - D the UV-Vis absorption spectra and the XRD pattern in Figure 42E-G zoomed 

in the 11-15° 2θ region of the corresponding FA0.83Cs0.17Pb(I0.8Br0.2)3 perovskite films. The 

DMF/DMSO perovskite film shows a significantly faster rate of “yellowing”, which occurred 

within the first 24 hours of 150 °C heating, compared to both DMF/acid or DMF/DMACl 

processed films, which remained dark until 50 h. Neat FAPbI3 or CsPbI3 perovskite 

compositions are prone to revert from their black perovskite phase to a yellow non-

corner-sharing phase when cooled down to room temperature or exposed to moisture.76,163–

166 However, excess heat can also create a similar colour change, where thermal 

decomposition occurs when the more-volatile organic matter is removed from the crystal 

lattice when exposed to heat, creating a Pb(BrxI1-x)2 film associated with an XRD peak located 

at 2  12.7. In Figure 42B, I observe that the DMF/DMSO processed perovskite films show a 

gradual decrease in the sharpness of the perovskite absorption onset and complete 

disappearance of absorption onset after only 24 hours of heating at 150 °C. On the other hand, 

the DMF/acid and/or DMF/DMACl fabrication routes showed roughly half the degradation 

rate, where the perovskite absorption onset fully disappeared after 40-50 h. Similarly, I 

observe the complete loss of the perovskite (100) peak, located at 2θ = 14°, after 18 hours 

of heating for the DMF/DMSO route and 50 hours for both the DMF/acid and DMF/DMACl 

route films. Correspondingly, I observe a rise of the Pb(BrxI1-x)2 peak located around 2θ ≈ 12.7°. 

In Figure A 13, I present the evolution of the normalised intensity ratio between lead halide 

and perovskite (100) XRD peak versus thermal aging time.  
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Figure 42 Thin film thermal stability. (A) Photographs of perovskite thin films when heated at 

150 C in an N2 atmosphere. The top row shows FA0.83Cs0.17Pb(I0.8Br0.2)3 films fabricated with 

the standard DMF/DMSO fabrication method, the middle row shows FA0.83Cs0.17Pb(I0.8Br0.2)3 

films fabricated with the DMF/acid fabrication method, and the bottom row shows and 

DMAxFA0.83Cs0.17Pb(I0.8Br0.2)3Clx films fabricated with the DMF/DMACl fabrication method. (B, C, 

D) UV-Vis absorbance spectra of films of corresponding films. (E, F, G) XRD pattern of 

corresponding films, where  and  stand for the reflections originated from the PbX2 (X is a 

mixture of I, Br and Cl) and cubic perovskite phase, respectively. The insets in (E, F, G) show the 

enlarged XRD patterns, highlighting the evolution of the cubic perovskite phase during the 

thermal stressing course. Text and figure adapted from 105. 
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Figure 43 TGA of formamidinium-caesium lead mixed-halide perovskite FA0.83Cs0.17Pb(BrxI(1-x))3 

thin films prepared with different preparation techniques. (A) TGA heating curves. (B) 

Corresponding first derivatives for the perovskite thin films. (C) Magnification showing both 

heating curve and first derivatives of the temperature region where organic mass loss is 

prominent. Adapted from 105. 

To further assess and quantify the thermal stability of these films, TGA was measured directly 

on the perovskite-coated glass substrates to account for the variation in morphology, 

topography, and crystal orientation of films produced via these different fabrication methods. 

In Figure 43, I show a 14 °C difference, from 265 to 279 °C, between the peaks of first 

derivative of DMF/DMSO and the DMF/acid films. This difference may appear quite small; 

however, as shown in Figure A 14, the TGA differential for the first derivatives between 

MAPbI3 and FAPbI3 is 50 °C. Hence, one can expect that a 14 °C represents a significant impact 
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in overall thermal stability, considering that the MA-based perovskite fully degrades within 

the first hour when heated at 150 °C (Figure A 15). Therefore, the TGA study shows that the 

highly textured DMF/acid method perovskite film exhibits increased thermal stability, beyond 

the susceptibility to degradation in oxygen and sunlight, in contrast to the isotropic 

DMF/DMSO perovskite films, which is in good agreement with the thermal stressing results of 

the thin films. Please note that TGA performed on the thin films shows a significant buoyancy 

effect167,168 where the measured mass at an early time exceeds the original mass. This 

buoyancy phenomenon is caused by the density of the surrounding gas decreasing upon 

heating, which creates the appearance of the sample gaining weight. The most significant 

variation in air density occurs at lower-temperature, hence at the beginning of the 

experiment. Lastly, I conducted an in-situ thermal degradation XRD study of a series of films, 

with/without DMSO and/or DMACl, stressed at 130 °C in an air atmosphere with ~33% RH. 

(Figure 44). That shows that the removal of DMSO is helpful but less crucial than the usage of 

DMACl in case of heat and ambient moisture. Please note that the difference in stability 

between DMF/DMSO and only DMF films is different under different aging conditions e.g. only 

ambient moisture aging.  
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Figure 44 Evolution of XRD during the thermal degradation of perovskite films at 130 C in an 

air atmosphere with  33% relative humidity. The perovskite films were prepared using (A) 

FA0.83Cs0.17Pb(Br0.12I0.88)3  with a DMF/DMSO solvent mixture (B) FA0.83Cs0.17Pb(Br0.12I0.88)3  with 

a neat DMF (C) DMA0.3FA0.83Cs0.17Pb(Br0.12I0.88)3Cl0.3  with a DMF/DMSO solvent mixture (D) 

DMA0.3FA0.83Cs0.17Pb(Br0.12I0.88)3Cl0.3  with a neat DMF solvent. Text and figure adapted from 105.  
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14.3. Device performance and stability 

To assess the performance of these different processed perovskite absorber layers in 

complete solar cells, negative-intrinsic-positive (n-i-p) and p-i-n devices were fabricated. The  

device structures were FTO/SnO2/perovskite/Spiro-OMeTAD/Au for the n-i-p cells and  

FTO/PTAA/Al2O3 nanoparticles/perovskite/LiBr/C70/Zr(Acac)/PEIE/Au for the p-i-n cells. The 

devices fabricated via the DMF/DMACl route, reaching 18.8% (18.2% steady-state) PCE in an 

n-i-p configuration and 16.7% (16.1% stabilized) in a p-i-n architecture, which is comparable 

to the DMF/DMSO processed devices, which achieved 18.3% PCE (18.3% stabilized) in an n-i-

p configuration and 16.2 % (14.8% stabilized) in the p-i-n configuration (Figure 45).  
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Figure 45 Performance comparison of perovskite solar cells prepared with DMF/DMSO or the 

DMF/DMACl fabrication method. (A, B) J-V characteristics for the champion n-i-p device of 

DMF/DMSO and DMF/DMACl designs. (Inset) corresponding stabilised PCE and current density 

measured at the maximum power point. (C, D) J-V characteristics for the champion p-i-n devices 

of DMF/DMSO and DMF/DMACl designs, measured at its peak efficiency. Text and figure 

adapted from 105. An EQE for a DMF/DMACl device is shown in Figure A 16. 

By further optimizing the compact SnO2 electron transport layer processed via chemical bath 

deposition and introducing a KCl treatment to this layer, a champion device for the 

DMF/DMACl n-i-p device was achieved, reaching a PCE of 20.2% (J-V) and 19.9% (steady-state) 

(Figure 46). Please note, that the DMF/DMACl devices and the DMF/DMSO device have a 
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slightly different bandgap which might come from the used Cl- or the residual DMA+. 

 

Figure 46 n-i-p performance of the champion perovskite solar cells devices prepared with 

DMF/DMACl fabrication method with KCl treatment post-treatment of the SnO2 CB. (A) J V 

characteristics for the champion n-i-p device. (B) Corresponding stabilised PCE measured at the 

maximum power point. Text and figure adapted from 105. 

Although the n-i-p, spiro-OMeTAD-based devices tend to outperform the p-i-n in terms of PCE, 

their operational stability suffers due to HTM instabilities linked to hygroscopic and volatile 

dopants.169–176 In order to assess the long-term stability of these two distinct crystallization 

routes in complete PV devices, two populations of the p-i-n device design for the DMF/DMSO 

and DMF/DMACl processed devices were aged under simulated sunlight at 65 C for over 2000 

hours and a separate population at 85 C for over 1000 hours (Figure 47 and Figure 48). A 

glass/glass encapsulation technique was employed, sealed under an N2 atmosphere with a 

UV-cured epoxy resin.  
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Figure 47 (A) Photographs of encapsulated DMF/DMSO (control) and DMF/DMACl p-i-n devices 

taken at various aging times under full spectrum simulated AM 1.5, 76 mW cm-2 average 

irradiance at VOC in air without a UV filter at 85 C, using a Suntest XLS+ aging box which 

irradiates pulsed light. (B, C) Evolution of stabilized PCE, measured at its peak efficiency, 

between two statistical populations and champions devices of encapsulated devices of 

DMF/DMSO and DMF/DMACl designs aged under simulated sunlight at 65 C. (D, E) Evolution 

of steady-state PCE, measured at its peak efficiency, between two statistical populations and 

champions devices of encapsulated devices of DMF/DMSO and DMF/DMACl designs aged 
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under simulated sunlight at 85 C. The error bars were calculated using the median absolute 

deviation (MAD) as a measure of statistical dispersion. Text and figure adapted from 105. 

 

Figure 48 Evolution of the PCE (J-V-scan) between DMF/DMSO and DMF/DMACl fabrication 

methods under full spectrum simulated AM 1.5, 76 mW cm-2 average irradiance at VOC in air 

without a UV filter at (A) 65 and (B) 85 C, using a Suntest XLS+ aging box which irradiates pulsed 

light. All devices are encapsulated p-i-n devices comprised of an 

FTO/PTAA/Al2O3 NPs/perovskite/LiBr/C70/Zr(Acac)/PEIE/Au structure. The error bars were 

calculated using the median absolute deviation (MAD) as a measure of statistical dispersion. 

Text and figure adapted from 105.  

In contrast to the n-i-p cells, these p-i-n cells 

(FTO/PTAA/Al2O3 NPs/perovskite/LiBr/C70/Zr(Acac)/PEIE/Au) do not exhibit a sharp early 

degradation, known as the burn-in period.177 In contrast, a significant gain in PCE over the first 

200 hours of light and temperature exposure is observed. This peak PCE to estimate the T80 

lifetime of encapsulated cells, under full spectrum sunlight illumination, at 65 C and open-

circuit conditions, resulting in a T80 lifetime of 1040 (780) hours for the champion (median) 

control DMF/DMSO device and 1410 (1190) hours for the champion (median) DMF/DMACl 
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device.177 Furthermore, for aging past 1600 hours, the control devices have all completely died, 

consistent with their bleached visual appearance. In contrast, the DMF/DMACl processed 

devices sustain, on average, 50% of their peak performance at 1600 hours, with the most 

stable cell sustaining >70% of its peak performance. A sizeable device population of 32 devices 

was aged for which the steady-state efficiency is shown in Figure 47. For 106 devices the J-V 

curves during the aging are shown in Figure 48. Such a large number of devices was aged to 

establish a statistical significance between these two designs. The same full illumination 

degradation study was also conducted at a higher temperature of 85 C, where the 

DMF/DMSO devices obtained a champion (median) T80 of 380 (330) hours, while the 

DMF/DMACl devices obtained a champion (median) T80 of 490 (430) hours for a population 

size of N=27 (steady-state, Figure 47D) and N=72 (J-V, Figure 48B). All photovoltaic parameters 

are shown in Figure A 17. The improved stability of the perovskite absorber layer processed 

via the DMF/DMACl route has resulted in a significant increase in the overall PV device stability 

under elevated temperature light soaking. Incidentally, from these results, I can estimate a 

thermal degradation “acceleration factor” of roughly 1.7-fold per 10 C increment for these 

devices. This can be useful for comparing the relative stability of different materials and 

devices stressed at different temperatures and is close to the 2-fold acceleration in 

degradation per 10 C increment, which is expected for the degradation of silicon PV cells.178 

Please note that the devices were aged at open-circuit conditions, which is expected to 

accelerate the degradation compared to measuring it at the maximum power point.38 

14.4. Further investigation into the device stability 

In the next part, I try to understand more about the enhancement in device stability and how 

one could further enhance the stability. In a collaboration with Akash Dasgupta, we found a 
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strong macroscopic variation in the perovskite absorber and in each charge transport layer.179 

These spatial variations on the millimetre scale lead to substantial charge extraction 

heterogeneity and efficiency. These spatial variations may also impact the stability. Based on 

that, I employed a spatial IMPS mapping technique, which allows to measure the current 

extraction locally resolved during the aging. I age a FACs device with 40% Br and the 

corresponding DMACl device under continuous light (~0.75 suns) and ambient without 

encapsulation (~50% RH) (Figure 49). 

 

Figure 49 IMPS maps at 4kHz of FA0.83Cs0.17Pb(I0.6Br0.4)3 and DMA0.3FA0.83Cs0.17Pb(I0.6Br0.4)3Cl0.3 

devices with ITO/Me-4PACz/AlOx/perovskite/PCBM/BCP/Au under light (~0.75 suns) in air 
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without encapsulation (~50% RH) during the aging. The first and last images are each at the 

beginning and end of the aging. Please note that each image is scaled individually. The stability 

aging data is shown in Figure A 18.  

Figure A 18 shows the J-V parameter evolution throughout the ageing. The control device has 

an estimated T80 (time until the device reaches 80% of its initial performance) of 50 h, and 

the DMACl device has around 300 h. The control device shows a relatively quick exponential 

degradation behaviour, which varies across the device area. To understand more about the 

evolution of the different areas, I picked four different areas in the control device and showed 

the evolution of each area in Figure A 19. Some areas, such as the meteor trail, initially 

increase in photocurrent while others, like the bottom quarter, degrade significantly faster. In 

general, one can separate the heterogeneity of the current extraction into two parts (named 

for clearance: #) local variations (small points, strips like the meteor, and other forms) and (&) 

gradual regional variations (bottom, top and neck). Local variations (#) could derive from small 

particles like dust or macroscopic variations of the perovskite layer (further discussion in the 

next chapter). A meteor, as visible in the control, often derives from small particles in the 

perovskite absorber layer and the subsequent coating of a layer on top of it. The solution is 

applied in the middle of the substrate and spreads radially outwards from the centre. The 

solution cannot pass the larger particle sticking out of the surface, and the liquid spreads 

around the particle, causing a thicker layer in front and around the particle in a streak. Please 

note that I chose this device to understand more about the correlation between initial 

heterogeneity and decay.  

Different areas (&) are a result of the device geometry but also of the fabrication technique. 

Since I use spin-coating for most of the fabrication, the solution is often applied in the middle 
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of the spinning substrate and then gets thinner towards the edges of the TCO substrate. 

Interestingly, one can see that both local variations (#) and the different areas (&) impact the 

degradation of the device.  

Figure 50  shows an overlay of the first and last IMPS map. Highlighted in green are regions of 

lower charge extraction from the initial first IMPS image, which overlap well with regions of 

lower charge extraction in the final IMPS image. This means regions with lower charge 

extraction are also more likely to degrade and degrade regions around them. I also show that 

in Figure A 20 for the control device. Initial local variations (#) are visible in both devices and 

the areas that are the fastest degrading. Larger regional differences in areas (&) also cause 

differential degradation. In the DMACl device (see  

Figure 50 C) the bottom right area degrades less than the top left area. The pixel is at the outer 

corner of the 3x3 cm substrate (see Methods section for IMPS mapping for a picture of the 

device layout), with the neck pointing away from the middle. So, the top left corner gets less 

solution than the bottom right, giving rise to likely slight differences in thickness or other 

factors like possible differences in crystallisation, which likely impact the degradation. For the 

control device, there is a difference in degradation between the bottom and the top of the 

area (&). The pixel is in the middle of the substrate, so it fits well with the observation for the 

DMACl that differences coming from the spin-coating process also impact the stability of the 

device.  
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Figure 50 IMPS maps at 4kHz of the DMA0.3FA0.83Cs0.17Pb(I0.63Br0.37)3Cl0.3 at the beginning of the 

aging (t=0) (A) and overlay (B) of the initial (in green) and the final IMPS curves (in grey) which 

is also shown in (C) as comparison. 
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14.5. Discussion and summary 

I further explored the acid and DMA route and compared their stability to the typically 

employed DMF/DMSO solvent quenched route. I found that both methods improve the 

stability and that especially the DMA route with DMACl is promising since it enhances the 

durability of the lead halide perovskite absorber under ambient, heat and light exposure. The 

enhancement stems partially from the removal of DMSO, which helps with the ambient 

stability. Likely because DMSO is hygroscopic. Consequently, encapsulated DMF/DMACl 

devices reached a T80 lifetime of 1410 hours at 65 °C and 490 hours at 85 °C, even when 

subjected to full spectrum sunlight and open-circuit conditions. In the following I will discuss 

the results and put them into context in the field of perovskite solar cells.  

The stability of halide perovskites is currently their biggest bottleneck towards their 

commercialisation. Especially for the usage in multi-junctions like a perovskite/silicon tandem, 

a stable mixed halide perovskite is needed. The DMA route is crucial step towards that. 

However, it is clear that the DMA route is not perfect yet. The heterogeneity from the photo-

current maps showed that there are different regions in the device (see Figure 49). These 

regions might be different materials. One material which degrades faster and one which 

degrades slower. Ideally the device would be homogenous and only consist of the stable 

material. The XRD peak at around 10.9 ° in the XRD from chapter 13 is likely a result of that. 

While I do not see this new peak for the concentrations which I use as standard (30% mol 

excess) it might still play a role. Future research could try to focus on optimizing the fabrication 

route further to suppress the formation of these unwanted secondary phases. Another open 

question is if the residual DMA+ is part of the more or less stable region?  
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Besides the DMA+ cation another important facet was the removal of the DMSO. It is one of  

the most commonly employed solvents for perovskite solar cells. It allows for an easy 

fabrication of efficient devices. However, as I showed it is residual in the perovskite films even 

after a high temperature annealing above the boiling point of DMSO. That posses a significant 

challenge for the generally used solvent quenched DMF/DMSO route. DMSO removal is 

needed for a stable device.   

Another exciting aspect was that with the TD-GC-MS measurements, I found that all solvents 

employed were residual in the films — not only  DMSO but also the antisolvent and DMF. 

Benjamin Gallant and I also studied this for his work115 and found the same results. While 

removing the solvent for FAPbI3 was possible, it did not work for compositions with Cs+ or Br-. 

Also, removing the solvent for FAPbI3 through heating (180 °C for an hour) led to the formation 

of a significant amount of PbI2. I am unsure how detrimental the impact of residual solvents 

other than DMSO is. However, the significant improvement Benjamin and I measured for the 

new FAPbI3 route, which has no residual solvents, indicates that removing solvents other than 

DMSO might be necessary to make stable perovskite solar cells. 

 

  



137 

 

  

15. A new dynamic passivation called HUBLA  
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J. Snaith, Shien-Ping Feng, Water- and heat-activated dynamic passivation for perovskite 

photovoltaics, Nature. †contributed equally. The artwork on page 141 was made by Veronika 
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15.1. Introduction 

Various passivation strategies like ionic liquids112, lead oxysalt180 and 2D perovskite layers30 

have been developed to improve the performance and reliability of perovskite solar cells. 

These passivators heal defects during the manufacturing stage and might improve the 

resilience towards forming new defects. But so far, the perovskite lattice is still susceptible to 

the formation of new defects afterwards. Ideally, defects could also be healed during the 

operation. Similar to plants or living beings, which constantly heal and replace damaged cells 

and, through that, can live for decades under various weather conditions.  

Inspired by that, a new passivation was developed, activated by environmental stress factors, 

to heal the perovskite dynamically during manufacturing and operation. For the first time a 

“living passivator” containing dynamic covalent bonds (DCBs) is reported, which can be 

triggered by water and heat to release additional Lewis bases, thereby healing newly 

generated traps. Adapted from the concept of living polymerization in polymer chemistry181, 

the capability of a living passivation requires a protecting group or a ligand to quench the high 

reactivity of functional groups temporarily. In contact with water, the highly reactive 

electrophiles accept electrons and release new passivators to interact with the perovskite. 

Moreover, heating will accelerate the dynamic reaction of Electrophile-Nucleophile118,182 
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leading to a continuous release of passivators until HUBLA (hindered urea/thiocarbamate 

bond Lewis acid-base) is depleted.  

15.2. Design and dynamic reactions of HUBLA 

Compared with most DCBs that rely on catalysts183–188, a hindered urea bond (HUB) as a partial 

structure of the living passivator is chosen. In particular, the dynamic behaviour of HUB 

originates from the non-coplanarity of the amide bond (-N(R)C(O)-, Figure A 21), whose 

conjugation is disturbed by the introduction of the bulky tert-butyl structure (-C(CH3)3)118,189 

to enable intrinsic dissociation-association reaction at room temperature. To demonstrate the 

dynamic behaviour of HUB (-N(C(CH3)3)C(O)-), a HUB-based poly(urethane-urea) elastomer is 

prepared and cut into sixteen small cubes. The elastomer cubes can be reconnected again to 

build a Rubik's Cube-like structure, as seen in Figure 51; the bond between the cubes is formed 

through the dissociation-association reaction of HUBs (the equilibrium reaction between HUB, 

isocyanate, and hindered amine) at the interface.118,184 Based on the mechanism that the 

conjugation of the amide bond (-N(R)C(O)-) could be disturbed by the introduction of steric 

hindrance, sulfur was also inserted into the proposed chemical structure to form the 

thiocarbamate bond (-SC(O)NH-) with the dynamic behaviour at elevated temperature.190 

Both HUB and thiocarbamate bond-based dynamic reactions are necessary to satisfy forward 

and reverse reaction rates (k1 and k−1) sufficiently fast. Note that the equilibrium favours the 

formation of the product (k1 k−1⁄  is large). Otherwise, the HUB and thiocarbamate bond 

would not exhibit dynamic behaviour, or these bonds could not be formed. The association-

dissociation reaction of the two bonds can be expressed as follows.  
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Figure 51 Dynamic reaction of HUB (hindered urea bond) and self-healing of Rubik's cube. (A) 

Chemical structures of HUB and its dynamic reaction. To demonstrate the dynamic bonds of 

the HUB a HUB-based poly(urethane-urea) elastomer is produced and cut into smaller cubes. 

The cubes are shown in (B). Upon holding the small cubes together, the Rubik's cube like 

structure forms simply by bringing them together. (C)-(E) A schematic illustration of the HUB-

based cross-linked poly(urethane-urea) self-healing mechanism between the different cubes. 

Dynamic reaction of HUB at room temperature118: 

(𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 1) R1NCO + ((CH3)3C)NHR2 
𝑘1

⇄
𝑘−1

 R1N(H)C(O)N(C(CH3)3)R2 

Dynamic reaction of thiocarbamate bond at elevated temperature190: 
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(𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 2) R1NCO +  HSR2

𝑘1

⇄
𝑘−1

R1H(N)C(O)SR2 

Further information is shown in Figure 52A, and a corresponding schematic is shown in Figure 

53. HUBLA was further characterised by NMR, attenuated total reflection fourier transform 

infrared spectroscopy (ATR-IR) and electrospray ionization mass spectrometry (ESI-MS) 

(Figure A 22).  

 

Figure 52 Dynamic reaction, hydrolysis, and redox shuttle of HUBLA. (A) Dynamic reactions of 

HUBLA. (B) Photographs showing the connection of two FAPbI3 crystals using HUBLA. HUBLA in 

IPA (10 mg/mL) was drop coated on one side of the FAPbI3 crystal, and another FAPbI3 crystal 

was placed on top of it for 24 hours at room temperature. The two crystals exhibited a strong 

adhesion and can lift 5 grams of weight. (C) 1H NMR characterizations of HUBLA in DMSO-d6 

and D2O during 100 min. 15% D2O was added immediately after 1H NMR test; the temperature 

was then raised to 65 ℃ after 60 min. 
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The dynamic behaviour of HUBLA is also shown in Figure 52B by sticking two FAPbI3 crystals 

together with HUBLA. HUBLA is coated on one side of a FAPbI3 crystal, and another FAPbI3 

crystal was placed on top of it. After 24 hours at room temperature, the two crystals exhibited 

a strong adhesion and could lift 5 grams of weight (the mounting of the weight is shown in 

Figure A 23). Based on that I believe that HUBLA can interact with the perovskite surface due 

to the association-dissociation reaction and form a cross-linked structure at the interface 

between the two crystals. A detailed schematic is shown in Figure A 24.  Such strong ionic 

interactions of HUBLA could fill and protect, for example, the grain boundaries of the 

perovskite layer against water penetration. 

As I show in equation (1) and Figure 52A, the dynamic association-dissociation reaction 

mechanism HUBLA can reversibly dissociate into NCO-terminated ammonium salt (NCO-AS) 

and tert-butylethylenediamine (tBEDA) at room temperature.118 In addition, NCO-AS can 

further undergo association-dissociation reaction to generate cysteamine hydrochloride (CH) 

and 1,3-bis(2-isocyanato-2-propyl)benzene (TMXDI) at elevated temperatures (equation 2).190 

In contact with water molecules, NCO-AS and TMXDI decompose into NH2-terminated 

ammonium salt (NH-AS) and TMXDI hydrolysis, respectively, which accelerates the 

dissociations of HUB and thiocarbamate bond in HUBLA.189 To show the processes, 1H NMR  is 

conducted to verify that HUB and the thiocarbamate bond of HUBLA dissociate. 15% (v%) 

deuterium oxide (D2O) is added into the HUBLA/DMSO-d6 solution (20 mg/mL) and the 

changes of HUBLA are measured at room temperature and 65 °C (Figure 52C). D2O can react 

with the water-sensitive NCO groups and decompose into amines,189 preventing the 

association reaction. Therefore, I expect the peak areas of the HUB and thiocarbamate bond 

to decrease. At room temperature, the peak area of HUB (in blue), around 6.02 ppm, drops 

rapidly to 27.5% after 15 min and to 5.5% within one hour, which I attribute to the hydrolysis 
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of HUB. Subsequently, heating the solution to 65 °C, the peak area of the thiocarbamate bond 

(in red) around 6.28 ppm drops to 50.0% within 10 min and 19.2% within 40 min, indicating 

the hydrolysis of the thiocarbamate bond. That shows that the highly reactive isocyanate 

group (-NCO) can be temporarily quenched by incorporating HUB and thiocarbamate bonds. 

In Figure 53, I show a schematic of how possible passivation pathways for HUBLA under 

different stress factors could work out. I show all relevant chemical structures and detailed 

reactions for HUBLA in Figure A 25. In the next part, I will try to verify the dynamic passivation 

behaviour of HUBLA. First, perovskite thin films during aging are characterised with XPS to 
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show the chemical interaction of HUBLA over time. Secondly, I measure PL maps of HUBLA 

and control films during aging to show the dynamic passivation of defects.  

15.3. Dynamic passivation behaviour of HUBLA  
 

First, I study the dynamic passivation ability of HUBLA under relative humidity exposure. 

HUBLA can undergo water-activated passivation under moisture exposure. HUBLA reversibly 

dissociate into tBEDA and NCO-AS at room temperature; the generated NCO-AS can react with 

the water molecules and then hydrolyze to NH-AS (Figure 53 and Figure A 25).189 Both -NH- 

(secondary amine group from tBEDA) and -NH2 (primary amine group from NH-AS) have the 

capability to heal the ionic vacancies of the perovskite film.191 By binding to the 

Figure 53 (A) Dynamic and hydrolysis reactions of HUBLA coated on perovskite film under humid 

conditions. (B) Dynamic and redox reactions of HUBLA coated on perovskite film under heating 

conditions. 
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undercoordinated species and with that effectively filling the ionic vacancy. The Pb 4f XPS 

spectrum of FAPbI3/HUBLA films is measured at 25 ℃ and 65% RH. As shown in Figure 54A, 

the Pb2+ peaks shift toward higher binding energy during aging, suggesting that more negative 

charges interact with the Pb2+ ions.192–194 Considering that HUBLA reacts with water to 

generate tBEDA and NH-AS, the lone pair of electrons in the primary amine (NH-AS) and 

secondary amine (tBEDA) provide more negative charge to the Pb2+. To further show the 

primary amines and secondary amines passivation capability, TMXDI hydrolysate and tBEDA 

are coated onto the FAPbI3 films and their Pb 4f XPS spectra (Figure A 27) are tested. The 

results show that the peaks of FAPbI3/TMXDI hydrolysate and FAPbI3/tBEDA shifted toward 

higher binding energy, indicating that primary amine and secondary amine can interact with 

Pb2+. 

In addition to the water-activated dynamic behaviour, I investigated the changes in the surface 

chemistry of HUBLA coated on perovskite films during thermal aging. Lead iodide-based 

perovskites generally degrade into PbI2 and generate I2 and Pb0 under thermal stress or light 

soaking.112,195,196 The thiol group (-SH) in CH, dissociated from the thiocarbamate bond at 

elevated temperature, can be oxidized by I2 and produce disulfide-containing (-S-S-) cystamine 

dihydrochloride (CDH). The disulfide bond can be further reduced by Pb0, producing sulfur 

anion (-S-)-containing cysteamine hydrochloride anion (CHA). Here, CDH and CHA can act as 

redox shuttles to selectively and cyclically oxidize Pb0 and reduce I2 (see detailed reactions in 

Figure A 25). To verify the hypothesis, FAPbI3/HUBLA films are aged at 85 ℃ in N2 and the S 
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Figure 54 Chemical proof of the dynamic passivation. XPS measurements for (A) Pb 4f, (B) S 2p 

and (C) enlarged Pb 4f regions. For the hydrolysis aging test in (A), FAPbI3/HUBLA films were 

aged in an environmental chamber (25 °C, 65% RH). For the thermal aging test in (B) and (C), 

FAPbI3 films with and without HUBLA were aged in N2 at 85 °C. For (B) the grey circles and 

curves represent the raw data and peak sum, respectively. The red and purple curves represent 

S 2p spectra of the thiocarbamate bond (-SC(O)NH-; also include the -S-S-) and -S-, respectively. 

The left and right figures in (C) are Pb 4f XPS of FAPbI3 (grey curves) and FAPbI3/HUBLA (red 

curves) films, respectively. The full XPS spectra for (C) are shown in Figure A 26. 
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2p core level spectra are measured. To identify the binding energy of each component coated 

on perovskite film, the S 2p XPS spectra of pristine HUBLA, FAPbI3/CH, and FAPbI3/CDH films 

is measured, as shown in Figure A 28. In all S 2p regions, each component exhibits a 

characteristic doublet with peaks separated about 1.2 eV apart and with an amplitude ratio of 

2:1.197 In particular, pristine HUBLA has the S 2p components at ~164.9 and ~163.7 eV (Figure 

A 28A), corresponding to -SC(O)NH-. CH has the S 2p components at ~164.7 and ~163.5 eV 

(Figure A 28B), corresponding to -SH. CDH has two S 2p components (Figure A 28C); one is at 

~164.9 and ~163.7 eV, assigned to -S-S-, and the other one is at ~161.8 and 160.6 eV, which is 

-S-.198  

Having identified the relevant peaks for the S 2p XPS spectrum one can now analyse the S 2p 

spectra of FAPbI3/HUBLA aged under 85 ℃ in N2. Note that the S 2p component of -SH 

maintained a low intensity, and thus, was not fitted; in addition, the S 2p components of -S-S- 

are close to that of -SC(O)NH- in HUBLA and thus is assigned to the thiocarbamate bond. The 

S 2p region of FAPbI3/HUBLA films (Figure 54B) shows two components, assigned to the 

thiocarbamate bond (-SC(O)NH-) in HUBLA (red curve) and the sulfur anion (-S-) in CHA (purple 

curve). The S 2p components of CHA (purple peaks) increased with thermal aging from 0 to 

1080 hours, indicating the continuous dissociation of HUBLA and the reduction reaction of 

CDH. To understand the capability of the redox shuttles (CDH and CHA) for perovskite 

passivation under heating conditions, the Pb 4f XPS spectra of FAPbI3 and FAPbI3/HUBLA films 

aged at 85 ℃ in N2 was measured, as shown in Figure A 26. The Pb2+ shows two peaks at 

~138.3 and ~143.2 eV, and Pb0 shows two peaks at ~136.7 and ~141.6 eV. As shown in Figure 

54C, the ratio of Pb0/(Pb0+Pb2+) in the FAPbI3 film increases from 0.2% to 3.7% after heating 

for 1080 hours, while the ratio in the FAPbI3/HUBLA film remained relatively low (from 

<0.001% to 0.3%) under the same conditions, which can be attributed to the redox reactions 
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of -SH (from CH), -S-S- (from CDH) and -S- (form CHA).  In addition, a solution experiment was 

performed to observe the redox reaction directly (Figure 55). HUBLA was added into 85 ℃ 

iodine solution, and the solution turned from dark brown to colourless due to the oxidation 

of CH by I2 and the production of CDH. Lead pellets were then added into the solutions; the 

lead pellets were slowly dissolved only in the solution containing HUBLA, suggesting that CDH 

can oxidize Pb0 and generate Pb2+.  

 

Figure 55 Redox reaction of HUBLA. (A) Two sample bottles were filled with 10 mL DMF and 

0.25 g I2, and stirred at 85 ℃. (B) 1 g HUBLA was added in the right bottle and the solution 

becomes colourless. (C) Two lead pellets were added into both bottles. (D) The lead pellets in 

the right bottle were completely dissolved in the solution after stirring for 48 hours, and the 

lead pellets in the left bottle remained the same. 

To evaluate the dynamic passivation of HUBLA, the photoluminescence spectroscopy (PL) 

maps of the perovskite films were measured during aging. I fabricated FAPbI3 thin films and 

coated some of them with HUBLA. I then exposed a small area of the film to intense light (96.5 

suns equivalent) for two hours. After aging, I left the samples for 10 mins in the dark and 

measured a PL map with half of the area aged and the other half not exposed to light during 

the aging, which I refer to as pristine. This allows me to quantify the aging-induced changes in 

PL. I observed a slight improvement in PL intensity in the aged control area compared to the 
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pristine area. This photo brightening is a relatively well-described phenomenon in lead halide 

perovskites and has been previously studied.199 Compared to the control, all HUBLA films show 

substantially stronger improvements in PL, around one order of magnitude in counts/s. I show 

an example of two films (HUBLA and control) in Figure 56A and Figure 56B with their 

corresponding histograms provided in Figure 56C and D while a statistical analysis of all the 

samples is shown in Figure 56E. Given that PL is a direct measure of the amount of radiative 
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recombination, the ability of HUBLA to increase PL over the control film during aging indicates 

that HUBLA is dynamically passivating defects or traps in the photo absorber and healing the 

perovskite film.  Please note that I didn’t find any changes on the surface with top-view SEM 

images (Figure 57A and B) and no detectable changes in the crystallinity (Figure 57C) after 

spin-coating HUBLA onto the perovskite film. 

Figure 56 PL map of FAPbI3 films coated with HUBLA (A) and without HUBLA (B). Scale bar is 50 

μm. I exposed one site of the FAPbI3 perovskite film to 96.5 suns for 120 mins at ~30% RH 

(aged) and covered the other side of the film (pristine). The PL map is directly measured after 

the aging. The inset below shows a horizontal cross section of the middle of the PL map. (C and 

D) Histograms of the PL intensity for HUBLA and the control maps, respectively. (E) Statistical 

difference in PL for aged and pristine samples. Each point is an individually measured PL map, 

as shown in (A) and (B), aged in the same way. 
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15.4. Stability of HUBLA-coated perovskite 
 

The operational stability in PSCs is strongly interrelated with the defect density of the halide 

perovskite. Ion migration, phase segregation, and traps, which cause non-radiative 

recombination, lead to irreversible device degradation.200 Accordingly, I first investigated the 

trap density of HUBLA-coated perovskite and its stability. PL and time-resolved 

photoluminescence spectroscopy (TRPL) were measured for the pristine and HUBLA-coated 

FAPbI3 crystals. In Figure A 29A, the PL and TRPL spectra show that the HUBLA-coated crystal 

has a higher PL intensity and a longer lifetime.  

Figure 57 Top-view SEM images of perovskite films. (A) Pristine perovskite. (B) Perovskite with 

HUBLA. The scale bar is 1 µm. (C) XRD patterns of SnO2, perovskite and perovskite/HUBLA films. 
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In the next part, I investigated the stability of HUBLA under different environments. To test 

the thermal stability, I use a FA0.83Cs0.17Pb(I0.9Br0.1)3 perovskite as they have been shown to  

Figure 58 In-situ XRD2 pattern of FA0.83Cs0.17Pb(I0.9Br0.1)3 films (A) without and (B) with HUBLA 

heated at 85 ℃ and 30% RH. Initial and final XRD2 measurements are shown in Figure A 30 and 

the change along the azimuthal angle χ for the PbI2 peaks is shown in Figure A 31. The ratio of the 

peak area of (100) and PbI2 peak over time is shown in Figure A 31. (C) Optical microscope images 

(illuminated from the bottom) of FA0.83Cs0.17Pb(I0.9Br0.1)3 perovskite thin films stored under 

ambient conditions for 5 days. 
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have superior stability under light and heat than MA-containing perovskites.201,202 For the 

commercialization of PSCs, it is necessary to pass the IEC 61215, the international standard 

for PSCs.39 The highest used temperature in the IEC 61215 is 85 ℃. Therefore, I measured in-

situ XRD2 of two FA0.83Cs0.17Pb(I0.9Br0.1)3 thin films by heating them at 85 ℃ under 30% RH 

ambient condition for more than 24 hours (Figure 58A and B, Figure A 30 and Figure A 31). 

The pristine FA0.83Cs0.17Pb(I0.9Br0.1)3 shows a significant increase in PbI2 (the degradation 

product of FA0.83Cs0.17Pb(I0.9Br0.1)3) throughout aging.203,204 In comparison, the thin film 

treated with HUBLA develops roughly 2/3 less PbI2 (Figure A 31).  Here, please note that the 

degradation of the FA0.83Cs0.17Pb(I0.9Br0.1)3 thin films was likely accelerated by the presence of 

water and oxygen. Therefore, it is not comparable to other published studies on the stability 

of FA0.83Cs0.17Pb(I0.9Br0.1)3 perovskites, which are heated in N2.202,205 To decouple the influence 

of moisture from heat, I characterized another pair of thin films stored in ambient at 30% RH 

and room temperature. A series of optical microscope images with illumination from below 

are shown in Figure 58C; the corresponding ultraviolet-visible spectroscopy (UV-Vis) and XRD 

for each day of the same films are shown in Figure 59 and Figure 60.  
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Figure 59  Corresponding UV-Vis of the optical microscope images in Figure 58C 

FA0.83Cs0.17Pb(I0.9Br0.1)3 thin films are stored at 30% RH. The loss in absorbance from 450 to 500 

nm likely is a feature of the bright spots forming in Figure 58C for the control films. The shift in 

absorbance onset can be interpreted as a sign of a smaller bandgap material forming like an 

FA+-richer perovskite. That would also be consistent with the shift in (100) I observe in the XRD 

in Figure 60. 
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Figure 60 Corresponding XRD of the optical microscope images in Figure 58C. 

FA0.83Cs0.17Pb(I0.9Br0.1)3 thin films are stored at 30% RH. The XRD peaks likely correspond to the 

δ-CsPbI3 (# symbol) and PbI2 (* symbol) are marked in the XRD. 

The FA0.83Cs0.17Pb(I0.9Br0.1)3 pristine thin-film showed first signs of degradation after 1 day 

stored at 30% RH, visible as bright spots in the microscope images and a loss in absorption 

intensity around 450 to 525 nm. After 2 days, new peaks appeared around 9.5° and 12.7° in 
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XRD. Likely, the δ-phase of CsPbI3 and PbI2. Furthermore, I can see a slight peak shift of the 

(100) diffraction and red-shift in absorbance onset for the pristine films, similar to Marchezi 

et al.47  That is likely correlated with the segregation of FA+ and Cs+ cations as I also showed 

via TOF-SIMS 2D measurements in Figure 26, additional FA+ is decomposing and leaving as 

gaseous product and PbI2 forms. In comparison, the FA0.83Cs0.17Pb(I0.9Br0.1)3 thin film treated 

with HUBLA stayed the same until day 5, when the first bright spots appeared. Accordingly, I 

believe HUBLA can suppress the degradation of perovskite under humidity and thermal aging.  

 

To understand more in detail at what conditions HUBLA is activated, further XPS under 

different humidity and heat levels was performed. To determine the thresholds for the heat-

activated passivation, a 1000-hour thermal aging test of HUBLA in N2 was conducted, as shown 

in Figure 61. The results reveal that no significant formation of -S- occurs below 55 ℃. During 

the 55 ℃ aging test, a small amount of -S- is observed and increases significantly with further 

temperature increase. This indicates an enhancement in the thermal activation process above 

this temperature. So, the heat-activated threshold for HUBLA is above 55 ℃. To determine the 

thresholds for water-activated passivation, a 48 hours hydrolysis test of HUBLA using XPS at 

room temperature (25 ℃), and the relative humidity (RH) ranged from 20% to 90% RH was 

conducted. To clarify the binding energy of each component on perovskite film, the N 1s XPS 

spectra of each monomer on the perovskite film are assigned, as shown in Figure A 32, and 

used TMXDI hydrolysate to evaluate the N 1s component of the primary amine group (-NH2). 

TMXDI and TMXDI hydrolysate show the N 1s components at ~400.0 and ~399.7 eV, assigned 

to isocyanate group (-NCO) and primary amine group (-NH2), respectively. tBEDA shows the N 

1s components at ~401.8 and ~399.4 eV, assigned to ammonia and secondary amine group (-

NH-), respectively. With that I can analyse the XPS spectra shown in Figure 61. The results 
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indicate that HUBLA can undergo hydrolysis under humid condition at 20% RH, which 

represents the lowest RH within the humidity chamber. This showcases its ability to trigger a 

passivation process even when exposed to minimal environmental moisture.  

 

Figure 61 The thresholds of heat-activated characteristics. (A-H) S 2p regions of 

perovskite/HUBLA films aged under 25 to 95 ℃ for 1000 hours, respectively. (I) Summary of 

the conversion of -S- (%). The grey circles and curves represent the raw data and peak sum, 

respectively. The red and purple curves represent the S 2p spectra of the thiocarbamate bond 

(-SC(O)NH-; also include the -S-S-) and -S-, respectively. 
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Figure 62 The thresholds of water-activated characteristics. (A-H), N 1s regions of 

perovskite/HUBLA films aged under 20% to 90% RH for 48 h, respectively. (I), Summary of the 

conversion of HUB (%) under different humid conditions. The grey circles and curves represent 

the raw data and peak sum, respectively. The red, blue, green and purple curves represent N 

1s components of FA+, the amide bond (-N(R)C(O)-; also include the -NH2), ammonia and -NH-, 

respectively. 
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15.5. Device performance and stability  

First n-i-p devices with HUBLA are fabricated. A stack of ITO/SnO2/FA0.72MA0.28PbI3/(wo/w) 

HUBLA/spiro-OMeTAD/MoO3/Ag was used. The highest achieved PCE for HUBLA devices is 

24.7%, with a JSC of 25.6 mA cm-2, a VOC of 1.16 V, and a FF of 0.83. For the control device, 

21.7% with a JSC of 25.6 mA cm-2, a VOC of 1.10 V, and a FF of 0.77 (Figure 63A) was reached. 

HUBLA caused an increase by 60 mV and improved the FF by from 0.77 to 0.83. Please note, 

that this increase in VOC correlates well with the increase in the PL maps I measured. As seen 

in the inset, the HUBLA device reached a stabilized power output (SPO) of 24.5% after 30 s, 

while that of the control device is 21.3%. The increase of performance especially in VOC likely 

comes from the passivation of defects and the resulting reduction in non-radiative 

recombination at the interface. The EQE of the HUBLA device exhibits an integrated current 

density of 24.4 mA cm-2 (Figure A 33)206, and the total absorbance spectrum of 

glass/ITO/perovskite is shown in Figure A 34. Please note, that it is commonly observed that 

there is a difference between EQE and measured JSC.206 In Figure 63B, the stability of the n-i-

p devices under ambient conditions with 25 ℃ and 30% RH is measured. The normalized PCE 

shows that the HUBLA devices retained  nearly 87% of the original performance, while that of 

the control devices dropped to 43% after 3600 hours. Note that the PCE of the HUBLA devices 

only slightly decreased before 768 hours, while that of the control devices decreased 

significantly after 336 hours.  To study the correlation between HUBLA hydrolysis and device 

performance, N 1s XPS spectra of FAPbI3/HUBLA film aged at 25 ℃ under 30% RH for 480 

hours is measured, as shown in Figure A 32. During 480 hours, the characteristic component 

of secondary amine (-NH- from tBEDA, purple curves) continuously increased. After 480 hours, 

the area of tBEDA was almost half of the HUBLA peak, indicating that HUB has almost 

dissociated and transformed to tBEDA and NH-AS. I, therefore, believe that HUBLA can 
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continuously absorb water and release new passivation agents for at least 480 hours under 25 

℃ and 30% RH. The N 1s XPS spectra and the PCE result can be mutually verified under the 

same experimental conditions.  

 

Figure 63 Performance and stability of perovskite photovoltaics. (A), Best J-V curves with SPO 

and (B) stability of unencapsulated n-i-p devices (Glass/ITO/SnO2/perovskite/(wo/w) 

HUBLA/Spiro-OMeTAD/MoO3/Ag) stored in air at 25 ℃ and 30% RH). 

Commonly p-i-n devices show better thermal stability in comparison to n-i-p devices.93 

Consequently, p-i-n devices were fabricated with the device architecture of 

ITO/SAM/FA0.72MA0.18Cs0.1PbI3/(wo/w) HUBLA/C60/BCP/Au), demonstrating a best PCE of 

25.1% for the HUBLA device with a VOC of 1.17 V, a JSC of 25.4 mA cm-2 and a FF of 0.84. On the 

other hand, the control device shows a PCE of 22.7% with a VOC of 1.13 V, a JSC of 25.2 mA cm-

2 and a FF of 0.79 (Figure 64A). As seen in the inset the SPO tracking for 30 seconds shows that 

the HUBLA cell has a steady-state efficiency of 24.9%, while that of the control cell is 22.5%. I 

believe the enhanced performance comes from the better charge extraction and the lower 

non-radiative recombination. In addition, p-i-n device with an effective area of 1 cm2 were 

fabricated and achieved up to 23.5% for the HUBLA devices (Figure 64B), while that of the 

control device is 22.2%. To assess the capability of HUBLA in enhancing device stability under 
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thermal and humid conditions, maximum power point tracking (MPPT) of encapsulated 

control and HUBLA devices was performed under 85 ℃ and ~30% RH in air (ISOS-L-2) (Figure 

64C). It was observed that the control device rapidly declined to below 50% after 431 hours, 

while the HUBLA device retained 88% of its initial value after 1000 hours. MPPT of 

FA0.92Cs0.08PbI3 p-i-n device was also measured at 85 ℃ in N2 without encapsulation under light 

(ISOS-L-2) (Figure 64D). The T80 of the control device was recorded to be 866 hours. The HUBLA 

device maintained 94% of the initial PCE after aging for nearly 1500 hours.  
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Figure 64 Performance and stability of perovskite photovoltaics. (A) Best J-V curves with SPO of 

p-i-n devices. (B) Best J-V curves of 1 cm2 p-i-n devices. (C) The MPPT tests of encapsulated p-

i-n devices (same device structure as in (A)) aged at 85 ℃ and 30% RH in air under 1 sun. The 

initial PCE of the control and HUBLA device were 20.9% and 23.0%, respectively. (D) The MPPT 

tests of unencapsulated p-i-n devices aged at 85 ℃ in N2 under 1 sun. The initial PCEs of the 

control and HUBLA devices were 20.8% and 23.3%, respectively. 



163 

 

Considering the S 2p XPS spectra (Figure 54B), 

which demonstrate the dissociation of the 

thiocarbamate bond in HUBLA and the 

formation of a redox shuttle to reduce I2 and 

oxidize Pb0 (Figure 54C), it can be inferred that 

the enhanced thermal stability is attributed to 

HUBLA's ability to inhibit perovskite 

degradation and extend operational and 

storage stability.  

The most commonly used p-i-n device at the time in the laboratories in Oxford were p-i-n 

devices with FA0.83Cs0.17Pb(I0.9Br0.1)3 as composition with poly(4-butylphenyl-diphenylamine) 

(polyTPD) as a p-type layer and [6,6]-phenyl-C61-butyric acid methyl ester (PCBM)/BCP as n-

type layer15,16 and Au as an electrode. Therefore, I measured the stability of the p-i-n devices 

at 85 ℃ in N2 in the dark and choose to compare device performance to the most efficient 

HUBLA device after 1 day of aging as it induces the most significant increase in performance. 

As shown in Figure 65, the HUBLA device has a J-V scan of 17.5% (stabilized PCE of 16.8%) 

after 1 day, while it maintained a J-V scan of 16.1% after 398 days of aging at 85 ℃ in N2 

(stabilized PCE of 14.4%, 86% of its stabilized PCE after 1 day). All devices improved initially 

but then diverged during aging. The control devices reached their peak median performance 

at 240 hours (Figure 66B), and the HUBLA devices peaked at 768 hours (Figure 66A). I note 

that this initial improvement of p-i-n devices has already been studied in literature15,17. Given 

that the stability data is nonmonotonic, the consensus on stability data18 suggests reporting 

the time till the devices reach 80% of their maximum PCEs (TS80). The TS80 for the HUBLA 

devices was 11535.65 h, and the retained initial fraction is 0.9048 after 21864 h. In 

Figure 65 J-V curve of the most stable FACs     

p-i-n device with HUBLA at 85 °C in N2. 
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comparison, the twelve control devices have a TS80 of 2965 hours. The corresponding PV 

parameters for the HUBLA and the control devices are shown in Figure A 35. The control 

devices show a linear decay of the PV parameters after an initial increase; the initial increase 

in PCE of the HUBLA devices is more significant and over a longer timeframe. This different 

aging behaviour could arise from the redox shuttle reactions of HUBLA.  

 

Figure 66 Stability of 12 control and HUBLA devices aged at 85 ℃ in N2. (A) Stability of twelve 

HUBLA p-i-n devices aged at 85 ℃ in N2 normalized to the peak median efficiency of 14.0% at 

768 hours. They reach their TS80 at 11535.65 hours. (B) Stability of twelve control p-i-n devices. 

The devices were normalized to the peak efficiency at 240 hours of 16.0%. They reach their TS80 

at 2965 hours. 
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15.6. Discussion and summary 

HUBLA is a new dynamic passivation strategy for perovskites with DCBs, which can passivate 

as-deposited perovskite films not only during the fabrication process but also afterward. By 

releasing additional Lewis bases, HUBLA heals defects during the device’s operation and 

storage. Through XPS, UV-Vis, XRD, optical microscope images, in-situ XRD, and in-situ PL 

studies, I showed that HUBLA-coated perovskites become more resistant to water and heat. 

With HUBLA and its evolving products, enhanced device performance and improved 

operational stability at elevated temperatures and under humid conditions were achieved.  

Looking at the task ahead for perovskite solar cells the challenge of reaching decade long 

lifetimes seems daunting. Lead halide perovskites easily develop defects and the harsh 

environmental conditions further facilitate that. So new ways of tackling defects are needed. 

A dynamic passivation seems perfectly suited for that.  

I hope that HUBLA can inspire other researchers to think about dynamic passivation and 

design novels ones. I believe that it is an exciting and inspiring new way of going about 

passivations especially for organic semiconductors. In that sense I also believe that trying 

HUBLA or other dynamic passivations in other related fields like perovskite LEDs, organic 

electronics or organic solar cells would be intriguing.   
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16. Outlook 

The impacts of climate change are getting worse, and human activities are still driving up 

greenhouse gas emissions. A shift away from fossil fuels towards renewable energies is 

needed. Photovoltaics are ideal for that. A way of improving them is with perovskite solar 

cells. They allow for an even lower environmental footprint and can improve the efficiency in 

a tandem. But for that, perovskites have to be stable for decades. As already for Vanguard I, 

the operational stability of solar cells is the key to their success. 

In this thesis, I presented a new fabrication method, the DMA route. It further improves the 

operational study of perovskite solar cells without using DMSO. By changing the intermediate 

phases during the crystallisation, I found that the final perovskite layer is significantly more 

crystalline and orientated. Further, I found that removing DMSO is necessary to achieve stable 

devices. The residual solvents significantly accelerated the decomposition. That highlights that 

the departure from strongly coordinating solvents is needed for stable perovskite solar cells. 

Further improvements of the DMA route should be feasible by creating a more homogenous 

perovskite film and applying a top-contact passivation. Likely the DMA+ is not incorporated 

homogenously throughout the film but only in some regions. That is likely connected to the 

precursor solution and the formation of specific coordination complexes in the solution. 

Changing these coordination complexes might be the key to reaching even more stable DMA+ 

devices. The usage of the DMA route was already extended to the Pb-Sn perovskites and larger 

bandgaps of 2eV for the lead halide perovskite. It is a generally applicable route that will help 

the perovskite community make more stable devices.  

While one might wonder what is so special about DMA+, it does have a unique beneficial effect 

on the lead halide perovskites. A recent comparison study found that DMA+ is the best cation 
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to suppress halide segregation.207 It also does have a dipole moment and has been used, for 

example, in azide hybrid organic, inorganic halide perovskites to increase the dielectric 

permittivity.208 Another prominent cation for lead halide perovskites with a dipole moment is 

MA-. While it has been clear for a while that replacing MA- is needed to increase the stability, 

it turned out that replacing MA- is surprisingly difficult. Often, high efficiencies in perovskite 

solar cells are only reached if small amounts of MA- are used.38 I believe that is because one 

of the critical properties of MA- besides its ideal effective radius is its dipole moment. So, the 

dipole moment of DMA+ is likely a crucial factor for its success.  Further, the effective radius 

of DMA+ is close to being suited to incorporate in the 3D APbI3 perovskite. The biggest 

drawback of DMA+ seems to be the initial heterogeneity in photocurrent, which has not only 

been observed by me but also for stoichiometrically used DMA+ in lead halide perovskites.209 

If the challenge of the initial heterogeneity can be overcome, DMA+ will be the perfect choice 

for a cation to reach a stable mixed lead halide perovskite.    

I also developed a new passivation called HUBLA. Inspired by the ability of living beings to heal 

continuously, this passivation allows for the healing of defects after the manufacturing stage. 

During the operation, newly formed defects are healed. The concept presents an entirely new 

type of passivation – a dynamic one.  

I believe it is imperative to develop new ways of tackling the stability in perovskite solar cells 

like the here developed dynamic passivation. It is inevitable that a perovskite solar cell will 

evolve new defects during its operation. From those defects the degradation will start. While 

the time until these defects will evolve might differ depending on the fabrication and 

optimisation, but the low activation energy of defects for perovskites makes it unlikely that 

no defects will evolve at all. Having passivating agents then stored up to heal newly evolving 
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defects is ideal to prevent further degradation originating from the defects. The stored 

passivating agents might run out at some point but the ability of the redox shuttle to reduce 

Iodine and to oxidise Pb0 is not limited.  

Besides perovskite solar cells many organic or hybrid materials suffer from newly evolving 

defects during operation. Perovskite light emitting diodes (LED), organic electronics and 

organic solar cells are only some of the many other devices in which a dynamic passivation 

will improve not only the performance but also the durability.  
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17. Appendix for 13. Intermediate phase engineering with 

DMAX  

 

Figure A 1 Light stability of individual halides measured using TOF-SIMS mapping. TOF-SIMS 2D 

mapping of (A) Br and (B) I for the DMF/DMSO devices at t = 0 h. TOF-SIMS 2D mapping of (C) 

Br and (D) I for the DMF/DMSO devices at t = 24 h. TOF-SIMS 2D mapping of (E) Br and (F) I for 

the DMF/acid devices at t = 0 h. TOF-SIMS 2D mapping of (G) Br and (H) I for the DMF/acid 

devices at t = 24 h. The devices were aged under AM 1.5G sunlight at maximum power point 

(MPP) in ambient air for 24 hours without encapsulation. All devices were fabricated with a n-

i-p FTO/SnO2/PC61BM/FA0.83Cs0.17Pb(I0.6Br0.4)3/spiro-OMeTAD/Au architecture. The data was 

reconstructed to include data only from the perovskite absorber layer from a 3-D tomography 

dataset of the entire device stack. All the image sizes are 50 µm  50 µm. The data were 

normalized to the total intensity measured at every pixel to minimize topographic effects on 

the image. Thus the scale at the right of each image is the normalized intensity (I(pixel x) /Itotal 

at pixel x)). Adapted from 105. 
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Figure A 2 Light stability of individual A-site cation measured using TOF-SIMS mapping. TOF-

SIMS 2D mapping of (A) FA and (B) Cs for the DMF/DMSO devices at t = 0 h. TOF-SIMS 2D 

mapping of (C) FA and (D) Cs for the DMF/DMSO devices at t = 24 h. TOF-SIMS 2D mapping of 

(E) FA and (F) Cs for the DMF/acid devices at t = 0 h. TOF-SIMS 2D mapping of (G) FA and (H) Cs 

for the DMF/acid devices at t = 24 h. The devices were aged under AM 1.5G sunlight at 

maximum power point (MPP) in ambient air for 24 hours without encapsulation. All devices 

were fabricated with a n-i-p FTO/SnO2/PC61BM/FA0.83Cs0.17Pb(I0.6Br0.4)3/spiro-OMeTAD/Au 

architecture. The data was reconstructed to include data only from the perovskite absorber 

layer from a 3-D tomography dataset of the entire device stack. All the image sizes are 50 µm 

 50 µm. The data were normalized to the total intensity measured at every pixel to minimize 

topographic effects on the image. Thus the scale at the right of each image is the normalized 

intensity (I(pixel x) /Itotal at pixel x)). Adapted from 105. 
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Figure A 3 A-site excess cation of the DMAxFA0.83Cs0.17Pb(Br0.2I0.8)3+x perovskite system after a 

60 mins anneal at 185 C. (A) A series of photographs (B) XRD patterns (C) UV-Vis absorbance 

spectra of corresponding thin films. Adapted from 105. The series shows that for all excess 

concentrations, the perovskite film turns black and into the perovskite phase, meaning that 

most of the excess material leaves the material and the perovskite phase can form. It is essential 

that the hexagonal intermediate phases disappear entirely. 
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Figure A 4 A-site cation substitution of the DMAx(FA0.83Cs0.17)1-xPb(Br0.2I0.8)3 perovskite system 

after 60 mins anneal at 100 C. (A) A series of photographs (B) XRD patterns (C) UV-Vis 

absorbance spectra of corresponding thin films. Adapted from 105. While I only add DMA+ as 

excess in literature, the stoichiometric use of DMA+ is commonly used. Here, I compare how 

this method works when equal amounts of DMA+ as in the previous figure (Figure A 3) are added 

and annealed. As one can see, only small amounts of DMA+ still lead to the formation of the 

perovskite phase, and also hexagonal polytypes and the δ-FAPbI3 phase are forming. That 

shows that the addition of DMA+ along with the replacement of the other A-site cations does 

not work as well as the addition in excess. In the following figure, I show how a longer and 

higher temperature annealing impacts the same perovskite where DMA+ replaces other A-site 

cations.   
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Figure A 5 A-site cation substitution of the DMAx(FA0.83Cs0.17)1-xPb(Br0.2I0.8)3 perovskite system 

after a 60 m anneal at 185 C. (A) A series of photographs (B) X-Ray diffraction patterns (C) UV-

Vis absorbance spectra of corresponding thin films. Adapted from 105. This figure shows the 

same method used as in Figure A 4 but with a higher annealing temperature. The hexagonal 

polytypes are removed, but large amounts of residual PbI2 form instead.  
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Figure A 6 XRD for several PbX2 (with X being I-, Br- or Cl-) compositions formed on FTO coated 

glass substrates when annealed at 100 °C for 5 m. Adapted from 105. This figure is used to 

identify the lead halide peaks in the XRD pattern, as in Figure 33. 
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Figure A 7 XRD for DMAPbI3, DMAPbBr3, DMAPbCl3, DMAPb(Br0.12I0.88)3, (DMAPb(Br0.12I0.88)3)0.7 

DMAPbCl3)0.3, CsPbI3, CsPb(Br0.12I0.88)3, FAPbI3, FAPb(Br0.12I0.88)3 compositions formed on FTO 

coated glass substrates when annealed at 100 °C for 5 m. I show the XRD for these perovskite 

compounds from (A) 2  6 to 15 and (B) 2  3 to 60. Adapted from 105. This is used to identify 

the DMA+, FA+ and Cs+ lead halide perovskite peaks in the XRD pattern, as shown in Figure 33. 
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Figure A 8 DMAClexcess (X mol%) : (FA0.83Cs0.17)Pb(Br0.15I0.85)3 perovskite films spin-coated with 

various amounts of DMACl additive, where percentages are expressed in excess amounts with 

respect to lead. (A) The first series was fabricated in Oxford by heating first in a glovebox and 

consequently further annealing in an already annealed oven in air at ~180 °C. (B) The second 

series was fabricated in Monash, Melbourne, with the same heating protocol. (C) The third 

series fabricated in Oxford was first heated in a glovebox and then annealed in a cold oven, 

which was ramped up afterwards. A detailed analysis of all three series is shown in Figure A 9 

and Figure A 10. I repeated the series to triple-check the overall trend with DMACl addition to 

the mixed cation and mixed halide perovskite. The new peak forming around 10.9° was 

especially relevant since it decided which concentration of DMACl I would use. 
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Figure A 9 XRD analysis of three series of DMAx(FA0.83Cs0.17)1-xPb(Br0.15I0.85)3Clx perovskite films 

spin-coated with various amounts of DMACl additive. All peak areas besides the orientation 

were divided by the peak area of the FTO peak. The full low-angle peak graph is shown in Figure 

A 10. I decided to use 30 mol% as the standard for the DMA route since, with 40 mol%, the new 

peak appears, and 30 mol% has the most orientated perovskite phase (see also Figure A 11).    
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Figure A 10 XRD analysis of three series of DMAx(FA0.83Cs0.17)1-xPb(Br0.15I0.85)3Clx perovskite films 

spin-coated with various amounts of DMACl additive. All peak areas were divided by the peak 

area of the FTO peak. This figure shows the trend for the new peak appearing in the 3 different 

series I measured with XRD. Surprisingly, it is not linear with the used excess DMA+ amount and 

even disappears again for some higher concentrations than 40 mol%. As I also explained in the 

main text, I am not sure what this peak is. The best fit is to a hydrated perovskite phase, but 

that seems implausible given that the films are annealed at 180 °C for 1 hour, and it seems 

unlikely that any water is residual in the film afterwards.   
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Figure A 11 A 2D XRD beta peak analysis, showing the (100) peak intensity as a function of the 

azimuth angle (χ) for a series DMAClx(FA0.83Cs0.17)Pb(I0.8Br0.2)3 perovskite film as shown also in 

Figure 35 and Figure 36. Adapted from 105. It shows that with ≥20 mol% excess DMACl the films 

start to become orientated and significantly increase in intensity. Especially relevant is the 

increased orientation with 30 mol% and that with the appearance of the new peak at 40 mol% 

a sudden change in orientation also happens. For 50 mol%, for example, even a new shoulder 

appears.  

  



180 

 

18. Appendix for 14. Stability and performance of the DMA 

route 

 

Figure A 12 TD-GC-MS for a DMA0.3FA0.83Cs0.17Pb(I0.9Br0.1)3Cl0.3 perovskite thin film annealed for 

100 °C in a glovebox and 170 °C in air. 2-cyanoethyl acrylate is a common component of glues 

and likely a contaminant coming from the sample holders in which the samples were 

transported. The measured sample was less annealed than the sample in Figure 40, and the 

same residual solvents were still present. Besides the residual DMSO, identified in Figure 39, I 

find that all other solvents, DMF and the antisolvent, here TFT, are residual in the films. So even 

though the perovskite films were annealed at temperatures above the boiling point of DMF at 

153 °C and TFT at ~102 °C, it was not possible to remove those solvents either. These results 

are consistent with the results from Benjamin Gallant and me115, where we found that all 

perovskite films with Cs+, Br-, or both contain residual solvents. Even harsher annealing (up to 

180 °C for one hour) did not remove the residual solvents. 
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Figure A 13 Evolution of normalised intensity ratio between lead halide and perovskite XRD 

peak versus thermal aging time. All perovskite films were deposited on an FTO substrate and 

heated for up to 50 hours on a 150 °C hotplate in an N2-filled glovebox. The three films were 

prepared with three different preparation methods: DMF/DMSO, DMF/acid, and DMF/DMACl. 

Data is taken from Figure 42 and adapted from 105. The plot shows a detailed analysis of the 

stability of all three fabrication methods. Shown is the intensity of the (100) peak of the 

perovskite and lead halide phase as a function of aging time. This figure shows well how the 

newly developed DMA route improves the thermal stability of the resulting lead halide 

perovskite. 
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Figure A 14 TGA data of the MAPbI3 compared to the FAPbI3 perovskite films. TGA heating 

curves and the corresponding first derivative of the MAPbI3 and FAPbI3 perovskite films were 

prepared using the DMF/DMSO anti-solvent method and adapted from 105. This figure shows 

the difference in thermal stability coming from different A-site cations, MA+ and FA+. I show 

this to give an estimate about what the difference we see in Figure 43 means. Here, we see that 

the difference between MAPbI3 and FAPbI3 is 50 °C. The difference we see in Figure 43 is 15 °C.  
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Figure A 15 Thermal stability of a MAPb(I0.6Br0.4)3 film using the DMF/DMSO anti-solvent 

quenching method, stressed at 150 °C in a nitrogen atmosphere. Photographs of films 

measured before and after thermal stressing. Adapted from 105. This figure shows how quickly 

an MA-containing film degrades under heat. An examples of the stability of MAPbI3 is shown in 

my previous publication from my master thesis.38   
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Figure A 16 (A) EQE of DMF/DMACl device with 40% Br and (B) the corresponding derivative of 

the EQE onset. The DMF/DMACl and DMF/DMSO device have slightly different bandgaps. The 

fitted peak minimum (xc) for the derivative is 701.4 nm for the DMF/DMACl device and for the 

control 692.6 nm. The DMF/DMACl devices had a VOC of 1.28 V, a JSC of 15.51 mA cm-2 and a FF 

of 0.67. The steady-state efficiency is 13.34%. The integrated current from the EQE is 15.29 mA 

cm-2.  



185 

 

 

Figure A 17 Evolution of the J-V performances between DMF/DMSO and DMF/DMACl 

fabrication methods under full spectrum simulated AM 1.5, 76 mWcm-2 average irradiance at 

VOC in air without a UV filter at 85  C, using a Suntest XLS + aging box which irradiates pulsed 

light. All devices are encapsulated p-i-n devices comprised of an 

FTO/PTAA/Al2O3 NPs/perovskite/LiBr/C70/Zr(Acac)/PEIE/Au structure. I show the J-V 

characteristics for 65 °C in (A) JSC, (B) VOC and (C) FF and for 85 °C in (D) JSC, (E) VOC and (F) FF. 

The error bars were calculated using the median absolute deviation as a measure of statistical 

dispersion. The Figure is adapted from 105. The figure shows the median J-V parameter 

evolution of the major stability tests for the DMA route (called DMF/DMACl) and the control 

(DMF/DMSO) devices at 65 and 85 °C under full spectrum illumination.  
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Figure A 18 Normalised J-V parameters of the DMSO and DMACl devices during aging 

(sequentially) in ambient (~50% RH) under light without encapsulation. Note the DC lamp was 

approx. ~0.75 SUN. The corresponding photocurrent maps are shown in Figure 49 and Figure 

50. The table shows the initial J-V parameters measured in Oxford at a calibrated sun simulator 

before the devices were shipped to Melbourne for the IMPS measurements. The compositions 

were FA0.83Cs0.17Pb(I0.6Br0.4)3 for the control, and for the DMACl device, it was 30mol% DMACl: 

FA0.83Cs0.17Pb(I0.63Br0.37)3. We adjusted the Br-ratio slightly to account for the slightly different 

bandgap of the DMF/DMACl device.  
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Figure A 19 IMPS mapping analysis. (A) A photocurrent map of the FA0.83Cs0.17Pb(I0.6Br0.4)3 

device during the aging at around 350 h showing four different regions with striped marks. The 

aging was done in ambient (~50% RH) under light without encapsulation. Note that the DC lamp 

was approx. ~0.75 SUN. For the same regions marked in (A), the photocurrent decay curves are 

shown in (B). All points show an exponential decay. The exponential decay was used to fit each 

pixel and reconstruct a map of the pixel, indicating areas of fast and slow decay, as shown in 

(C).  
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Figure A 20 IMPS maps of the control FA0.83Cs0.17Pb(I0.6Br0.4)3 at the beginning of the aging (t=0) 

(A) and overlay (B) of the initial (in grey) and the decay curves (in green) which is also shown in 

(C) as a comparison (see for further explanation Figure A 20). The figure shows that areas of 

initial photocurrent heterogeneity correlate with regions which degrade faster than 

homogenous regions. 
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19. Appendix for 15. A new dynamic passivation called HUBLA 

 

Figure A 21 Hindered urea/thiocarbamate bond (HUB) is destabilized by bulky substituents, 

which induces bond rotation and a decrease in the conjugation effect. The amide bond (-

N(R)C(O)-) is generally very stable because of its conjugation between the long electron pair on 

the nitrogen atom and the π-electrons on the carbonyl p-orbital. The steric hindrance by adding 

bulky groups can disturb orbital co-planarity and diminish conjugation effect, thus weakening 

carbonyl-amine interaction.118 Hence, the HUB can dissociate into amine and isocyanate. 
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Figure A 22 Characterization of HUBLA. 1H NMR (400MHz, DMSO-d6): δ (ppm) = 8.39 (s, -N+H3), 

7.31 and 7.14 (m, benzene ring), 6.33 (s, -SC(O)NH-), 6.07 (s, -( (CH3)C)NC(O)NH-), 2.4-3.4 (m, -

CH2CH2-), 1.50 and 1.30 (s, -CH3). The 1H NMR verifies the HUBLA structure. ATR-IR: 3285 and 

1555 cm-1 (N-H); 2979 and 2868 cm-1 (C-H); 1649 cm-1 (C=O); 1487 cm-1 (C-N); 900 cm-1 (C-S). 

ESI-TOF MS: m/z = 851.41, calcd. 851.48 [M+] for C42H72ClN8O4S2. 
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Figure A 23 Five-gram weight was tied with yellow rope and stuck at the bottom of bonded 

crystals using white tap. This picture shows how the weight was mounted onto the single 

crystals.   
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Figure A 24 Graphical explanation of how the cross-link mechanism of HUBLA between two 

FAPbI3 crystals works. Generally, two crystals could not be bonded together because there is 

no interaction or bonds at the interface. In contrast, if the surfaces of perovskite crystals are 

coated with HUBLA, the HUB can dissociate and associate at the interface, part of the HUBs can 

induce the interface cross-link between two crystals (the white ball represents -N+H3).  

  



193 

 

 

Figure A 25 Chemicals and reactions that are mentioned in this study. (A) All the chemical 

structures including HUBLA, TMXDI, TMXDI hydrolysate, tBEDA, NCO-terminated ammonium 

salt (NCO-AS), carbamic acid group (-N(H)C(O)OH in NHCOOH-terminated ammonium salt (CA-

AS)), NH2-terminated ammonium salt (NH-AS), cysteamine hydrochloride (CH), cystamine 

dihydrochloride (CDH), and cysteamine hydrochloride anion (CHA). (B) Synthetic route of 

HUBLA. (C) Dynamic and hydrolysis reactions of HUBLA at room temperature. In the step 1, 

HUBLA reversibly dissociates into tBEDA and NCO-AS. In the step 2, NCO-AS reacts with H2O to 

produce CA-AS, and quickly decomposes to NH-AS and releases CO2. (D) Dynamic and redox 

reactions at elevated temperature in N2. In the step 1, HUBLA reversibly dissociates into tBEDA 

and NCO-AS. In the step 2, NCO-AS reversibly dissociates into TMXDI and CH at elevated 

temperature. In the step 3, CH reacts with I2 to produce CDH and I-. CDH reacts with Pb0 to 

produce CHA and Pb2+. CHA reacts with I2 to produce CDH and I-. CDH and CHA form redox 

shuttle reaction.  
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Figure A 26 Pb 4f XPS spectra of FAPbI3 film and perovskite/HUBLA film aged at 85 ℃ in N2 

after (A) 0, (B) 10, (C) 72, (D) 192, (E) 528, and (F) 1080 hours, respectively. The intensity of 

the Pb0 components is enlarged for the red peaks by 10 times. The purpose of this figure is to 

show the dynamic passivation ability of HUBLA and how it prevents the formation of Pb0. 
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Figure A 27 Pb 4f XPS spectra of perovskite, perovskite/TMXDI hydrolysate, and perovskite/ 

tBEDA films. Identification of the expected shift of the Pb 4f XPS peaks with the different 

components of HUBLA. It is used to interpret the aging data.  
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Figure A 28 S 2p XPS of (A) pristine HUBLA, (B) FAPbI3/CH and (C) FAPbI3/CDH films. This figure 

is used for the identification of the S 2p XPS spectrum.  
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Figure A 29 Steady-state PL and TRPL of pristine and HUBLA-coated perovskite crystals. Insert 

figure is the steady-state PL and photograph of the FAPbI3 crystal. Improved optoelectronic 

properties of the single crystals coated with HUBLA.  
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Figure A 30 XRD2 measurements of the control and HUBLA films before and after 25.5 hours of 

aging at 85 °C in ambient air (~30% RH). (A, B) A FA0.83Cs0.17Pb(I0.9Br0.1)3 control film and (C, D) 

one treated with HUBLA. For Figure 58A and B, I measured roughly every minute an XRD2 

measurement and sum along the conic section of each peak to obtain a 1D XRD for each minute. 

Figure A 31 shows the change of the conic section for the PbX2 peak and the change in the ratio 

of the (100) and PbX2 peak. 
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Figure A 31 Change of the PbI2 peak along the azimuthal angle χ for (A) the control and (B) 

HUBLA films throughout the aging at 85 °C in ambient air (~30% RH). (C) I show the ratio of the 

integrated peak area of the (100) and PbI2 peak after I subtracted the background of each peak. 

The measurements correspond to Figure 58A and B and Figure A 30. 
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Figure A 32 N 1s XPS spectra of (A), perovskite film showing a N 1s component at ~400.5 eV. (B) 

Perovskite /TMXDI film showing two N 1s components at ~400.4 and ~400.0 eV that could be 

attributed to FA+ and isocyanate (-NCO)210, respectively. (C) Perovskite/TMXDI hydrolysate 

showing two N 1s components at ~400.4 and ~399.7 eV that could be attributed to FA+ and 

primary amine (-NH2)211, respectively. (D) Perovskite/tBEDA films showing three N 1s 

components at ~401.8, ~400.4 and ~399.4 eV that could be attributed to ammonia, FA+, and 

secondary amine (-NH-)211, respectively. 

  



201 

 

 

Figure A 33 EQE and integrated current of an n-i-p device with HUBLA. 

  



202 

 

 

Figure A 34 Total absorbance of Glass/ITO/perovskite. 
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Figure A 35 Median PV parameters of (A) HUBLA and (B) Control device from Figure 66. The 

upper and lower limit are the median absolute deviation (MAD). The PCE is from the J-V scan 

from short-circuit to open-circuit. FF, JSC and VOC are from the same J-V scan. This is the 

corresponding J-V data for the devices which are aged at 85 °C in N2, as shown in Figure 66. 
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