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 “I'd put my money on the sun and solar energy. What a source of power! I hope 

we don't have to wait until oil and coal run out before we tackle that.”  

Thomas Edison                                                
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Abstract 

Energy plays a significant role in our daily lives, but most energy provided by fossil 

fuels causes serious environmental problems including air pollution, global warming, 

and ecological damage. In addition, it has been estimated that all of our fossil fuels 

will run out in 2088 and thus it is highly important to study and apply renewable 

energy sources. Among all the alternatives, solar energy is clean, sustainable, and 

abundant. It is estimated that the amount of power from the sun that strikes the 

earth in 90 minutes is more than the entire world consumes in one year. The 

perovskite solar cell (PSC) is one of the strongest tools to utilize solar energy because 

of its high power conversion efficiency and easy fabrication process. However, the 

lead that is normally used in the perovskite layer is considered harmful to the 

environment and to human health. Moreover, the low conductivity and hole mobility 

of the hole-transport material (HTM) Spiro-OMeTAD and the low overall device 

stability against humidity are all issues that might hinder the further development 

of PSC technology. This thesis concerns all of these aspects, with a general focus on 

different functional materials. 

The aim of this thesis was to develop environmentally friendly and low-cost 

functional materials in order to solve existing problems while at the same time 

revealing insights into carrier transport, molecular doping, and surface passivation. 

In Chapter 1 and Chapter 2, the current status of PSCs and the experimental and 

theoretical methods used in this thesis are presented. 

In Chapter 3, the properties of coordination complexes, including molybdenum 

clusters and polyiodide-linked gold complexes, and their potential application in 

solar cells as lead-free light absorbers are discussed. 

In Chapter 4, the synthesis of four coordination complexes with different metal cores 

and ligands and their application as HTMs in PSCs is discussed. Their oxidation 

potential, hole mobility, conductivity, and packing methods are presented. 

In Chapter 5, two p-type dopants – Cu(bpcm)2 and (MeO-TPD)TFSI – are 

introduced for the organic HTM Spiro-OMeTAD. Both of these could significantly 

increase the conductivity of Spiro-OMeTAD films. In addition, (MeO-TPD)TFSI 

could work separately without hygroscopic LiTFSI at high doping amounts thus 

potentially increasing the device’s stability. The structure of oxidized Spiro-OMeTAD 

on the base of the Spiro(TFSI)2 is also discussed. 

In Chapter 6, density functional theory modeling of four different functional groups 

– including amino (−NH2), phosphine (−PH2), hydroxyl (−OH), and thiol (−SH) 

groups – in combination with polyhedral oligomeric silsesquioxane is discussed in 

terms of estimating the adsorption energy with respect to different perovskite 

surface models. The amino functional group showed the strongest adsorption energy 

and was further compared with the thiol group in experiments. 

Keywords: perovskite solar cell, photovoltaic device, lead-free light absorbers, hole-

transport materials, coordination complexes, p-type dopants, organic salts, surface 

passivation. 
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Sammanfattning 

Energi spelar en avgörande roll i vårt vardagliga liv. Dessvärre kommer den allra 

största delen av den energi som tillhandahålls från fossila bränslen, vilka orsakar 
allvarliga miljöproblem såsom luftföroreningar, global uppvärmning och ekologiska 

skador. Dessutom finns det uppskattningar som för fram påståenden om att 
resurserna av fossila bränslen kommer att sina kring 2088, vilket sammantaget 

understryker behovet av att undersöka och implementera förnybar energi. Bland 
alternativen återfinns solenergi, vilken ren, hållbar och rikligt tillgänglig. I 

jämförelse kan det konstateras att den energi som motsvarar ca 1,5 timmes solljus 

som träffar jordens yta motsvarar en hel årsförbrukning för hela världen. 
Perovskitsolceller (PSC) utgör en mycket lovande ny teknik för att kunna utnyttja 

solens energi grundat på deras höga omvandlingseffektivitet tillsammans med enkla 
tillverkningsprocesser. Dessvärre innehåller perovskitsolcellerna det giftiga 

grundämnet bly, vilket är skadligt för både miljö och människa. Dessutom är 
perovskitsolcellerna beroende av omgivande material för att de ska nå höga 

prestanda, och även dessa är behäftade med problem. Håltransportmaterialet (HTM) 
Spiro-OMeTAD är förknippat med en inneboende låg ledningsförmåga och 

känslighet mot fukt. Detta påverkar perovskitsolcellernas stabilitet och utgör ett 

hinder för vidare utveckling mot en kommersialisering. Den här avhandlingen är 
fokuserad mot olika funktionella material för perovskitsolceller. 

Målet med denna avhandling är att utveckla miljövänliga och billiga funktionella 
material, vilka kan bidra till att lösa perovskitsolcellernas existerande problem och 

samtidigt ge insikter om effekterna av laddningstransport, dopning och 

ytpassivering. 

I kapitel 1 och 2 presenteras en statusöversikt för PSC, liksom de experimentella och 

teoretiska metoder som använts i denna avhandling. 

Kapitel 3 ägnas åt implementeringen av nya bly-fria koordinationsföreningar i 
solceller exemplifierat med två system; molybdenbaserade kluster och 

polyjodidlänkade guldkomplex. Målet med dessa studier var att identifiera helt nya 

och bly-fria ljusabsorbenter. 

Kapitel 4 ägnas åt studier av fyra nya koordinationsföreningar som HTM till PSC. 

Dessa omfattar olika metalljoner som koordinationscentra och studerades 

systematiskt rörande redoxpotentialer, hål-mobilitet, ledningsförmåga samt 
molekylära packningsmönster. 

Kapitel 5 omfattar studier av två nya p-typ dopningsmaterial för organiska hålledare 

baserade på Cu(bpcm)2 och (MeO-TPD)TFSI. Båda ökar markant ledningsförmågan 
hos Spiro-OMeTAD. (MeO-TPD)TFSI fungerar dessutom effektivt vid höga 

koncentrationer utan tillsatser av det hygroskopiska saltet LiTFSI, och detta leder 
till en tydligt bättre stabilitet hos de resulterande solcellerna. Strukturen hos 

oxiderad Sprio-OMeTAD resp Spiro(TFSI)2 har analyserats. 

I kapiltel 6 undersöks slutligen effekterna av polyhedrala oligomera silsesquioxaner 
(POSS) med en serie av funktionella sidoarmar terminerade med amin- (−NH2), 

fosfin (−PH2), hydroxyl (−OH), and tiol (−SH) –grupper. Dessa har undersökts både 
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teoretiskt med hjälp av täthetsfunktionalteori (DFT) för att uppskatta de olika 
systemens adsorptionsenergier tillsammans med effekter på solceller. POSS-

systemen terminerade med amingrupper uppvisade starkast adsorption och 
tydligast stabiliserande effekter. 
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1. Introduction 

1.1. Global energy consumption and solar energy 

The modern world is built on energy consumption. In the last few decades, the global 

consumption of energy has increased significantly from around 10,000 terawatt 

hours in 1900 to 150,000 terawatt hours in 2017. This rapid increase has facilitated 

the development of modern industry, but it has also caused severe environmental 

issues such as climate change, global warming, air pollution, etc. The reason for this 

is that most of energy we have consumed since 1900 has been from coal, crude oil, 

and natural gas, which are known as fossil fuels, as shown in Figure 1. Fossil fuels 

are carbon-based energy sources, but also contain other elements such as nitrogen 

and sulfur. Complete or incomplete burning will release large amounts of carbon 

dioxide, carbon monoxide, nitrogen dioxide, sulfur dioxide, etc., which are 

considered to be responsible for the above-mentioned environmental issues. To 

solve the problem, applying fossil-free energies such as solar energy, wind energy, 

nuclear energy, and hydropower will be highly important. Among all these energy 

sources, solar energy is clean, sustainable, and abundant, which makes it a good 

alternative for fossil fuels. It is estimated that the energy from the sun that strikes 

the earth’s surface in one and a half hours is more than the worldwide energy 

consumption in the year 2001 from all sources combined.1  

 

Figure 1. Global energy consumption between 1800 and 2017. (Source: 

https://ourworldindata.org/energy-production-and-changing-energy-sources, 

access date Dec. 26th, 2019) 

https://ourworldindata.org/energy-production-and-changing-energy-sources
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The sunlight reaching the earth’s surface covers a wavelength range from ultraviolet 

to infrared. Solar irradiation is influenced by atmospheric absorption, the position 

of the sun, and the pathway of the photons. A standardized version of this spectral 

irradiation is the Air Mass 1.5 Global spectrum (AM 1.5G), presented in Figure 2. 

This corresponds to an irradiation with an integrated power density of 1000 W/m2 

(100 mW/cm2). The AM 1.5G spectrum is the most commonly used spectrum and 

represents the terrestrial solar spectral irradiance on a clear day with the recipient 

surface plane tilted at an angle of 37o with respect to the sun. 
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Figure 2. Solar irradiance spectrum at sea level (AM 1.5G). The spectrum includes 

the global tilting angle. (Source of data: 

https://www.pveducation.org/pvcdrom/appendices/standard-solar-spectra, access 

date Dec. 26th, 2019) 

Solar cells are one of the most powerful tools for harvesting solar energy. Briefly, the 

active layer in the solar cell absorbs photons and converts them into electricity. 

Based on their different active layers, solar cells can be further divided into silicon 

solar cells, copper indium gallium selenide (CIGS) solar cells, cadmium 

telluride/cadmium sulfide (CdTe/CdS) solar cells, dye-sensitized solar cells (DSSCs), 

perovskite solar cells (PSCs), etc. Figure 3 shows the history and efficiency of all 

types of solar cells. 

https://www.pveducation.org/pvcdrom/appendices/standard-solar-spectra
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Figure 3. The solar cell efficiency chart.2 

(https://www.nrel.gov/pv/assets/pdfs/best-research-cell-

efficiencies.20200128.pdf, access date Jan. 30th, 2020) 

https://www.nrel.gov/pv/assets/pdfs/best-research-cell-efficiencies.20200128.pdf
https://www.nrel.gov/pv/assets/pdfs/best-research-cell-efficiencies.20200128.pdf
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1.2. Perovskite solar cells 

A PSC is defined as a solar cell that mainly uses the organic-inorganic halide 

perovskite as the light-absorbing material. It usually also includes a blocking layer 

(BL) that blocks holes, an electron transport layer (ETL) that extracts and transports 

electrons, a hole transport layer (HTL) that extracts and transports holes, and a 

counter electrode (CE). Typical device structures and working principles are shown 

in Figure 4.  

                       

Figure 4. (a) Typical device structure and (b) working principles of PSCs. 

The halide perovskite is an ideal absorber not only because of its high light 

absorption coefficient,3 long diffusion length,4 and high charge carrier mobility,5 but 

also because of its flexible deposition methods and excellent film-forming ability.6, 7 

Typically, a thickness around 500 nm obtained with a solution-based process will be 

sufficient to harvest light.8 The most studied halide perovskite in solar cells is 

methylammonium lead iodide (MAPbI3), which has a cubic structure with space 

group Pm3m above 54oC and transforms into a tetragonal structure with space group 

I4/mcm at lower temperature and will further transform into an orthorhombic 

structure with space group Pna21 when the temperature is below −111oC.9, 10 The 

reason for these transitions is the restricted rotation of the methylammonium cation 

(MA+) at low temperatures.11 Figure 5 shows the structures of MAPbI3 with different 

lattice systems.   

(b) (a) 
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Figure 5. Structures of a) orthorhombic, b) tetragonal, and c) cubic phases of 

MAPbI3. The dashed blue cuboid represents the unit cell of each phase. The 

transparent dark grey octahedrons denote the cages formed by six I− ions around one 

Pb2+ ion. (Figure reproduced with permission from ref. 10. Copyright 2016, 

Advanced Functional Materials) 

The most involved lattice system inside a solar cell is the cubic structure, in which a 

three-dimensional structure connected by Pb–I bonds is formed. The cubic structure 

can be obtained by annealing at 100oC for 15 min.12 The octahedrons denote the 

system of shared I− ions that the MA+ cation fits in between. The electronic three-

dimensional structure ensures rapid carrier transport in all directions, and the 

overlap of orbitals from iodide contribute to a relative low band gap of around 1.5 

eV,13 which makes the material black and able to harvest all the visible light. 

Although MAPbI3-based solar cells allow quite high power conversion efficiency 

(PCE), they suffer from stability issues14 such as light stability15, water-oxygen 

stability,16, 17 and thermal stability18. In order to improve the tolerance to 

environmental changes, other cations and anions such as cesium (Cs+),19 rubidium 

(Rb+),20 formamidinium (FA+),21 and bromide (Br−)22 are often incorporated. It is 

reported that a small amount of Cs+ reduces the defects of the perovskite crystal and 

inhibits the migration of iodide due to enhanced interaction between cations and 

anions, resulting in improved stability performance. Figure 6 shows the structure 

of mixed halide perovskites (FAPbI3)0.9(MAPbBr3)0.1
23 and 

(FAPbI3)0.9(MAPbBr3)0.05(CsPbBr3)0.05.24  
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Figure 6. Structures of the mixed halide perovskites (a) (FAPbI3)0.9(MAPbBr3)0.1 

and (b) (FAPbI3)0.9(MAPbBr3)0.05(CsPbBr3)0.05. The black spheres represent Pb, the 

gold spheres represent Br, and the purple spheres represent I. The cations are 

located in the center. 

In the structures of perovskites (FAPbI3)0.9(MAPbBr3)0.1 and 

(FAPbI3)0.9(MAPbBr3)0.05(CsPbBr3)0.05, the Pb−Br bond length is elongated, while 

the Pb−I bond length is shortened, compared with those of pure Br-based and I-

based perovskites, respectively. The different equivalent positions of iodine as well 

as significant lattice distortion caused by the decreased angle of Pb−I−Pb bonds are 

considered to be helpful for relieving the lattice stress, which reduces the formation 

of iodide vacancies and enhances the phase stability.24 

Solar cells based on halide perovskite have achieved a certified PCE of around 25.2%, 

which is already approaching the single crystal silicon solar cell with a PCE of around 

26.1% and the GaAs solar cell with a PCE of around 27.8%.2 In comparison with its 

first application as a dye in dye-sensitized solar cells with a PCE of around 3.8%,25 

the significant increase in PCE has taken place only in the last ten years. Although 

the rapid improvement shows the strong potential of this type of solar cell, there are 

still several issues that have to be addressed, such as the toxic element lead, the low 

conductivity and hole mobility of the commonly used organic hole transport material 

(HTM) 2,2’,7,7’-Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9’-spirobifluorene 

(Spiro-OMeTAD), and the low device stability.  

(a) (b) 
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1.3. Lead-free light absorbers 

The high-efficiency PSC is based on lead-containing halide perovskite and thus is not 

considered to be environmentally friendly. To commercialize PSCs, it is important to 

replace the poisonous lead with other elements such as tin (Sn) or bismuth (Bi) in 

order to generate lead-free light absorbers. Sn-based perovskites were first 

demonstrated by Kagan and co-workers in efficient field-effect transistors with high 

carrier mobilities of up to 103·cm2·V−1·s−1.26 In 2014, Kanatzidis et al. reported the 

first application of methylammonium tin halides (MASnI3-xBrx) in photovoltaic 

devices with a PCE of 5.73%.27 In the same year, Snaith and co-workers also reported 

the application of methylammonium tin iodides (MASnI3) in solar devices with a 

PCE of around 6.4%.28 These high PCEs attracted lots of following studies looking at 

alternative cations and anions,29-31 coordinating solvents,32 and various film 

deposition techniques.33, 34 The PCEs of Sn-based halide perovskite photovoltaics 

have reached 9.06% through the use of mixed cations.35 However, the Sn-based 

perovskites are less stable in comparison with Pb-based perovskites due to facile 

oxidation of Sn2+ to Sn4+ in air.36 After oxidation, large quantities of Sn vacancies are 

formed in the structure of Sn perovskite, leading to the poor stability of Sn-based 

PSCs. Extensive studies have been devoted to suppressing the oxidation in Sn-based 

perovskites, and the most widely used strategy is the addition of tin halide (SnF2, 

SnCl2, SnBr2, and SnI2),37 which can improve the device durability in air significantly 

and furthermore provides long carrier diffusion lengths.36, 38  

In comparison with Sn2+, Bi3+ is more stable in air and is also nontoxic. Moreover, 

Bi3+ has a similar electronic structure (5d106s2) and ionic radius as Pb2+, which might 

result in similar optoelectronic properties. Initial work by Johansson and co-workers 

achieved a PCE of 1.09% on Cs3Bi2I9 perovskite with a direct band gap around 2.2 

eV.39 The structure of Cs3Bi2I9 is shown in Figure 7. Cs3Bi2I9 has a zero-dimensional 

structure but a short distance of around 4.0–4.2 Å between Bi2I9
3− units in three 

directions. The short distance might provide sufficient orbital overlap from the 

iodide atoms at the boundaries of the Bi2I9
3− units, thus resulting in a low electronic 

band gap and a broad light absorption range. 
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Figure 7. Structure of bismuth-based perovskite Cs3Bi2I9. The plum sphere 

represents Bi, the indigo sphere represents Cs, and the purple sphere represents I. 

In subsequent work, bismuth compounds such as Cs2AgBiBr6,40 AgBi2I7,41 Ag2BiI5,42 

and Ag3BiI6
43 were investigated, and the PCEs were much lower compared with Pb 

and Sn-based perovskites. The best performance achieved so far is based on AgBiS2 

with a PCE of 6.3%.44 The main reason for this is that bismuth compounds tend to 

form low-dimensional structures due to a high oxidation state, thus resulting in a 

relatively high band gap and low carrier transport ability in the lattice.  

Although perovskites based on other metals such as antimony (Sb),45, 46 germanium 

(Ge),47 copper (Cu),48 titanium (Ti),49, 50 and manganese (Mn)51, 52 have also been 

studied, the PCEs are still low and thus these metals are less likely to be potential 

substituents for Pb-based halide perovskites. 

1.4. Coordination complex-based hole-transport materials 

As previously shown in Figure 4, the HTL that extracts and transports holes plays 

a very important role in PSCs. To be a successful candidate, the material is usually 

required to have a proper energy level, high hole mobility, and high conductivity. 

Spiro-OMeTAD is the most widely used organic HTM because of its excellent film-

forming ability, properly matched energy levels, and solution-based deposition 

methods.53 However, pristine Spiro-OMeTAD has a rather low hole mobility and 

conductivity as well as high costs due to several synthetic steps and purification 

issues.54-56  
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To find a better candidate, inorganic materials such as nickel oxide (NiOx),57, 58 

copper thiocyanate (CuSCN),59, 60 etc.; organic materials such as tetrathiafulvalene 

derivative (TTF-1)61 and spiro[fluorene-9,9’-xanthene] (SFX)-based HTM, X60,56 

etc.; and polymers such as Poly(2,3-dihydrothieno-1,4-dioxin)-

poly(styrenesulfonate) (PEDOT:PSS),62 poly(3-hexylthiophene) (P3HT)63 and 

poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine (PTAA)64, 65 have been proven to be 

excellent alternatives. On the other hand, coordination complexes as another type of 

material with significant applications in fields such as organic synthesis,66 water 

splitting,67 and DSSCs68, 69 have also shown potential as HTMs. 

Previous work by Boschloo and co-workers explored a mixed Cu(I) and Cu(II) 

complex (Cu(dmp)2) and applied it as an HTM in solid-state DSSCs. The devices 

(often referred to as “zombie” cells) are based on a sandwich structure with a 

predrilled hole in the CE, which is used to slowly evaporate the solvent in the 

electrolytes to form the solid-state HTL. A PCE around 8.2% was achieved in 

comparison with the Spiro-OMeTAD-based devices having a PCE of 5.6%.70 With 

respect to PSCs, a silver (Ag) salt complex (HA1) was applied as an HTM by Sun and 

co-workers.71 Because of the ions formed, the synthesized Ag complex salt had a 

pristine conductivity of around 10−3 S·cm−1, which is much higher than that of Spiro-

OMeTAD. As a result, the device based on undoped HA1 achieved quite comparable 

PCEs with devices based on doped Spiro-OMeTAD, both around 12% with an active 

layer of MAPbI3. Copper phthalocyanine (CuPc) was also applied as the HTM in 

MAPbI3 perovskite with a PCE of around 16.1%.72 However, CuPc has to be deposited 

by thermal evaporation due to its limited solubility in organic solvents. The 

molecular structures of the discussed coordination complexes are shown in Figure 

8. 

 

Figure 8. Molecular structures of the discussed coordination complexes. 
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Although these complexes show promising properties in comparison with Spiro-

OMeTAD, typical coordination complexes deposited by a solution-processed method 

in PSCs have been less studied. 

1.5. p-type doping for organic HTMs 

Organic materials are promising candidates for HTMs because they are easy to 

deposit by solution-processed method and most have excellent film morphologies. 

This is quite important for solar devices because it effectively reduces film defects 

and surface trap states. However, their hole mobility and conductivity are usually 

low.73 In order to use organic HTMs, it is essential to partially oxidize the pristine 

material (typically a 3% molar ratio), and the oxidized HTM ion will increase the 

carrier density of pristine HTM thus improving the hole mobility and conductivity 

initially.74 This chemical process is referred to as p-type doping.  

Several p-type dopants including oxygen, cobalt complexes, metal salts, and organic 

molecules have been reported. However, oxygen has been proven to be more efficient 

with the presence of lithium bis(trifluoromethanesulfonyl)imide (LiTFSI), in which 

LiTFSI is considered as a catalyst for the oxidation process.75, 76 The reproducibility 

of oxygen-doped devices is low due to poorly controlled doping amounts and times. 

To solve the problem, a cobalt-based coordination complex was studied that showed 

“instant” reactivity with organic HTMs, e.g. Spiro-OMeTAD. The most widely used 

p-type dopant tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)cobalt(III) 

tri[bis(trifluoromethane)sulfonimide] (FK209) has three 2-(1H-pyrazol-1-yl)-4-tert-

butylpyridines coordinated to the Co(III) and shows very good reproducibility in 

final device performance.77 Further modification of ligands results in different 

dopants such as tris(2-(1H-pyrazol-1-yl)pyridine)cobalt(III) 

tri[bis(trifluoromethane)sulfonamide] (FK102)78 and tris[2-(1H-pyrazol-

1yl)pyrimidine]cobalt(III) tri[bis(trifluoromethylsulfonyl)imide] (MY11)79 with 

different redox potentials. Generally, extra electron-donating groups on the ligands 

lower the redox potential, while the electron withdrawing groups increase the redox 

potential. Molecules with high redox potential are considered to have high oxidation 

ability. The mechanism for this type of doping is, along with the oxidation of HTM, 

reduction of Co(III) to Co(II) resulting in a Co(II) coordination complex in the HTL. 
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Although cobalt complexes are efficient at oxidizing Spiro-OMeTAD with high 

reproducibility, the complex itself usually requires several synthetic steps. In 

comparison, metal salts such as copper(I) iodide (CuI),80 CuSCN,81 iron(III) chloride 

(FeCl3),82 and silver bis(trifluoromethanesulfonyl)imide (AgTFSI)83 are commercial 

available and also show quite good doping ability. The main disadvantage of this type 

of dopant, after oxidation, is that the reduced species such as Cu or Ag in the HTL 

may act as recombination centers. Also, Ag might further combine with I atoms from 

the perovskite structure and thus facilitate the decomposition process of the 

perovskite.84 

Unlike metal salts, organic molecules will not form metals after doping. Typical 

dopants such as fluorine-substituted tetracyanoquinodimethane (F4-TCNQ)85 and 

1,1,2,2-Tetrachloroethane (TeCA)86 have been reported as small organic p-type 

dopants for Spiro-OMeTAD. The successful application of this type of dopant has 

opened a new window for p-type doping techniques. However, follow-up work is 

seldom reported, and the doping mechanism is not clear. Structures of commonly 

used p-type dopants are shown in Figure 9.  

 

Figure 9. Molecular structures of discussed p-type dopants. 

1.6. Surface passivation of perovskites 

Surface passivation is a strategy to increase device stability based on molecular 

interactions. It is widely accepted that halide perovskites are less stable towards 

humidity and that lead-based perovskite can easily degrade into PbI2 in a high 
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humidity environment. However, passivating the perovskite surface with 

hydrophobic molecules is considered an effective method for increasing its tolerance 

against water molecules. In addition, surface passivation can reduce the trap states 

of perovskite, resulting in less recombination between electrons and holes in the 

interface. A diagram of how water molecules interact with the perovskite surface is 

shown in Figure 10. 

 

Figure 10. Water molecules adsorb onto the surface of perovskite. The blue and 

yellow contours indicate the highest occupied molecular orbitals of water and the 

conduction band minimum of the perovskite surfaces with an isosurface value of 

0.002 electron Å−3. Pb, I, C, N, O, and H atoms are represented by grey, purple, 

brown, blue, red, and pink spheres, respectively. Pb atoms in the red circles are active 

adsorption sites of water molecules. (Figure reproduced with permission from ref. 

87. Copyright 2016, Nature Energy) 

Yang and co-workers applied hydrophobic tetra-methyl ammonium, hexadecyl 

trimethyl ammonium, tetra-ethyl ammonium, tetra-butyl ammonium, and tetra-

hexyl ammonium to passivate the MAPbI3 surface and found that the cations could 

easily be assembled on top of the MAPbI3 and form a water-resistant layer on the 

surface.87 Such layers, especially those based on tetra-ethyl ammonium, can protect 

the perovskite films under high relative humidity (90 ± 5%) over 30 days. More 

importantly, devices based on such films can retain the photovoltaic capacity of bulk 

perovskites, with PCEs over 15%. Further investigation by Huang and co-workers 

showed that the quaternary ammonium halides could not only increase the device’s 

stability, but could also increase the device’s PCE by passivating both types of 

charged ionic defects in PSCs.88 Recently, You and co-workers used 

phenethylammonium iodide to passivate the FA1−xMAxPbI3 perovskite, and a 

certified PCE as high as 23.32% was achieved based on a low-temperature solution-
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processed planar structure.89 The increased PCE was ascribed to significantly 

reduced defects and charge recombination on the FA1−xMAxPbI3 surface. 

Although surface passivation has been confirmed as an effective way to increase 

device stability and performance, the functional groups used in most studies are 

ammonium, and other functional groups have been less studied. Moreover, the 

passivation mechanism has not been systematically studied and thus remains 

uncertain. 

1.7. The aims of the thesis 

PSCs have undergone dramatic developments in the past ten years. However, several 

issues, including toxicity, instability, and high cost, remain. The aim of this thesis 

was to address these issues by exploring alternatives or by applying extra functional 

materials while at the same time investigating the fundamental properties of PSCs, 

such as the carrier transport mechanism, the chemical doping strategy, and the 

surface passivation mechanism.  
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2. Experimental and theoretical techniques 

2.1. Film deposition and solar cell fabrication  

The films deposited in the work for this thesis were mainly obtained by three 

methods – spraying, spin-coating, and thermal evaporation. Spraying was only used 

to deposit the compact titanium dioxide (TiO2), which is a hole-blocking layer in the 

PSCs. Spin-coating is a widely applied method for depositing perovskite and 

organic/metal-organic compounds, while thermal evaporation is mainly used for 

depositing metals, such as gold, as counter electrodes.  

 

Figure 11. Steps involved in PSC fabrication. 

Figure 11 shows the scheme of each individual step regarding solar cell fabrication. 

Briefly, a precursor solution containing 0.2 M titanium (IV) tetraisopropoxide and 2 

M acetylacetone in isopropanol were used to spray on top of fluorine-doped tin oxide 

(FTO). After annealing at 450oC, a compact TiO2 layer (BL) around 40–50 nm was 

formed. On top of the compact TiO2, a mesoporous TiO2 layer (ETM) was deposited 

by spin-coating pre-prepared TiO2 nanoparticles (30 nm in diameter). After 

annealing at 500oC for 30 min, a continuous layer with a thickness around 150 nm 

was obtained. The mesoporous property ensured sufficient contact between the ETM 

and the perovskite layers, which were deposited by spin coating with an annealing 

temperature of 100oC. A change in color from orange to black could be observed 

within 10 seconds after annealing, indicating the extremely efficient formation of the 
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photoactive halide perovskite material. The HTMs studied in this thesis were all 

deposited by spin coating, and the CEs were all deposited by thermal evaporation. 

2.2. Structural characterization   

Molecular structures were characterized with different experimental techniques, 

including nuclear magnetic resonance (NMR) spectroscopy, elemental analysis, 

mass spectrometry (MS), and powder/single crystal X-ray diffraction (XRD).  

NMR spectroscopy is an important technique for analyzing molecular structures, 

and it is sensitive to different chemical environments. Typically, by applying an 

external oscillating magnetic field through a radio pulse, a response electromagnetic 

signal is produced matching the intrinsic frequency of a specific atomic nucleus. 

Fourier transform of the signal is used to transform the time-dependent signal to the 

frequency domain and thus generate the NMR spectrum. In this thesis, proton (1H) 

NMR, carbon (13C) NMR, and fluorine (19F) NMR spectra were recorded on a Bruker 

AVANCE 400 MHz spectrometer.  

For materials not suitable for NMR spectroscopic analysis due to paramagnetic 

properties, elemental analysis was instead used to confirm the elemental 

composition. Elemental analysis is a fast and efficient way to analyze elements 

typically employing a combustion method. By collecting and analyzing the resulting 

gases consisting of volatile molecular oxides, each element (e.g. C or N) can be 

determined as a weight percentage of the total sample mass. The elemental analysis 

experiments in this thesis were conducted by Analytical Laboratory in Lindlar, 

Germany. 

MS is another technique used to indirectly characterize molecular structures, and it 

is usually combined with other techniques such as NMR and Fourier-transform 

infrared spectroscopy. MS is based on ionization of the sample using various 

techniques, in our studies by bombarding the sample with a spray of electrons and 

measuring the mass-to-charge ratios of the resulting molecular fragments. The mass 

spectra collected in this thesis were recorded with a Fourier transform-ion cyclotron 

resonance mass spectrometer instrument (Varian 7.0TFTICRMS).  

XRD is a common technique used to study the crystal structures and atomic spacing 

in crystalline materials characterized by transitional symmetry. XRD is used to 
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detect the constructive and non-constructive interference of scattered radiation for 

samples satisfying Bragg’s Law (nλ = 2dsinθ). By scanning the diffraction sphere, the 

atomic spacing (d) can be calculated and compared with structural models. The 

powder XRD patterns obtained in this work were recorded on a PANalytical-X'Pert 

PRO diffractometer using Cu-Kα radiation at a voltage of 45 kV and a current of 40 

mA. Single crystal structures were determined with a Bruker D8 VENTURE 

diffractometer, as well as at the beamline I19 at the Diamond Light Source. All 

structures were refined using the program package SHELX.90 

2.3. Optical characterization  

Optical properties of the studied materials were investigated by both UV-Vis 

absorption and photoluminescence (PL) spectroscopy.  The UV-Vis absorption 

detects transitions from (typically) the ground state to excited states, while the PL 

reveals transitions from excited states back to the ground state. Although separate 

peaks should be presented in principle, broadening due to multiple vibration and 

rotation energy transitions typically reduces the resolution. Solvation effects may 

also be responsible for the line broadening that was observed. Most of the UV-Vis 

absorption spectra in this thesis were recorded on a CARY Lambda 750 

spectrophotometer using a 1 cm cuvette, except for the systems described in Chapter 

5.4, which were recorded on a PerkinElmer Lambda 750 spectrophotometer due to 

the longer wavelengths needed. The substrate or solvent was used for background 

calibration. The steady-state PL was measured using a CARY Eclipse fluorescence 

spectrophotometer. 

2.4. Electrochemical characterization 

Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) were used to 

study electrochemical properties, such as redox potentials, of the materials in this 

thesis at the applied external voltage. The experiments were performed in 

dichloromethane (DCM) with 0.1 M tetrabutylammonium hexafluorophosphate 

[(TBA)PF6)] as the supporting electrolyte, an Ag/AgNO3  electrode as the reference, 

a carbon-glass electrode as the working electrode, a Pt electrode as the counter 

electrode, and ferrocene/ferrocenium (Fc/Fc+) as the internal reference using a CH 

Instruments electrochemical workstation (model 660 A). The scan rate used was 

typically 0.1 V/s. The electrolysis experiment described in Chapter 5.4 was 
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performed in DCM with 0.1 M [(TBA)PF6)] as the electrolyte and two Pt electrodes 

as the working electrode and the counter electrode. An Ag/AgCl electrode was used 

as the reference. A picture of the setup is shown in Figure 12.  

 

Figure 12. The electrolysis setup. 

2.5. Hole mobility determination 

The hole-mobilities of HTM films were estimated by a reported SCLC method91, 92 

following equation 1.  

𝐽 =
9

8
𝜇𝜀0𝜀𝑟

𝑉2

𝑑3     (1) 

where J is the current density, µ is the hole mobility, ɛ0 is the vacuum permittivity 

(8.85 × 10−12 F·m−1), ɛr is the dielectric constant of the material (normally taken as 3 

for organic semiconductors), V is the applied voltage, and d is the film thickness of 

the HTM. The hole-conducting-only devices have a structure of 

FTO/PEDOT:PSS/HTM/Au. Details of the setup are shown in Figure 13.  

 

Figure 13. Device for measuring the hole mobility. 
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2.6. Conductivity investigation 

The conductivities of the HTM films were investigated according to literature 

methods93, 94 and were calculated following equation 2, 

𝜎 =
L

R∙μ∙d
    (2) 

where σ is the conductivity, L is the channel length, μ is the channel width, d is the 

film thickness including mesoporous TiO2, and R is the film resistance defined as the 

reciprocal of the slope calculated from a fitted linear model of the current-voltage (J-

V) curves. The whole device has a structure of Glass/TiO2/HTM/Au. Details of the 

setup are shown in Figure 14. 

 

Figure 14. Device for measuring the conductivity. 

2.7. Electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy was used to study the system resistance 

such as series resistance, transport resistance, and recombination resistance using 

an Autolab PGstat12 potentiostat with an impedance module operating under a 

single sine function in the dark with different applied bias potentials. The frequency 

range used was 0.1 ̴ 1,000,000 Hz, together with an amplitude of 10 mV. 

2.8. Morphology characterization 

Scanning electron microscopy (SEM) is a powerful technique for characterizing film 

morphologies. In contrast to optical microscopy, the SEM images are obtained by 

collecting secondary electrons emitted from the surface after interactions with 

electron beams. The SEM images in this thesis were recorded on a FEI-XL 30 series 

microscope. 
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2.9. Electron paramagnetic resonance spectroscopy 

Electron paramagnetic resonance (EPR) spectroscopy is a method for obtaining 

information on the local structures and spin states of materials with unpaired 

electrons. Instead of exciting the nuclear spins like in NMR spectroscopy, EPR 

spectroscopy aims to excite the spins of electrons to study the paramagnetic property 

of (MeO-TPD)TFSI and (TBD)TFSI as described in Chapter 5.3. The corresponding 

spectra were recorded under ambient condition on a Bruker EMX-micro 

spectrometer equipped with an EMX-Primium bridge and an ER4119HS resonator. 

Organic salts in degassed acetonitrile were prepared at a concentration of 0.3 mM 

and loaded into capillary sample tubes (50 µl with one end open). The sample 

capillary was sealed using an EPR sealant after sample loading and was inserted into 

an EPR probe (inner diameter 3 mm) for further examination. 

2.10. Contact angle measurements 

Contact angle measurement was conducted to determine the surface wettability of 

the prepared films. Briefly, 3 µL of water was placed on the film surface, and images 

were immediately collected using a CAM 200 (KSV Instruments Ltd). 

2.11. Photovoltaic property characterization 

The light source for the J–V measurements was an AM 1.5G solar simulator 

(Newport 91160-1000). The incident light intensity was 100 mW·cm−2 calibrated 

using a certified Si-photodiode (Fraunhofer ISE). The solar cells investigated were 

masked to a working area of 0.126 cm2. The J–V curves were obtained by the linear 

sweep voltammetry method using a Keithley 2400 source-measure unit.  

 

Figure 15. J-V curves obtained from PSCs. 
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Typical J-V curves are shown in Figure 15, where the short circuit current (Jsc) can 

be obtained when the voltage is zero, while the open circuit voltage (Voc) equals the 

voltage when the current density is zero. The product of Jsc and Voc corresponds to 

the input power (Pin). The maximum power point (Pmax) can be found when the 

photocurrent and voltage reach their maximum values (Jmax and Vmax). The overall 

light-to-electricity conversion efficiency (η) can be defined as equation 3: 

𝜂 =
𝑃𝑚𝑎𝑥

𝑃𝑖𝑛
=

𝐽𝑆𝐶 ∙ 𝑉𝑂𝐶 ∙𝑓𝑓

𝑃𝑖𝑛
      (3) 

where ff is the ratio of the maximum power to the external short and open circuit 

values, as described in equation 4: 

𝑓𝑓 =  
𝐽𝑚𝑎𝑥∙𝑉𝑚𝑎𝑥

𝐽𝑠𝑐∙𝑉𝑜𝑐
      (4) 

The incident photon-to-electron conversion efficiency (IPCE) spectra were recorded 

on a computer-controlled setup with an ASB-XE-175 light source, a monochromator 

(Spectral Products CM110), and a Keithley multimeter (Model 2700). The set-up was 

calibrated with a certificated silicon solar cell (Fraunhofer ISE). The IPCE is defined 

by the ratio of the numbers of electrons generated in a solar cell to the numbers of 

photons incident on the photoactive surface at a given wavelength and can be defined 

by equation 5: 

𝐼𝑃𝐶𝐸 =  
𝑛𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠(𝜆)

𝑛𝑝ℎ𝑜𝑡𝑜𝑛𝑠(𝜆)
=  

ℎ∙𝑐∙𝐽𝑠𝑐(𝜆)

𝑒∙𝜆∙𝑃𝑖𝑛(𝜆)
     (5) 

where Jsc(λ) is the measured photocurrent and Pin(λ) is the input power at 

wavelength λ.  

2.12. DFT calculations   

Density functional theory (DFT) is a computational quantum mechanical method 

that can be used to investigate the electronic structure of multi-body systems. The 

properties of model systems can be estimated by applying density functionals to the 

electron density modeled by wave functions. In this thesis, DFT calculations were 

performed to study the molecular frontier orbitals, reorganization energies (ER),95 

absorption energies, and molecular interactions by means of the Gaussian 0996 and 

Gaussian 16 programs.97 Electronic band structures and densities of states (DOS) 
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were obtained using the Crystal 17 program.98 Details regarding the functionals and 

basis sets that were used are given in the individual papers. 
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3. Lead-free light absorbers 

3.1. Introduction 

Among all the issues in PSCs, the halide perovskite with a three-dimensional 

structure containing lead is unstable and toxic due to interfering with the proper 

functioning of enzymes.99 It does so by binding to the sulfhydryl groups found on 

many enzymes or mimicking and displacing other metals that act as cofactors in 

many enzymatic reactions.100 To solve this problem, nontoxic alternatives based on 

tin or bismuth have attracted a lot of attention. However, their intrinsic drawbacks 

are also well-known and have been discussed above. Recently, Snaith and co-

workers showed that a zero-dimensional structure of a titanium compound could 

also work properly as a light absorber due to sufficient orbital overlap between 

adjacent TiBr6 octahedrons.101 Inspired by this, we studied a couple of metal clusters 

and polyiodide-linked coordination complexes that are structurally low-dimensional. 

3.2. Metal clusters 

Metal clusters as one of these coordination complexes are more stable and less toxic, 

and they have been used in energy, environmental, and biological applications for 

many years.102 However, studies using them as light absorbers have been seldom 

reported. Previous papers have shown that they have absorptions in the visible range 

and suitable band gaps and thus can be potential alternatives for halide perovskite.103, 

104 Thanks to Prof. Anja-Verena Mudring, Stockholm University, and Prof. Gerd 

Meyer, KTH Royal Institute of Technology, we had access to several metal cluster 

compounds for our initial attempts at identifying potentially interesting photovoltaic 

compound families, including tantalum clusters (Et4N)2Ta6Cl18, (PPN)2Ta6Cl18, and 

(Et4N)2Ta6Br12Cl6); molybdenum clusters (Bu4N)2Mo6Cl14, [ArCH2N(CH3)3]2Mo6Cl14, 

and (C5NH6)2Mo6Cl14; and a tungsten cluster (H3O)2W6Br14.4H2O. Although rather 

low PCEs were obtained from devices made on the basis of the compounds noted 

above, the strategy used to study these materials and the scientific idea behind the 

strategy are still worth highlighting in this thesis. A molybdenum cluster 

(Bu4N)2Mo6Cl14 with the structure shown in Figure 16 is discussed as an example. 
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Figure 16. Single crystal structure of (Bu4N)2Mo6Cl14. The cyan spheres represent 

Mo, the light green spheres represent Cl, the sky blue spheres represent N, the black 

spheres represent C, and the grey spheres represent H. 

To study the light absorption of (Bu4N)2Mo6Cl14, UV-Vis spectroscopy was measured 

at different concentrations in N,N-Dimethylformamide (DMF). The results are 

shown in Figure 17a. As demonstrated, narrow absorption up to 420 nm was 

observed, indicating a rather high optical band gap of around 3 eV. The absorption 

intensity was rather low even at high concentrations, resulting a molar extinction 

coefficient around 3.5 × 103 M−1·cm−1 at the maximum absorption wavelength. 

Further PL experiments are shown in Figure 17b. The excitation wavelength used 

was 330 nm, and the photomultiplier tube voltage was 900 V, which was relatively 

high. However, the intensity of the resulting emission was rather low, and the peak 

at 727 nm was very broad. This indicates that radiative transitions might not be the 

main type of energy dissipation from excited states in (Bu4N)2Mo6Cl14, and the 

lifetimes of electrons in excited states might be short. 

 

Figure 17. (a) UV-Vis absorption of (Bu4N)2Mo6Cl14 at different concentrations in 

DMF. (b) PL of (Bu4N)2Mo6Cl14 at different concentrations in DMF. 
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Despite this, the (Bu4N)2Mo6Cl14 cluster was used as a light absorber in solid-state 

solar cells and was deposited by spin-coating. TiO2 was used as the ETM, Spiro-

OMeTAD was used as the HTM, and the entire solar device had a CE of gold. The J-

V curve is shown in Figure 18a. A rather low PCE around 0.01% was obtained with 

Voc around 0.40 V, a Jsc around 0.06 mA·cm−2 and a fill factor (FF) around 0.43. The 

low current density is linked to the narrow absorption range and low molar 

extinction coefficient described above and was further confirmed by the low IPCE 

observed in Figure 18b. The onset of IPCE around 420 nm corresponds well with 

the UV-Vis absorption results.   

  

Figure 18. (a) J-V curves and (b) IPCE of a solar cell using (Bu4N)2Mo6Cl14 as the 

light absorber. 

Although the photovoltaic performance was not satisfactory with (Bu4N)2Mo6Cl14, it 

showed the possibility of applying metal clusters as light absorbers in solar cells. 

When looking at the molecular packing of (Bu4N)2Mo6Cl14 in Figure 19, the 

distances between clusters are rather high at 5.418 Å, 5.808 Å, and 6.515 Å in three 

directions, resulting in very limited orbital overlap between clusters. Previous work 

has shown that sufficient orbital overlap is very important for zero-dimensional 

material to achieve high conductivity.101 Herein, the high intermolecular distance in 

(Bu4N)2Mo6Cl14 is another factor that strongly affects its property as an efficient 

charge transporter. Further work by applying small cations or changing the 

coordination ligand to iodide should make it possible to provide sufficient orbital 

overlap among clusters and thus achieve high conductivity and smaller band gap. 
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Figure 19. Molecular packing in (Bu4N)2Mo6Cl14. The cyan spheres represent Mo, 

the light green spheres represent Cl, the sky blue spheres represent N, the black 

spheres represent C, and the grey spheres represent H. 

3.3. Iodine or polyiodide-linked coordination complexes  

Incorporation of iodine or polyiodide between coordination complexes is another 

method to provide sufficient orbital overlap. Due to intermolecular forces, iodine 

and polyiodide can fit within coordination complexes, and the soft property of iodide 

will then act as a bridge between the complexes thus transporting electrons and 

making a structurally zero-dimensional material into an electronically three-

dimensional material. Several reports have shown that this is a useful strategy for 

creating electronic three-dimensional structures in coordination complexes.105, 106 

Our work is based on a pentaiodide-linked gold complex, Et3S[AuI4]0.5(I5)0.5. The 

material has a dark color and was synthesized in a one-pot reaction.107 The single 

crystal structure was determined, and the molecular packing information is shown 

in Figure 20. As indicated, the pentaiodide has a bond distance around 2.7–3.2 Å, 

the Au-I bond distance in the gold cluster is around 3.7–3.8 Å, and the close 

distances between iodide atoms are 3.7–4.8 Å in all three directions. The distances 

are rather short and may be sufficient to provide intermolecular orbital interactions 

in all directions. 

b 

c c 

a 
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Figure 20. Molecular packing in Et3S[AuI4]0.5(I5)0.5. The gold spheres represent Au, 

the purple spheres represent I, the red spheres represent S, the grey spheres 

represent C, and the white spheres represent H. 

The electronic band structures of Et3S[AuI4]0.5(I5)0.5 are shown in Figure 21a. As 

indicated, the waved bands in all Brillouin zones suggest the presence of fully 

interacted molecular orbitals in all directions. The distance between the valence 

band maximum (VBM) and the conduction band minimum (CBM) indicate a direct 

band gap of around 2.1 eV, which is already lower than some bismuth perovskites39 

and two-dimensional perovskites,108 thus showing promise for applications as light 

absorbers. Figure 21b shows the DOS of Et3S[AuI4]0.5(I5)0.5. As indicated, the I5
− 

contributes to both the VBM and CBM, which confirms the necessity of achieving a 

small band gap. 

                                 

Figure 21. (a) Electronic band structure and (b) DOS of Et3S[AuI4]0.5(I5)0.5  

Et3S[AuI4]0.5(I5)0.5 was then deposited as the light absorber in solar cells. However, 

it was found that film formation is one of the big issues for Et3S[AuI4]0.5(I5)0.5 due to 

the easily dissociated polyiodide. Although direct spin-coating of the hot solution 
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just after reaction and crystallization on top of dry ice in a desiccator could generate 

nice films as shown in Figure 22a, the film was unstable towards most organic 

solvents and heat, and thus it was almost impossible to further deposit HTL on top 

using the solution-processed method and thermal evaporation for CE. Figure 22b 

and Figure 22c show the SEM images of Et3S[AuI4]0.5(I5)0.5 at different resolutions. 

It is notable that at higher resolution, when the electron beam is slightly focused, the 

Et3S[AuI4]0.5(I5)0.5 films started to melt. Figure 22c shows a rod of 

Et3S[AuI4]0.5(I5)0.5 melting with a magnification of only ×400. The phenomenon 

observed during SEM experiments confirmed the extremely unstable property 

towards heat of polyiodide-linked coordination complexes, and this may limit their 

further application as a light absorber in solar cells. 

     

Figure 22. (a) Film of Et3S[AuI4]0.5(I5)0.5 on top of TiO2. (b) Surface SEM image of 

Et3S[AuI4]0.5(I5)0.5 with a resolution of ×100. (c) Surface SEM image of 

Et3S[AuI4]0.5(I5)0.5 with a resolution of ×400. 

3.4. Conclusions 

Coordination complexes such as metal clusters have shown potential possibilities as 

light absorbers for solar cells. However, at the same time they face issues such as 

narrow absorption ranges, low conductivities, and high band gaps. From a structural 

point of view, changing the coordination ligands to iodide and applying small cations 

might be essential for shortening the distance between clusters and thus providing 

sufficient orbital overlap. Moreover, although incorporation of iodine or polyiodide 

in coordination complexes is also considered to provide extra interactions in orbitals, 

which has been confirmed by the electronic band structures and DOS, the resulting 

films are less stable towards organic solvents and heat. Further work by applying 

HTL without solution and depositing CE without thermal evaporation will make the 

(a) (b) (c) 
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iodine or polyiodide-linked coordination complexes more interesting as light 

absorbers in solar cells. 
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4. HTMs based on coordination complexes 

4.1. Introduction 

As another important component in solar cells, HTMs typically consisting of Spiro-

OMeTAD are widely applied.109 However, Spiro-OMeTAD is an organic material that 

requires several synthetic steps with intermittent complicated purifications, thus 

rendering the final product at a quite high cost.56 Moreover, Spiro-OMeTAD is a 

material with low pristine conductivity and hole mobility. On the other hand, 

traditional coordination complexes have shown significant application in solar cells 

as dyes69 and redox couples.110, 111 However, their properties as HTMs have been less 

investigated. Hence, replacing Spiro-OMeTAD with inexpensive and abundant 

coordination complexes represents an interesting option. In this thesis, coordination 

complexes with different coordination metals and ligands were deposited by 

solution-based methods, and their properties were systematically investigated and 

their potential as HTMs was assessed. 

4.2. Design and synthesis 

It is important for HTMs to have a high hole mobility and conductivity, and high 

solubility in typical organic solvents (e.g. chlorobenzene) is also important because 

this provides the possibility for solution processing on top of the perovskite layer. 

The triphenylamine (TPA) group has high hole-extracting ability and excellent 

solubility in most organic solvents.73 Hence in this work, we introduced TPA groups 

into coordination complexes. By doing so, we expected the designed coordination 

complexes to have a high hole mobility and conductivity and to have good solubility 

in typical organic solvents. 

 

Figure 23. Molecular structures of Y1, Y2, Y3, and Y4. 
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Different metals including nickel, copper, and zinc were chosen as coordination 

cores to investigate how metals affect the material’s properties. Further, based on 

the same coordination metal, ligands were modified to form a porphyrin structure 

with a more extended conjugation. The structures of synthesized coordination 

complexes are shown in Figure 23, while the synthetic routes are shown in Figure 

24. All of the intermediates and final products were characterized by 1H NMR, 13C 

NMR, and mass spectrometry (MS). 

 

 

Figure 24. The synthetic routes of Y1, Y2, Y3, and Y4. 

4.3. Material characterization 

4.3.1. Computational study 

Figure 25 shows the wave functions of the highest occupied molecular orbitals 

(HOMOs) as well as HOMO-1s and the lowest unoccupied molecular orbitals 

(LUMOs) of Y1, Y2, Y3, and Y4. As indicated, the wave functions of HOMOs from Y1, 

Y2, and Y3 are mainly localized on the TPA group, while in Y4 the HOMO is 

delocalized in the whole molecule, and considering possible intermolecular stacking 

of the π systems, the three-dimensional aromaticity induced by strong frontier 

orbital interactions might strongly facilitate the hole-transport. In comparison, 

changing coordination metals does not show a significant influence on the HOMO 

levels. The HOMOs of Y1, Y2, and Y3 are seldom localized in the central pyrroles, 

and they show more localization on Y2 and Y3 where only one of the ligands appears 

as a wave function. The HOMO-1s of Y1, Y2, and Y3 are rather close to the HOMOs 

in terms of energy, and the wave functions are simply localized on other ligands, 
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indicating that the two ligands of Y1, Y2, and Y3 might work in parallel but separately 

and thus a low hole mobility is expected. In Y4, however, the larger difference in 

energy between HOMO and HOMO-1 suggests that the HOMO will dominate the 

contributions to the intermolecular charge transfer. The LUMOs are all localized on 

the central metal atoms and adjacent pyrrole rings, indicating relatively poor 

electron transport properties of Y1, Y2, Y3, and Y4. 

HTMs Y1 Y2 Y3 Y4 

 

LUMO 

 

    

 

HOMO 

 

    

 

HOMO

-1 

       

Figure 25. Frontier orbitals of Y1, Y2, Y3, and Y4. 

The ER represents the structural relaxation upon the removal or addition of an 

electron to the system and is another key factor affecting the charge-transfer rate in 

the HTMs. Molecular structures showing low ER will usually also exhibit fast transfer 

rates for electrons or holes. As calculated, Spiro-OMeTAD shows an ER of 147 meV. 

In comparison, all coordination complexes display higher ER values of 164 meV, 149 

meV, 174 meV, and 152 meV for Y1, Y2, Y3, and Y4, respectively. The rather close 

values for Y2 and Y4 indicate that they may have similar hole-transport abilities as 

Spiro-OMeTAD.  

4.3.2. Optical and electrochemical properties 

The redox potentials (Eox) of Y1, Y2, Y3, Y4, and Spiro-OMeTAD were determined by 

CV and presented versus vacuum according to equation 6. As shown in Figure 26a, 

The HOMO energy level of Y1 is −5.43 eV, which is a bit more negative than those of 

Y2 and Y3, both with an energy level of −5.38 eV, indicating that the change of metal 

cores has only a slight effect on the redox potentials. In comparison, Y4 has a HOMO 

level around −5.28 eV, which is obviously less deep. The difference here suggests 

that the ligand might affect the HOMO energy levels more significantly. It is also 

worth mentioning that the redox peaks of Y1, Y2, and Y3 in the CV are irreversible, 
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probably because of a demetallization process upon oxidation,112, 113 while this is less 

likely in Y4 and Spiro-OMeTAD, indicating the rather high electrochemical stability 

of Y4. The redox potential of Spiro-OMeTAD was determined to be −5.12 eV under 

the same conditions, which is in good agreement with the previous report.114 

  

Figure 26. (a) Cyclic voltammograms of coordination complexes and Spiro-

OMeTAD in DCM. (b) UV-Vis absorption spectra of the coordination complexes and 

Spiro-OMeTAD in chloroform. 

HOMO (eV) = -5.1 – (Eox vs. Fc/Fc+)                      (6) 

Figure 26b shows the UV-Vis absorptions of coordination complexes and Spiro-

OMeTAD. As indicated, Y1, Y2, and Y3 have very similar absorptions, and the 

maximum absorptions around 475 nm derived from π-π* transitions in the ligands 

show strong red shift as compared to Spiro-OMeTAD. Changing coordination metal 

has very limited effect on the maximum absorptions. In comparison, Y4 has a 

maximum absorption (Soret band) around 402 nm and Q bands around 541 nm and 

582 nm. The difference in absorption between Y3 and Y4 suggests that, instead of 

coordination metals, the ligand has a dominant effect on the optical properties of the 

coordination complexes. 

Unlike the difference observed in CV and UV-Vis absorptions, all coordination 

complexes can extract holes from perovskite and effectively quench the emission, 

and the corresponding steady-state PL is shown in Figure 27. All samples were 

prepared with a FTO/TiO2/Perovskite/HTM structure except for the device with 

bare perovskite in which no HTM was coated. The bare perovskite film showed 

strong light emission intensity due to radiative recombination between 
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photogenerated electrons and holes. However, after coating with coordination 

complexes, the emission decreased significantly to less than 10%. The quenching was 

as efficient as Spiro-OMeTAD, indicating that all coordination complexes could 

extract holes effectively. 

 

Figure 27. PL spectra of perovskite films only and with Y1, Y2, Y3, Y4, or Spiro-

OMeTAD as the HTM.   

4.3.3. Charge-carrier mobilities 

In order to transport carriers efficiently, HTMs must have high hole mobility and 

conductivity. In this work, the hole mobility and conductivity of all coordination 

complexes were measured via the methods described in Chapter 2.  

 

Figure 28. (a) J-V characteristics of Y1, Y2, Y3, Y4, and Spiro-OMeTAD thin films 

in hole conducting-only devices. (b) J-V characteristics of thin films of Y1, Y2, Y3, Y4, 

and Spiro-OMeTAD with dopants LiTFSI, TBP, and FK209. 
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As shown in Figure 28a, the hole mobilities of Y1, Y2, and Y3 are rather close to 

each other at around 2 × 10−5 cm2·V−1·s−1, which is much lower than that of Spiro-

OMeTAD with a hole mobility of around 1.69 × 10−4 cm2·V−1·s−1. The similar values 

for Y1, Y2, and Y3 indicate that coordination metals have very limited influence on 

the hole mobility, while the proper ligand might increase the hole mobility 

significantly. As indicated, Y4 has a hole mobility around 1.16 × 10−3 cm2·V−1·s−1, 

which is much better than Y3, which has the same coordination metal zinc, and is 

also superior to that of Spiro-OMeTAD. 

To understand their performances as HTMs in solar cells, conductivity was 

measured after doping with LiTFSI, 4-tert-butylpyridine (TBP), and FK209 at the 

same doping amount as used in solar devices. However, similar to what was observed 

for hole mobility, the conductivity of Y1, Y2, and Y3 were rather similar and low, all 

around 4 × 10−7 S·cm−1, much lower than that of Spiro-OMeTAD. After doping, Spiro-

OMeTAD had a conductivity around 2.17 × 10−5 S·cm−1, which was almost two orders 

of magnitude higher. The metal in the center did not show any sign of facilitating 

charge transfer. Instead, the ligand might affect this. As shown in Figure 28b, Y4 

had a conductivity of 2.05 × 10−6 S·cm−1, which is lower than that of Spiro-OMeTAD 

perhaps because the dopant FK209 was used. As previously indicated in the CV 

measurement, the chemical oxidation of Y4 is a two-electron process rather than a 

one-electron process. However, FK209 is known as a one-electron process p-type 

dopant, which might make it difficult to oxidize Y4. Future work by applying a two-

electron process dopant might effectively increase the conductivity. Details of the 

hole mobility and conductivity of the coordination complexes and Spiro-OMeTAD 

are shown in Table 1. 

Table 1. Hole mobility and conductivity of Y1, Y2, Y3, Y4, and Spiro-OMeTAD. 

HTMs Hole mobility (cm2·V−1·s−1) Conductivity (S·cm−1) 

Y1 1.99 × 10−5 4.06 × 10−7 

Y2 2.04 × 10−5 3.66 × 10−7 

Y3 1.88 × 10−5 4.05 × 10−7 

Y4 1.16 × 10−3 2.05 × 10−6 

Spiro-OMeTAD 1.69 × 10−4 2.17 × 10−5 

The difference in hole mobility and conductivity between Y1, Y2, Y3, and Y4 indicate 

that, instead of coordination metals, the ligands dominate the charge carrier 
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transport in coordination complexes. Further comparison of molecular packing 

suggests that large π systems in planar structures could induce strong intermolecular 

π-π stacking. Figure 29a shows two Y3 molecules presented in a single crystal, and 

the molecules are in parallel with the closest distance being around 6.0 Å. Although 

efforts were devoted to growing single crystals of Y4, no suitable crystals were 

obtained for single-crystal diffractometry. A DFT calculation was then used to 

predict Y4–Y4 interactions. As shown in Figure 29b, instead of having a parallel 

center-to-center stacking, the two molecules are at an angle to each other mainly 

because of the interaction between two porphyrin rings and the steric hindrance 

from the attached TPA groups. As a result, the closest distance between two 

porphyrin rings is 3.8 Å, which is much closer than that of Y3 molecules. 

                              

Figure 29. (a) Molecular packing of Y3 molecules in single crystal. (b) DFT-

optimized geometry of the Y4 dimer. 

4.4. Photovoltaic properties 

Because of their low hole mobility and conductivity, Y1, Y2, and Y3 perform poorly 

as HTMs in PSCs even though they were considered to have suitable energy levels 

and high hole-extracting ability. Precursor solutions with different concentration 

were used to deposit the HTL, and it was found that the device gave the best 

performance at 10 mg/mL for all three Y1, Y2, and Y3 materials. Among them, Y1 

had the highest PCE of around 11.1% compared to Y2 with a PCE of 6% and Y3 with 

a PCE of 7.1%. Although a higher concentration was considered helpful to cover the 

perovskite surface, the device performance decreased significantly as the 

concentration increased further, and this phenomenon is considered to be strongly 

(a) (b) 
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correlated with the low hole mobility and conductivity of Y1, Y2, and Y3. In 

comparison, Y4-based devices deposited at 20 mg/mL had a PCE around 16.1%, 

comparable with that of Spiro-OMeTAD-based devices with a PCE of 17.1%. However, 

following the same precursor concentration and deposition technique,115 solar cells 

based on Y3 only had a PCE of around 0.01%.  

  

Figure 30. J-V curves from different scan directions of PSCs based on (a) Y3 and 

(b) Y4 and Spiro-OMeTAD. 

J-V curves with different scan directions of Y3, Y4, and Spiro-OMeTAD are shown 

in Figure 30. As observed, although a comparable PCE was achieved from the Y4-

based device, it suffered from severe hysteresis. It is possible that an excess of 

LiTFSI116, 117 or improper band alignment at the charge-selective contact is 

responsible for this.118 Details of the photovoltaic parameters are shown in Table 2. 

Table 2. Photovoltaic parameters of devices based on Y3, Y4, and Spiro-OMeTAD 

as the HTM. 

HTMs 
Scan 

direction 
Jsc 

(mA·cm−2) 
Voc (V) FF η (%) 

Y3 Reverse 0.06 0.87 0.16 0.01 

Y3 Forward 0.07 0.85 0.12 0.01 

Y4 Reverse 20.13 1.01 0.79 16.05 

Y4 Forward 20.50 0.98 0.39 7.76 

Spiro-OMeTAD Reverse 21.86 1.07 0.73 17.08 

Spiro-OMeTAD Forward 21.43 0.97 0.60 12.51 
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The low performance of Y3-based devices could be further explained by the high 

transport resistance that was observed. Figure 31 shows the electronic impedance 

spectra of Y3, Y4, and Spiro-OMeTAD-based devices. The transport resistance of 

more than 80,000 Ω for Y3 is extraordinarily large as compared to Y4 and Spiro-

OMeTAD. This result is linked to the fact that the low hole mobility and conductivity 

of Y3 will significantly shorten the charge diffusion lengths of the deposited films. In 

comparison, Y4 shows a transport resistance of 54 Ω, which is comparable to that of 

Spiro-OMeTAD. The good results for Y4 might be related to the presence of inter-

molecular π-π stacking between porphyrin cores. 

  

Figure 31. Electrochemical impedance spectra of (a) Y3 and (b) Y4 and Spiro-

OMeTAD. 

4.5. Conclusions 

In summary, we have successfully designed and synthesized four metal complexes 

with TPA derivative ligands coordinated to nickel, copper, and zinc. Regardless of 

the different coordination metals and ligands, all complexes show similar hole-

extracting ability as Spiro-OMeTAD, which is most likely because of the TPA 

functional groups. With the same ligands, the coordination metals were found to 

have a very limited influence on the material properties, especially on hole mobility 

and conductivity. Also, because of the separated ligands that in reality break the 

molecular conjugation, Y1, Y2, and Y3 were found to have similar but low hole 

mobilities and conductivities. On the other hand, with the same coordination metal 

but different ligands, Y3 and Y4 showed significant differences in optical and 

electronic properties, and the hole mobility of Y4 was found to be 50 times greater 
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than that of Y3, which derives from both the planar structure and extended 

molecular conjugation. As a result, solar cells based on Y4 as the HTM can achieve 

PCEs of around 16.05% that are comparable to Spiro-OMeTAD-based devices with a 

PCE of 17.08%. Under the same conditions, solar cells based on Y3 only have a PCE 

of around 0.01%.  
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5. p-type dopants 

5.1. Introduction 

Despite being one of the most successful organic HTMs, pristine Spiro-OMeTAD 

suffers from low hole mobility and conductivity. Aside from finding alternatives, p-

type doping to partially oxidize Spiro-OMeTAD is also a method that is widely used.74 

After doping, certain amounts of oxidized Spiro-OMeTAD (Spiro+ and/or Spiro2+) 

are formed, and the charge density is increased. The increased charge density can 

initially improve the hole mobility and conductivity.78 

5.2. The copper-based coordination complex (Cu(bpcm)2) 

5.2.1. Design and synthesis  

Coordination complexes have suitable energy levels and have been proven to be 

efficient HTMs.119 However, their properties are strongly dependent on their ligands, 

and large conjugation has turned out to be essential for the molecular design of novel 

HTMs. This narrows the possibility for future applications of coordination 

complexes as HTMs in solar cells. However, during the characterization of previous 

coordination complexes, Y1, Y2, Y3, and Y4 all showed deeper redox potentials in 

comparison with Spiro-OMeTAD, which suggests that it might be possible to apply 

them as p-type dopants for Spiro-OMeTAD, similar to reported cobalt complexes 

like FK209.  

Disappointingly, previous experiments showed that none of the studied coordination 

complexes were able to oxidize Spiro-OMeTAD, as shown in Figure 32. This might 

be because of the strong electron-donating property of the attached TPA group. In 

this work, by combining electron-withdrawing ligands with copper, two new copper 

complexes were designed and synthesized. The ligands were slightly different in 

structure, and one of them was further substituted by chloride. The electron-

withdrawing property of chloride further deepened the redox potential of the studied 

copper complex, and thus more efficient doping abilities could be expected.  
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Figure 32. UV-Vis spectra of Spiro-OMeTAD doped with (a) Y1, (b) Y2, (c) Y3, and 

(d) Y4. 

 

Figure 33. The synthetic route of copper complexes. 

The synthetic route of the copper complexes is shown in Figure 33. Briefly, the 

ligands obtained from coupling reactions were reacted with copper salt, followed by 

a ligand exchange reaction to increase the solubility of the copper complexes in 

chlorobenzene. The two resulting copper complexes with TFSI counter ions were 
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named Cu(bpm)2 for the complex without chloride and Cu(bpcm)2 for the complex 

with chloride. The structures were verified by 1H NMR, 13C NMR, and single crystal 

X-ray diffraction (SCXRD). 

Molecular structures of Cu(bpm)2 and Cu(bpcm)2 are illustrated in Figure 34. Both 

Cu(bpm)2 and Cu(bpcm)2 have triclinic lattice systems with space group P1. 

Although two ligands are involved, the coordination number for copper in both 

Cu(bpm)2 and Cu(bpcm)2 is six, in which Cu(bpm)2 has two extra acetonitrile 

molecules from the crystallization solvent, while in Cu(bpcm)2 two chlorine atoms 

are coordinated to the copper.  

                   

Figure 34. Single crystal structures of (a) Cu(bpm)2 and (b) Cu(bpcm)2. The orange 

spheres represent Cu, the yellow spheres represent S, the sky blue spheres represent 

N, the lime spheres represent F, the red spheres represent O, the green spheres 

represent Cl, the black spheres represent C, and the grey spheres represent H. 

5.2.2. Cu(bpcm)2 as p-type dopant for Spiro-OMeTAD 

To evaluate how the copper complexes oxidize Spiro-OMeTAD, UV-Vis spectra of 

Spiro-OMeTAD before and after doping with Cu(bpm)2 and Cu(bpcm)2 were 

investigated, as shown in Figure 35a-c. As indicated, Spiro-OMeTAD had a 

maximum absorption at 391 nm, and with gradual addition of Cu(bpcm)2 the 

intensity of this peak decreased. Simultaneously, new peaks at around 521 nm, 700 

nm, and more than 900 nm were found, and these peaks were typical absorptions of 

Spiro+ or Spiro2+ thus indicating that Spiro-OMeTAD could be oxidized by 

Cu(bpcm)2. In comparison, Cu(bpm)2 was less able to oxidize Spiro-OMeTAD. As 

shown in Figure 35b, with gradual addition of Cu(bpm)2, although new peaks 

around 525 nm were found, no decrease was found at 391 nm, indicating that no 

Spiro-OMeTAD was oxidized, and the peaks at 525 nm must have come from 

(a) (b) 
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somewhere else. Indeed, checking the absorptions of Cu(bpcm)2 and Cu(bpm)2 alone 

in Figure 35c, it is easy to see that the peak at 525 nm is from the Cu(bpm)2 itself. 

By following the absorption intensity at 391 nm, the molar ratio of how much Spiro-

OMeTAD has been oxidized could be roughly estimated. Combining this with the 

molar ratio of Cu(bpcm)2 that was added, the oxidation ability of Cu(bpcm)2 was 

calculated to be 75%, better than that of cobalt complexes such as FK209 and 

FK102.77  

  

 

Figure 35. UV-Vis spectra of (a) Spiro-OMeTAD doped with Cu(bpcm)2, (b)Spiro-

OMeTAD doped with Cu(bpm)2, and (c) Cu(bpcm)2 and Cu(bpm)2 only.   

The redox potentials of Spiro-OMeTAD, Cu(bpm)2, and Cu(bpcm)2 were measured 

by CV. As determined, the redox potentials of Cu(bpm)2 and Cu(bpcm)2 were around 

0.07 V and 0.24 V vs. Fc/Fc+, respectively, and both were positive compared to Spiro-

OMeTAD with a redox potential of −0.02 V vs. Fc/Fc+. However, the lack of oxidation 

from Cu(bpm)2 suggests that a 90 mV redox potential might be not sufficient for 

copper complexes to oxidize Spiro-OMeTAD. 
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5.2.3. Conductivity of doped Spiro-OMeTAD 

To confirm the p-type doping effect of Cu(bpcm)2, the conductivity of films with and 

without doping were measured by the method described in Chapter 2. As shown in 

Figure 36a, the pristine conductivity of Spiro-OMeTAD was rather low, around 

9.12 × 10−7 S·cm−1. However, a slight addition of Cu(bpcm)2 increased the 

conductivity significantly. With a 2% molar doping ratio, the conductivity increased 

to 9.36 × 10−5 S·cm−1, which was two orders of magnitude higher. Further addition 

increased the conductivity slightly, and with a 10% doping ratio the conductivity of 

the Spiro-OMeTAD film was 4.61 × 10−3 S·cm−1, as shown in Figure 36b. 

  

Figure 36. (a) Conductivity of Spiro-OMeTAD without doping and with doping up 

to 10%. (b) Plot of film conductivity versus the doping molar ratio of Cu(bpcm)2. 

5.2.4. Application in photovoltaic devices 

Cu(bpcm)2 was then used as a p-type dopant for Spiro-OMeTAD at different doping 

ratios. LiTFSI and TBP were also added as additives. The PSCs were based on an 

active layer of mixed perovskite (FA)0.85(MA)0.15Pb(I3)0.85(Br3)0.15. In their optimal 

form, fresh devices without Cu(bpcm)2 dopant yielded rather low average PCEs of 

around 10.5%. The device performance improved significantly to 14.0% after aging 

due to oxidation of Spiro-OMeTAD in air. However, the PCE was still low in 

comparison with that seen even with only a 2% molar ratio doping with Cu(bpcm)2, 

indicating the very good oxidation ability of Cu(bpcm)2. Further increases in doping 

ratios increased the FF significantly, the best performance was achieved at an 8% 

doping ratio with an average PCE of 17.9%. PSCs containing Spiro-OMeTAD based 

on Cu(bpcm)2, FK209, TeCA, and AgTFSI as dopants were then compared and the 

results are shown in Figure 37. Details of the parameters are shown in Table 3. As 

-1,5 -1,0 -0,5 0,0 0,5 1,0 1,5

1E-12

1E-11

1E-10

1E-9

1E-8

1E-7

1E-6

C
u

rr
e

n
t 

/ 
A

Voltage / V

 0%

 2%

 4%

 6%

 8%

 10%

(a)
 

 

0 2 4 6 8 10
10-7

10-6

10-5

10-4

10-3

2.92´10-4

C
o

n
d

u
c

ti
v

it
y

 /
 S

×c
m

-1

Doping molar ratio / %

9.12´10
-7

9.36´10-5

1.71´10-4

3.34´10-4

4.51´10-4

(b)
 

 



44 
 

indicated, the device based on Cu(bpcm)2 as the dopant had a Voc around 1.09 V, a 

Jsc around 24.0 mA·cm−2, an FF around 70.6, and a PCE around 18.5%, which was 

comparable to that of FK209-doped devices and much better than that of TeCA and 

AgTFSI-doped devices, suggesting that Cu(bpcm)2 is a promising alternative for the 

commonly used FK209. 

 

Figure 37. J-V curves of PSCs containing HTLs based on different dopants for 

Spiro-OMeTAD. 

Table 3. Photovoltaic parameters of devices based on different dopants. 

Dopant Voc (V) 
Jsc 

(mA·cm−2) 
FF η (%) 

Cu(bpcm)2 1.09 24.0 70.6 18.5 

FK209 1.10 23.8 71.3 18.7 

TeCA 1.03 24.5 67.1 16.9 
AgTFSI 1.07 23.6 67.5 17.0 

 

5.2.5. Stability 

With additives, the stability of Cu(bpcm)2-doped devices was similar to that of 

FK209, while without additives the stability was much better. This is mainly because 

of the hydroscopic salt LiTFSI120 that was used to increase the system’s 

conductivity.93  
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5.3. The organic salt (MeO-TPD)TFSI    

5.3.1. Design and synthesis  

Although coordination complexes have been shown to be efficient p-type dopants, 

the hygroscopic salt LiTFSI was always needed in order to reduce the doping amount 

of the p-type dopants. As previously described by Snaith and Grätzel, Li+ could 

broaden the tail of the DOS and move the energy level for the hole transport closer 

to the quasi-Fermi level. The “screening” of the deepest Coulomb traps by Li+ ions is 

also likely to contribute to the increased conductivity.93 However, including LiTFSI 

in the HTL makes the Spiro-OMeTAD layer much more hydrophilic and causes it to 

continuously absorb water molecules from the ambient environment thus 

facilitating the decomposition of the underlying perovskite layer. To solve this 

problem, eliminating the LiTFSI while at the same time keeping the conductivity at 

a high level will be essential. In this work, two organic salts were designed and 

synthesized based on the structures of common HTMs. Upon oxidizing Spiro-

OMeTAD, instead of forming extra impurities, the organic salt will be reduced to a 

pristine HTM working together with Spiro-OMeTAD. This strategy will allow large 

amounts of doping and achieve high system conductivity without using hygroscopic 

LiTFSI. The organic salts were synthesized by reacting two HTMs with AgTFSI as 

shown in Figure 38.  

 

Figure 38. Synthetic route of (MeO-TPD)TFSI and (TBD)TFSI. 

Both organic salts were obtained by a one-step reaction with high yield, and the raw 

materials are commercially available. The resulting salts (MeO-TPD)TFSI and 

(TBD)TFSI are similar in structure and both have TFSI− as the counter ions, which 



46 
 

ensures their high solubility in organic solvents. The difference in structure is 

expected to result in different redox potentials. The synthesized materials were 

confirmed by elemental analysis and 19F NMR. 

The radical property of synthesized materials was further characterized by EPR 

spectroscopy. As shown in Figure 39a, the distinguishable hyperfine lines with 

three positive peaks and three negative peaks in the (MeO-TPD)TFSI spectrum can 

be simulated assuming hyperfine coupling from two nitrogen nuclei with a coupling 

constant of 𝑎𝑁 = 4.45 𝐺 . The EPR spectrum for (TBD)TFSI in Figure 39b shows a 

partially resolved hyperfine structure with FWHM (full-width-at-half-maximum) 

around 23 G, which is similar to that of (MeO-TPD)TFSI (21.4 G), and a line space 

of about 4.3 G. It is thus reasonable to assign hyperfine coupling with two nitrogen 

nuclei with similar 𝑎𝑁 values. Interestingly, more lines are seen in both the positive 

and negative sides in Figure 39b, indicating that hyperfine coupling with protons 

is reinforced and partially resolved, resulting in a wider spectral width. 

  

Figure 39. EPR spectra of (a) (MeO-TPD)TFSI and (b) (TBD)TFSI. 

5.3.2. (MeO-TPD)TFSI as p-type dopant for Spiro-OMeTAD 

To be an effective p-type dopant, deeper redox potentials in comparison with Spiro-

OMeTAD are very important. Thus, the redox potentials of Spiro-OMeTAD, 

MeOTPD(TFSI), and (TBD)TFSI were investigated by CV and DPV and given versus 

Fc/Fc+. The redox potential of Spiro-OMeTAD was −0.036 V. In comparison, (MeO-

TPD)TFSI had a redox potential of 0.031 V, which was 67 mV more positive than 

Spiro-OMeTAD and in theory makes the oxidation possible. The redox potential of 
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(TBD)TFSI was −0.053 V, which was slightly more negative than Spiro-OMeTAD, 

and thus effective doping from (TBD)TFSI is less likely to occur.  

   

 

Figure 40. (a) (MeO-TPD)TFSI as the dopant for Spiro-OMeTAD. (b) (TBD)TFSI 

as the dopant for Spiro-OMeTAD. (c) Absorption spectra of (MeO-TPD)TFSI and 

(TBD)TFSI in acetonitrile.  

The doping effect was further confirmed by UV-Vis spectroscopy. As shown in 

Figure 40a, pristine Spiro-OMeTAD had an absorption peak around 377 nm 

derived from molecular π-π* transitions. Gradual addition of (MeO-TPD)TFSI 

induced new absorptions at around 511 nm, 691 nm, and more than 900 nm. These 

peaks are typical absorptions of oxidized Spiro-OMeTAD.55 However, because the 

(MeO-TPD)TFSI had very similar absorptions as indicated in Figure 40c, further 

investigation of the absorption spectrum is needed. Looking back at Figure 40a, it 

is not difficult to see that with a 200% molar doping ratio the absorption peak at 511 

nm has a blue shift, which appears at 488 nm with a 300% molar doping ratio. The 

blue shift at the 511 nm peak indicates that Spiro-OMeTAD was oxidized with the 

initial addition of (MeO-TPD)TFSI. However, after a certain amount, all Spiro-
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OMeTAD was oxidized and further addition only showed peaks for the dopant itself, 

which has an absorption peak at 475 nm. On the other hand, as shown in Figure 

40b, with addition of (TBD)TFSI the absorption peak of Spiro-OMeTAD at 377 nm 

did not show any decrease, which means no Spiro-OMeTAD molecules were oxidized. 

The increase at 471 nm was simply because of the absorption of the dopant itself. 

It is very interesting to mention that in Chapter 5.1, Cu(bpm)2 with a redox potential 

90 mV more positive than Spiro-OMeTAD was unable to oxidize Spiro-OMeTAD, 

while (MeO-TPD)TFSI with a redox potential of 67 mV had no problem oxidizing 

Spiro-OMeTAD. This observation might be linked with the corresponding molecular 

ER upon receiving one electron. After doping, Cu(II)(bpm)2 was reduced to 

Cu(I)(bpm)2 and (MeO-TPD)TFSI was reduced to MeO-TPD, respectively. 

Calculation by the DFT method indicated that the ER of Cu(II)(bpm)2 was 1,531 meV, 

which was much higher than that of (MeO-TPD)TFSI with an ER of 300 meV. The 

calculation indicated that the organic salt had a much lower ER and should be more 

efficient in oxidizing Spiro-OMeTAD. 

5.3.3. Conductivity of doped Spiro-OMeTAD 

The doping effect was further confirmed by improvements in film conductivity. 

Figure 41a shows the current of thin Spiro-OMeTAD films doped with (MeO-

TPD)TFSI at different ratios under applied voltage. The current increased as the 

doping ratios increased. However, the conductivity did not show a significant 

increase below a 20% doping ratio. The pristine film had a conductivity around 7.77 

´ 10−7 S·cm−1 while the film with a 20% doping ratio had a conductivity around 1.50 

´ 10−6 S·cm−1, as shown in Figure 41b. Above a 20% doping ratio, the film 

conductivity increased dramatically, reaching 5.24 ´ 10−6 S·cm−1 at a 30% doping 

ratio and 1.66 ´ 10−5 S·cm−1 at a 40% doping ratio. Further doping increased the 

conductivity consistently but at a moderate rate. The improved conductivity of doped 

Spiro-OMeTAD confirms the positive doping effect of (MeO-TPD)TFSI. 
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Figure 41. (a) The current of thin Spiro-OMeTAD films doped by (MeO-TPD)TFSI 

at different doping amounts under applied voltage. (b) The conductivity of thin 

Spiro-OMeTAD films doped by (MeO-TPD)TFSI with different doping amounts.   

Although comparable conductivity was achieved as the LiTFSI-doped Spiro-

OMeTAD film, the high doping amount required might cause problems with the film 

quality because the property of the organic salt is different and it might easily 

crystalize on the surface of the film. Thus, SEM was used to investigate the 

morphology of Spiro-OMeTAD films with different doping amounts. Figure 42a 

shows the surface of the naked perovskite film, in which perovskites are well 

crystalized with a typical size around 200–500 nm.121 After coating with reference 

HTL (Spiro-OMeTAD/LiTFSI/TBP/3% molar ratio FK209) (Figure 42b), the 

perovskite surface was completely covered and a continuous amorphous film was 

observed. Figures 42c-g show the images of Spiro-OMeTAD doped with 0%, 10%, 

20%, 30%, and 40% doping ratios of (MeO-TPD)TFSI. In comparison with Figure 

42b, no significant difference was observed, indicating that (MeO-TPD)TFSI has 

very high solubility in the applied organic solvent (chlorobenzene), and the high 

doping amount has a very limited effect on the film morphology. This is different 

from most of the reported p-type dopants such as FK209 and may derive from the 

structures of the studied organic salts that originate from the HTM, which usually 

has similar functional groups as Spiro-OMeTAD and thus a similar film-forming 

ability is expected. Figure 42h shows the Spiro-OMeTAD film doped with a 30% 

molar ratio of FK209. The film is full of pinholes and small crystals, indicating that 

the 30% molar ratio is too much and that such an amount of FK209 cannot dissolve 
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completely in chlorobenzene and thus precipitates as impurities affecting the film 

quality.  

     

     

                 
 

Figure 42. SEM images of (a) the naked perovskite surface, (b) Spiro-OMeTAD 

doped by 3% molar ratio FK209 (reference), Spiro-OMeTAD doped with (MeO-

TPD)TFSI at (c) 0%, (d) 10%, (e) 20%, (f) 30%, and (g) 40% molar ratios, and (h) 

Spiro-OMeTAD doped with a 30% molar ratio FK209. 

5.3.4. Application in photovoltaic devices 

Spiro-OMeTAD films with different doping amounts of (MeO-TPD)TFSI were then 

used as HTLs in  PSCs. After optimization, it was found that a 30% doping ratio yields 

the best PCE, which is also comparable to the LiTFSI-doped reference cell. Figure 

43a shows the J-V curves of champion devices based on 30% (MeO-TPD)TFSI 

doping and the reference cell. As indicated, the reference cell had a Voc around 1.10 

V, a Jsc around 22.8 mA·cm−2, a FF of 0.76, and a PCE of 19.1%. In comparison, 

devices doped with (MeO-TPD)TFSI yielded a Voc around 1.08 V, the exact same Jsc 

of 22.8 mA·cm−2, and a similar FF of around 0.75. The final PCE was determined to 

(a) (b) (c) 

(d) (e) (f) 

(g) (h) 
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be 18.6%, which was comparable to the reference cell. Moreover, minor hysteresis 

was observed for both the (MeO-TPD)TFSI-doped device and the reference cell, as 

confirmed by the steady-state output (STO) of the corresponding devices as shown 

in Figure 43b. The reference cell had a steady-state current of 20.3 mA·cm−2 at the 

maximum power point with an applied voltage of 0.925 V, and the steady-state PCE 

was 18.8% over 180 s, similar as the values indicated by the J-V curves. In 

comparison, the device doped by (MeO-TPD)TFSI showed a steady-state current of 

20.1 mA·cm−2 at the maximum power point with an applied voltage of 0.90 V, and 

the corresponding steady-state PCE was 18.1%. Details of the photovoltaic 

parameters are shown in Table 4. The results from the J-V curves and STO suggest 

that hydroscopic LiTFSI can be removed from the additives of Spiro-OMeTAD 

provided that a high doping amount of an organic salt is used as the p-type dopant.  
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Figure 43. (a) J-V curves. (b) Steady-state output of photovoltaic champion devices 

based on the dopant (MeO-TPD)TFSI (blue) and the reference cell (red). (c) The 

IPCE of device doped by (MeO-TPD)TFSI. 
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Table 4. Photovoltaic parameters of champion devices based on (MeO-TPD)TFSI 

and the reference cell. Both HTLs contained TBP as the additive while the reference 

cell further contained LiTFSI. 

 Voc (V) 
Jsc 

(mA·cm−2) 
FF η (%) 

ηSTO 
(%) 

Spiro+LiTFSI+TBP+FK209 
(Reference) 

1.10 22.8 0.76 19.1 18.8 

Spiro+TBP+30% (MeO-
TPD)TFSI 1.08 22.8 0.75 18.6 18.1 

Devices fabricated based on SnO2 as the electron transport material and (FA)0.91(MA)0.09Pb(I3)0.91(Br3)0.09 as the active layer.   

The IPCE of the (MeO-TPD)TFSI-doped device is shown in Figure 43c. The 

spectrum indicates a strong absorption of the active layer up to 800 nm. The 

integrated Jsc is around 21.5 mA·cm−2, similar to the values given by the J-V curves. 

The IPCE shows that (MeO-TPD)TFSI as a dopant is sufficient to oxidize Spiro-

OMeTAD and that it provides fast charge transport at all wavelengths.  

5.3.5. Stability 

In addition to the comparative PCE, the improved device stability is even more 

promising. Figure 44 shows the contact angles of the reference Spiro-OMeTAD and 

the (MeO-TPD)TFSI-doped Spiro-OMeTAD. The additives included were the same 

as previously investigated in the photovoltaic performance, in which the reference 

Spiro-OMeTAD was doped with LiTFSI, TBP, and a 3% molar ratio of FK209, while 

the latter was doped with TBP and 30% (MeO-TPD)TFSI.  

  

Figure 44. Contact angles of (a) the Spiro-OMeTAD film doped with LiTFSI, TBP, 

and FK209 and (b) the Spiro-OMeTAD film doped with TBP and a 30% molar ratio 

of (MeO-TPD)TFSI.  

(a) (b) 
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As shown in Figure 44a, the reference had a mean contact angle of 65.75o, and after 

eliminating the hydroscopic LiTFSI the mean contact angle of (MeO-TPD)TFSI-

doped Spiro-OMeTAD increased to 76.76o, as shown in Figure 44b. The increased 

contact angle indicates a more hydrophobic Spiro-OMeTAD film that will likely 

facilitate the device stability. 

 

Figure 45. Stability of the solar cell with LiTFSI (reference) and without LiTFSI 

((MeO-TPD)TFSI doped). 

The increased stability towards humidity was further confirmed by solar cell 

performance tracking. Figure 45 shows the device stability based on 

(FA)0.91(MA)0.09Pb(I3)0.91(Br3)0.09. The PCE of the LiTFSI-doped reference cell 

decreased significantly in the first 10 days, and the cell died within 15 days under a 

relative humidity of 30–50%. In comparison, the (MeO-TPD)TFSI-doped device was 

rather stable, and 85% of the initial PCE remained after 30 days. 
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5.4. Structure and properties of Spiro(TFSI)2    

5.4.1. Scientific background and synthesis  

Although Spiro-OMeTAD has been suggested to occur in three different oxidized 

states – Spiro+, Spiro2+, and Spiro4+ – after doping,122 none of the oxidized structures 

have been reported. In this work, we report for the first time the structure of Spiro2+ 

based in the form of the organic salt Spiro(TFSI)2. Together with the previously 

reported structure of Spiro-OMeTAD,123 we could compare the electronic band 

structures before and after doping by using results from DFT calculations. Further, 

by measuring the optical and electronic properties of Spiro-OMeTAD and 

Spiro(TFSI)2, some remaining scientific issues could be addressed. 

The method for synthesizing Spiro(TFSI)2 is similar to the method described in 

Chapter 5.2. In a one-step reaction, Spiro(TFSI)2 was obtained by reacting Spiro-

OMeTAD with AgTFSI with a high yield of more than 95%. The resulting 

Spiro(TFSI)2 was characterized by elemental analysis and 19F NMR. The synthetic 

route is shown in Figure 46. 

 

Figure 46. The synthetic route of Spiro(TFSI)2. 

5.4.2. Structure determination 

Single crystals of Spiro(TFSI)2 were grown with an anti-solvent method involving 

DCM and ethyl ether at room temperature. An optical image of the crystal with an 

octahedral shape is shown in Figure 47a. The structure of Spiro(TFSI)2 was 

determined by SCXRD and refined with SHELX.90 Different space groups were 

observed during the structure refinements. Neutral Spiro-OMeTAD had a triclinic Pī 

(2) space group, while Spiro(TFSI)2 had an orthorhombic Fddd (70) space group. As 

shown in Figure 47b, no twisting was found in the central fluorene rings in 
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Spiro(TFSI)2. This is different from that of neutral Spiro-OMeTAD, in which one of 

the fluorenes was found to be slightly curved due to strong molecular interactions. 

Neutral Spiro-OMeTAD molecules easily formed dimers because of the strong π-π 

interactions between fluorene rings, with the closest distance between a dimer being 

around 3.8 Å. However, the outer triphenylamine group prevents it from forming 

continuous π-π interactions, thus resulting in relatively low hole mobility and 

conductivity. In the packing of Spiro(TFSI)2, although a short distance of around 3.8 

Å was observed, it was between a carbon in the methoxy group and a phenyl ring in 

another Spiro2+ molecule, and thus the distance is too great for carbon orbital 

overlaps and is thus less likely to facilitate intermolecular charge transfer. Details of 

unit cell parameters are shown in Table 5.  

                                  

Figure 47. (a) Optical image of a single Spiro(TFSI)2 crystal. (b) Structure of 

Spiro(TFSI)2 from single crystal diffraction (disorder in anions has been removed). 

The yellow spheres represent S, the sky blue spheres represent N, the lime spheres 

represent F, the red spheres represent O, the black spheres represent C, and the grey 

spheres represent H. 

Table 5. Unit cell parameters of Spiro(TFSI)2.  

Space 
group 

a (Å) b (Å) c (Å) α (o) β (o) γ (o) 

Fddd 
(70) 

20.6770(4) 21.7260(4) 36.8774(7) 90 90 90 

 

Comparison of the geometries of Spiro-OMeTAD in its neutral (CCDC deposit 

number 1475944)123 and oxidized forms (CCDC deposit number 1965026) shows 

rather modest variations in the geometric structures. The spiro-bifluorene core 

geometry responds to the oxidation with a decrease in the C7-C7’ bond distance 

(a) (b) 
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(indicated in Figure 48) that connects the two phenyl rings of the same fluorene 

(from 1.469 Å for the neutral species to 1.434 Å for Spiro2+). The distance of the C-N 

bonds including C4-N8, N8-C9, and N8-C10 in triphenylamine group also decreased 

slightly together with the reduction of the angles Ф (from 121.63o to 121.09o) and ϴ 

(from 115.54o to 114.68o). Details of the geometrical parameters of Spiro-OMeTAD 

and Spiro(TFSI)2 are shown in Table 6. 

 

Figure 48. Molecular structure and labels of the main geometrical parameters of 

Spiro and Spiro2+. 

Table 6. Main geometrical parameters (mean values from the four quasisymmetric 

units) of Spiro-OMeTAD and Spiro(TFSI)2 in single crystals.a, b (Reproduced from W. 

Zhang, L. Wang, Y. Guo, B. Zhang, V. Leandri, B. Xu, Z. Li, J. M. Gardner, L. Sun 

and L. Kloo, Chem. Commun., 2020, Accepted 

Manuscript, DOI: 10.1039/C9CC09270F) 

Parameters Spiro-OMeTAD Spiro(TFSI)2 

C1-C2 1.525 1.523 

C2-C3 1.380 1.372 

C2-C7 1.400 1.419 

C3-C4 1.400 1.417 

C4-C5 1.403 1.410 

C4-N8 1.414 1.393 

C5-C6 1.387 1.377 

C6-C7 1.391 1.402 

C7-C7’ 1.469 1.434 

N8-C9 1.423 1.418 

N8-C10 1.431 1.427 

Ф 121.63 121.09 

ϴ 115.54 114.68 

a Bond distances in Ångstroms and angles in degrees. b See Figure 48 for labels. 
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5.4.3. Optical and electrical properties 

Because different structures might result in different frontier orbitals, the HOMOs 

and LUMOs were calculated based on the optimized structures and single crystal 

structures of neutral Spiro-OMeTAD and Spiro(TFSI)2.  

               

               

Figure 49. LUMOs of (a) optimized Spiro-OMeTAD, (b) Spiro-OMeTAD in a crystal, 

(c) optimized Spiro2+, and (d) Spiro2+ in a crystal. HOMOs of (e) optimized Spiro-

OMeTAD, (f) Spiro-OMeTAD in a crystal, (g) optimized Spiro2+, and (h) Spiro2+ in a 

crystal. (Reproduced from W. Zhang, L. Wang, Y. Guo, B. Zhang, V. Leandri, B. Xu, 

Z. Li, J. M. Gardner, L. Sun and L. Kloo, Chem. Commun., 2020, Accepted 

Manuscript, DOI: 10.1039/C9CC09270F) 

Figures 49a and e show the LUMO and HOMO of optimized Spiro-OMeTAD, and 

the wave functions shift from one of the fluorenes to another after transition. 

Because of the curved fluorene in the crystal structure, different values were 

observed for the HOMO and LUMO. The HOMO was found to be less deep and the 

LUMO was found to be more positive, as shown in Figures 49b and f. However, 

the difference was only minor in Spiro(TFSI)2, which was mainly because no twisting 

was found in the fluorenes of Spiro2+. The counter ions in-between might prevent 

Spiro2+ molecules from forming dimers, and thus intermolecular forces are released. 

Details of the energy levels of the frontier orbitals for Spiro-OMeTAD and Spiro2+ are 

shown in Table 7. 

(a) (b) (c) (d) 

(e) (f) (g) (h) 
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Table 7. Energies of the frontier orbitals for Spiro-OMeTAD and Spiro2+. 

(Reproduced from W. Zhang, L. Wang, Y. Guo, B. Zhang, V. Leandri, B. Xu, Z. Li, J. 

M. Gardner, L. Sun and L. Kloo, Chem. Commun., 2020, Accepted 

Manuscript, DOI: 10.1039/C9CC09270F) 

 Spiro-
optimized / 

eV 

Spiro-
crystalized  

/ eV 

Spiro2+-
optimized 

/ eV 

Spiro2+-
crystalized 

/ eV 
LUMO+2 +0.90 +0.95 −3.56 −3.64 
LUMO+1 +0.57 +0.84 −4.07 −4.11 

LUMO +0.56 +0.75 −4.09 −4.18 
HOMO −5.45 −5.35 −9.87 −9.90 

HOMO-1 −5.48 −5.39 −9.89 −9.92 
HOMO-2 −5.94 −6.00 −10.37 −10.32 

The calculated electronic band structures are shown in Figure 50. The valence 

bands in Spiro-OMeTAD are not flat when using a reasonable energy resolution, 

indicating an effective interaction between the molecular orbitals of the Spiro-

OMeTAD dimer, and a large band gap of more than 6 eV was also observed, as shown 

in Figures 50a and b. In comparison, the bands in Spiro(TFSI)2 are quite flat in the 

whole Brillouin zone, suggesting less overlapped molecular orbitals. Considering the 

close spacing of the energy levels of the molecular orbitals in both Spiro-OMeTAD 

and Spiro(TFSI)2, the charge transport in a partially oxidized Spiro-OMeTAD is thus 

expected to be dominated by hopping,124 which is different from most inorganic 

semiconductors. The band gap of Spiro(TFSI)2 is less than 0.1 eV, as shown in  

Figure 50c, and a broad absorption range is thus suggested. 

      

(a) (b) 
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Figure 50. (a) The VBM of Spiro-OMeTAD. (b) All bands of Spiro-OMeTAD. (c) All 

bands of Spiro(TFSI)2. The crystallographic coordinates of high-symmetry points in 

the first Brillouin zone correspond to Г = (0,0,0), X = (0.5,0,0), M = (0.5,0.5,0), R = 

(0.5,0.5,0.5), Z = (0,0,0.5). (Reproduced from W. Zhang, L. Wang, Y. Guo, B. Zhang, 

V. Leandri, B. Xu, Z. Li, J. M. Gardner, L. Sun and L. Kloo, Chem. Commun., 2020, 

Accepted Manuscript, DOI: 10.1039/C9CC09270F) 

Figure 51a shows the cyclic voltammograms of neutral Spiro-OMeTAD and 

Spiro(TFSI)2. As indicated, Spiro-OMeTAD and Spiro(TFSI)2 have similar cyclic 

voltammograms, which is reasonable because they are reversible electrochemically. 

The first oxidation peak corresponds to reaction (7) in which Spiro-OMeTAD loses 

its first electron and forms Spiro+. The second oxidation peak at 0.15 V vs. Fc/Fc+ 

corresponds to reaction (8), where Spiro+ further loses another electron and forms 

Spiro2+. The third oxidation peak gives information about the redox potential for 

Spiro2+, which is 0.35 V vs. Fc/Fc+. This is a two-electron process as represented in 

reaction (9), and this was further confirmed by electrolysis experiments on 15 mg 

Spiro-OMeTAD with an applied voltage of 1.1 V vs. Ag/AgCl (approximately 0.6 V vs. 

Fc/Fc+). As shown in Figure 51b, a 4.69 C charge was obtained after 4,000 seconds 

as compared to the calculated value of around 4.72 C provided that four electrons 

were lost. The similar values here confirm that four electrons were lost before 1.1 V 

vs. Ag/AgCl, and the third peak should correspond to a two-electron process. 

Spiro-OMeTAD - e-                                          Spiro+                                                                            (7) 

Spiro+ - e-                                          Spiro2+                                                                                            (8) 

Spiro2+ - 2e-                                          Spiro4+                                                                                        (9) 

(c) 
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Figure 51 (a). Cyclic voltammograms of Spiro-OMeTAD and Spiro(TFSI)2 in 

dichloromethane. (b) Electrolysis of Spiro-OMeTAD at 1.1 V vs. Ag/AgCl. 

The optical properties of neutral Spiro-OMeTAD and Spiro(TFSI)2 were then 

measured by UV-Vis absorptions. As shown in Figure 52, Spiro-OMeTAD has an 

absorption around 377 nm, which derives from HOMO/HOMO-1 to both LUMO and 

LUMO+1 with partial charge-transfer character.125 The absorption has a rather high 

molar extinction coefficient of 7.53 × 104 M−1·cm−1. Upon oxidation, this peak shifts 

slightly to 371 nm with a much decreased molar extinction coefficient. At the same 

time, new peaks at around 521, 691, 908, and 1527 nm appear, corresponding to π-

π*, n-π*, and other transitions. The determination of UV-Vis absorptions of 

Spiro(TFSI)2 are in contrast to previous reports that Spiro2+ has absorption only at 

around 691 nm.126 Details of the optical properties of Spiro-OMeTAD and 

Spiro(TFSI)2 are shown in Table 8. 
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Figure 52. UV-Vis absorption of Spiro-OMeTAD and Spiro(TFSI)2 in acetonitrile.  
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Table 8. Optical properties of Spiro-OMeTAD and Spiro(TFSI)2. (Reproduced from 

W. Zhang, L. Wang, Y. Guo, B. Zhang, V. Leandri, B. Xu, Z. Li, J. M. Gardner, L. Sun 

and L. Kloo, Chem. Commun., 2020, Accepted 

Manuscript, DOI: 10.1039/C9CC09270F) 

 Absorption wavelength 
(nm) 

Molar extinction 
coefficient (M−1·cm−1) 

Spiro-OMeTAD 377 7.53 × 104 
 
 

Spiro(TFSI)2 

371 1.74 × 104 
521 3.52 × 104 
691 8.91 × 103 
908 3.14 × 103 
1527 3.74 × 104 

 

5.5. Conclusions 

The copper complex Cu(bpcm)2 and the organic salt (MeO-TPD)TFSI have been 

synthesized and applied as p-type dopants for Spiro-OMeTAD. An 8% doping ratio 

of Cu(bpcm)2 was found to yield the best performance with a PCE of around 18.5%. 

However, no improvement in device stability was found compared with FK209-

doped devices due to the involvement of the hydrophobic additive LiTFSI. (MeO-

TPD)TFSI was found to be able to work separately without LiTFSI, and comparable 

film conductivity and device performance was observed at a 30% doping ratio. Most 

importantly, the device stability was found to be much improved due to increased 

resistance towards humidity of the Spiro-OMeTAD film. 

In addition, as one of the products after doping, the single crystal structure of 

oxidized Spiro-OMeTAD, Spiro(TFSI)2, was determined and analyzed. Unlike 

neutral Spiro-OMeTAD, no dimers or twisting of fluorenes were found in the 

structure of Spiro(TFSI)2 due to the involvement of counter ions. Molecular orbital 

overlap together with close energy level spacing in Spiro-OMeTAD  and  Spiro(TFSI)2 

indicate that electron hopping might constitute the main transport mechanism for 

hole  transport in doped Spiro-OMeTAD.  
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6. Surface Passivation 

6.1. Introduction 

Three-dimensional halide perovskites have been widely studied because of their 

suitable band gaps and long charge diffusion lengths. However, one of their biggest 

issues is that they are not stable in the ambient environment due to water-induced 

decomposition. Eliminating hydroscopic LiTFSI in the HTL has been proven to be 

an effective method for increasing device stability according to our previous 

investigations. Here we introduce another strategy, surface passivation. Surface 

passivation is a method based on chemical interactions between the perovskite 

surface and external hydrophobic functional molecules. The aim is to increase the 

humidity resistance of the perovskite surface in order to avoid or slow the water-

induced decomposition process of the perovskite halide. Four materials based on 

polyhedral oligomeric silsesquioxanes (POSS) with functional groups -NH2, -OH, -

PH2, and -SH (Figure 53) were investigated by DFT calculation, and their 

adsorption energies with respect to different functional groups on the perovskite 

surface were compared based on different interaction mechanisms. POSS-NH2 and 

POSS-SH were further studied in experiments to compare their passivation ability. 

 

Figure 53. Molecular structures of the neutral POSS-NH2, POSS-PH2, POSS-OH, 

and POSS-SH (from left to right). 

6.2. Computational study 

To compare the adsorption energies, three hypotheses regarding molecular 

interactions were proposed, as shown in Figure 54. Hypothesis 1 is based on 

hydrogen bonding, in which a strong interaction between the hydrogen atom of the 

functional group and the iodide on the surface of the perovskite was expected. 

Hypothesis 2 included reactions between functional groups and surface iodide in 

which hydrogen iodide (HI) is released after the interaction. In hypothesis 3, 

replacement of the cation (e.g. from CH3NH3
+ to POSS-NH3

+) dominates the 
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interaction. The DFT method was then used to compare the adsorption energies of 

the different functional groups based on the proposed hypotheses.  

 

Figure 54. Three hypothetical molecular models of surface passivation. 

As a result of modeling hypothesis 1, the adsorption of neutral POSS-NH2/-PH2/-

OH/-SH molecules to the surface of CsPbI3 was rather strong at 56, 42, 16, and 43 

kJ·mol−1, respectively. However, the final model after the interaction indicated 

something more than hydrogen bonding. Electrostatic interactions between the 

central Cs+ ion in the perovskite slab and the partially negatively charged N− and S− 

atoms was also found. As suggested, the N-Cs bond distance was 3.82 Å and the P-

Cs bond distance was 3.99 Å, while the O-Cs bond distance was 2.98 Å and the S-Cs 

bond distance was 3.31 Å. In comparison with the close H-I hydrogen interactions of 

3.34, 4.08, 2.82, and 3.35 Å in the four cases, the electrostatic interactions are 

comparable with hydrogen bonding in terms of bond distances. Moreover, the POSS 

molecules can be described as lying down on the surface of perovskite after the 

interaction. Considering that a large surface was provided for secondary agnostic C-

H-type interactions, a strong contribution to the overall adsorption energy cannot 

be ignored. All four models after interaction are shown in Figure 55.  

   

Figure 55. Coordination model of a perovskite slab from a geometrically optimized 

structure of (a) POSS-NH2, (b) POSS-PH2, (c) POSS-OH, and (d) POSS-SH. 

Regarding the perovskite slab, gold = Cs+, pink = I, and blue = Pb. (Reproduced from 

(a) (b) (c) (d) 
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W. Zhang, A. Sadollahkhani, Y. Li, V. Leandri, J. M. Gardner, and L. Kloo, ACS Appl. 

Energy Mater. 2019, 2, 2723-2733) 

Hypothesis 2 was suggested in a previous study,127 in which the I atom can be lost 

during the annealing process, resulting in a perovskite surface with uncoordinated 

Pb atoms. These Pb atoms can then act as a new coordination center128 and might 

react with these functional groups to form new N–Pb bonds, for example. However, 

it is difficult to know how many I atoms can be lost during the annealing process, 

which causes problems for the DFT model construction. What’s more, an extremely 

basic environment is needed in order to deprotonate the hydrogen atom from such 

functional groups to form the negative -NH−/-PH−/-O−/-S− donor groups. This is 

chemically dubious in the presence of a perovskite slab and is thus judged to be less 

likely than other hypotheses. 

In hypothesis 3, replacement of the Cs+ ion in the perovskite model with the 

protonated cations POSS-NH3
+/-PH3

+/-OH2
+/-SH2

+ gave more promising results.  

 

Figure 56. Coordination model of a perovskite slab from a geometrically optimized 

structure of (a) POSS-NH3
+, (b) POSS-PH3

+, (c) POSS-OH2
+, and (d) POSS-SH2

+. 

Regarding the perovskite slab, gold = Cs+ or Li+, pink = I, and blue = Pb. (Reproduced 

from W. Zhang, A. Sadollahkhani, Y. Li, V. Leandri, J. M. Gardner, and L. Kloo, ACS 

Appl. Energy Mater. 2019, 2, 2723-2733) 

As can be seen in Figure 56, all coordination arms of POSS-NH3
+/-PH3

+/-OH2
+/-

SH2
+ are straight up and fit well in the perovskite slab. The connecting POSS 

molecules are sitting on top of the perovskite surface, and the isobutyl groups in the 

POSS molecules will prevent most of the water molecules from approaching the 

(a) (b) (c) (d) 
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perovskite surface. In addition, the well-behaved outer part of coordinating arms, 

for example, POSS-SH2
+, indicate that CH3SH2

+ should also be a suitable candidate 

as cations for organic-inorganic perovskite materials. In comparison with hypothesis 

1, the adsorption energies in this case are higher, reaching 86, 62, 86, and 68 

kJ·mol−1, respectively. 

The calculation shows that adsorption at this level of theory is significant and overall 

corresponds to a weak covalent bond, although secondary interactions also play a 

role. The adsorption energies are close for hypotheses 1 and 3, and although all of 

the POSS systems show a consistent preference for hypothesis 3, the differences are 

not large enough to rule out that both models of adsorption can take place in parallel. 

In addition, it was found that the POSS-NH2 systems consistently adsorbs more 

strongly to the perovskite surface than other POSS systems. 

6.3. Surface property measurements 

To confirm the passivation ability of POSS-based molecules, POSS-NH2 and POSS-

SH were selected as passivation materials for MAPbI3. The surface property before 

and after passivation was then investigated by contact angle measurements and SEM 

imaging. Figure 57 shows the images from both measurements. The top part of the 

image shows the contact angle while the bottom part shows the film morphology.  

 

Figure 57. Contact angle images and SEM top views of the films. (a) MAPbI3, (b) 

MAPbI3 coated with POSS-NH2, (c) MAPbI3 coated with POSS-SH, (d) the coated 

POSS-NH2 after washing, and (e) the coated POSS-SH after washing. (Reproduced 

from W. Zhang, A. Sadollahkhani, Y. Li, V. Leandri, J. M. Gardner, and L. Kloo, ACS 

Appl. Energy Mater. 2019, 2, 2723-2733) 

(a) (b) (c) (d) (e) 
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As shown in Figure 57a, the pristine MAPbI3 film had a contact angle around 47o, 

indicating the hydrophilic property of the perovskite film.129 However, after coating 

with POSS-NH2, the contact angle increased sharply to 107o, and a similar angle of 

around 109o was observed for POSS-SH-coated perovskite films as shown in Figure 

57b and Figure 57c, respectively, suggesting the highly hydrophobic property of 

POSS-NH2 and POSS-SH. The SEM images show that the perovskite surface was 

completely covered by POSS-NH2 and POSS-SH with slight aggregation. The films 

were then transferred to a hotplate at 100oC for 10 min to facilitate the chemical 

interaction. After annealing, the coated films were washed with chlorobenzene and 

the resulting film morphologies are shown in Figure 57d and Figure 57e. As 

indicated, no obvious difference was observed in terms of morphology compared 

with pristine surface, and the perovskites were crystalized with typical sizes around 

200–500 nm in all samples without any influence from the extra annealing. 

However, obvious improvements were observed for the contact angles. The film 

coated with POSS-NH2 showed a contact angle of 76o after washing, while the film 

coated with POSS-SH showed a contact angle around 67o after washing, both of 

which were higher than the contact angle of pristine film of around 47o, suggesting 

the successful chemical passivation of the perovskite surface. Moreover, it is notable 

that the time to obtain a stabilized droplet on a POSS-NH2–passivated film was 

significantly different from the film passivated by POSS-SH. As shown in Figure 

58a, films passivated by POSS-NH2 showed a strong repulsion to water droplets with 

a stabilizing time of around 40 s. In comparison, films passivated by POSS-SH 

showed a strong repulsion to water droplets already after 6 s. The difference in 

stabilizing time indicates the strong resistance against humidity of POSS-NH2-

passivated MAPbI3 films. Considering that POSS-NH2 and POSS-SH are similar in 

structure except for their functional groups, the differences in contact angle and 

stabilizing time after passivation are mostly because of the more strongly attached 

POSS-NH2 molecules on the MAPbI3 surface. These results indicate that POSS-NH2 

adsorbs more strongly to the surface of MAPbI3 and covers the surface more 

efficiently than POSS-SH. Further experiments performed on 

(FA)0.85(MA)0.15Pb(I3)0.85(Br3)0.15 perovskite substrates generated similar results 

except for a longer stabilization time that is possibly linked to the stronger hydrogen 
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bonding ability of the (FA)0.85(MA)0.15Pb(I3)0.85(Br3)0.15 surface, which in turn is 

induced by the higher electronegativity of the Br atoms, as shown in Figure 58b.  

 

Figure 58. Contact angle of (a) MAPbI3 and (b) (FA)0.85(MA)0.15Pb(I3)0.85(Br3)0.15 

films. Time zero corresponds to the time when the water droplet was placed onto the 

film.  

6.4. Photovoltaic properties 

The influence on the photovoltaic performance before and after passivation was 

negligible, as confirmed in both MAPbI3-based solar cells and 

(FA)0.85(MA)0.15Pb(I3)0.85(Br3)0.15-based solar cells. As shown in Figure 59a, solar 

cells based on MAPbI3 without passivation had a Voc around 1.05 V, while after 

passivation a similar Voc of around 1.04 V was obtained in both cases. The Jsc values 

were all around 20 mA·cm−2 regardless of passivation or not. Similar FF values from 

0.76 to 0.77 were also observed for all samples, resulting in a very close PCE of 

around 16%. Similar results were found for (FA)0.85(MA)0.15Pb(I3)0.85(Br3)0.15-based 

devices, showing a PCE around 18–19% before and after passivation, as indicated in 

Figure 59b. Although the difference might derive from reduced surface defects or 

pin holes after passivation, the effects from experimental errors cannot be ruled out. 

Details of the photovoltaic parameters are summarized in Table 9. 
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Figure 59. J-V curves of photovoltaic devices based on non-passivated (red 

squares) and passivated (blue circles for POSS-NH2 and yellow triangles for POSS-

SH) (a) MAPbI3 and (b) (FA)0.85(MA)0.15Pb(I3)0.85(Br3)0.15. 

Table 9. Detailed photovoltaic parameters of passivated and non-passivated 

MAPbI3 and (FA)0.85(MA)0.15Pb(I3)0.85(Br3)0.15 devices. 

 
Current 
density 

(mA·cm−2) 

Voltage 
(V) 

FF η (%) 

MAPbI3 / Mixed 
Perovskite 

20.3 / 21.7 1.05 / 1.11 0.76 / 0.76 16.25 / 18.26 

MAPbI3 / Mixed 
perovskite + POSS-
NH2 

20.1 / 22.5 1.04 / 1.11 0.77 / 0.77 16.01 / 19.17 

MAPbI3 / Mixed 
perovskite + POSS-SH 

19.9 / 21.8 1.04 / 1.11 0.77 / 0.76 15.89 / 18.38 

 

6.5. Stability 

Significant improvements in device stability were observed for both POSS-NH2 and 

POSS-SH-passivated MAPbI3 films. Figure 60 shows the normalized photovoltaic 

parameters of devices before and after passivation over 90 days. All substrates were 

stored in the dark with a relative humidity of around 50% ± 10%. Each data point 

corresponds to an average parameter obtained from 10 devices.  

0,0 0,2 0,4 0,6 0,8 1,0 1,2

0

5

10

15

20

25

C
u

rr
e

n
t 

d
e

n
s
it
y
 /

 m
A

 c
m

-2

Voltage / V

 MAPbI3

 MAPbI3+POSS-NH2

 MAPbI3+POSS-SH

(a)

0,0 0,2 0,4 0,6 0,8 1,0 1,2

0

5

10

15

20

25

C
u

rr
e

n
t 

d
e

n
s
it
y
 /

 m
A

 c
m

-2

Voltage / V

 Perovskite(M)

 Perovskite(M)+POSS-NH2

 Perovskite(M)+POSS-SH

(b)



69 
 

  

  

Figure 60. Normalized photovoltaic parameters of MAPbI3-based devices involving 

non-passivated and passivated films. (a) Voc, (b) Jsc, (c) FF, (d) PCEs. Each point in 

the graphs was calculated from an average of 10 devices. 

As indicated, the Voc values were rather stable with minor variations in values 100% 

± 2%, and passivation might increase the Voc slightly over a long period. The current 

density and FF varied significantly over time both with and without passivation. As 

shown in Figure 60b, the current density of MAPbI3 without passivation decreased 

gradually to a level around 84% after 90 days, while the films with passivation had 

significant improvements. POSS-NH2-passivated films could keep the current 

density constantly around 100% of the initial values, while POSS-SH-passivated 

films had a value in between, around 94%. The ability to maintain the FF was rather 

close for both POSS-NH2 and POSS-SH molecules, resulting in 90% of the initial 

values after storage. In comparison, the FF of pristine MAPbI3 film had dropped to 

a value less than 75%, as indicated in Figure 60c. Regarding PCE, both POSS-NH2 
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and POSS-SH-passivated films were able to maintain the device’s PCE in a humid 

environment for more than 90 days with initial value around 90%, which was 

superior to pristine films with only 60% of the PCE remaining after 90 days. The 

passivation effect of POSS-NH2 was slightly better than that of POSS-SH in the long 

term because of its excellent ability to maintain the current density. Further 

experiments on mixed perovskite (FA)0.85(MA)0.15Pb(I3)0.85(Br3)0.15 showed only 

minor improvements in device stability, and this might be due to the fact that 

(FA)0.85(MA)0.15Pb(I3)0.85(Br3)0.15 itself has very good stability towards humidity due 

to the incorporation of formamidinium (FA) and bromide (Br) ions, which are 

reported to significantly increase the phase stability of the perovskite lattice.130 

6.6. Conclusions 

In summary, POSS-NH2, POSS-PH2, POSS-OH, and POSS-SH were chosen as 

passivation materials for MAPbI3 perovskite, and their passivation abilities 

regarding adsorption energy were calculated by the DFT method. The functional 

group –NH2 adsorbed strongest to the perovskite surface regardless of which 

adsorption mechanism was applied. Further experimental results on POSS-NH2 and 

POSS-SH as passivation materials were consistent with the investigation by DFT 

calculations. Our work demonstrates that cation replacement should be the main 

passivation mechanism on the perovskite surface, but hydrogen bonding should also 

be involved due to the close adsorption energies.  
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7. Concluding Remarks 

The work in this thesis focused on current issues in PSCs. To replace the toxic lead-

containing perovskite, metal clusters and polyiodide-linked coordination complexes 

were investigated. The studied Mo cluster has a band gap of around 3 eV, and a rather 

poor PCE of around 0.01% was obtained. Despite this, these experiments showed the 

potential of applying metal clusters as light absorbers. Further modification by 

incorporation of polyiodide within the structure generated an Au complex with a 

band gap around 2 eV and a dark color. However, this material was found to be 

unstable in the presence of organic solvents and heat due to the easy dissociation of 

polyiodide, and thus many challenges remain in applying these materials as light 

absorbers in solar cells. 

To replace the expensive Spiro-OMeTAD, coordination complexes with different 

metal cores and ligands were designed and synthesized. It was found that the 

properties of the coordination complexes were strongly dependent on the ligands 

and not on the metal cores. Moreover, ligand conjugation as well as planar molecular 

structures were beneficial to achieving high hole mobility and conductivity. The 

material Y4 with a porphyrin structure was found to be 50 times higher in hole 

mobility compared with Y3, which has a similar structure but a less conjugated 

ligand. As a result, a comparable PCE of around 16.1% was achieved when Y4 was 

used as the HTM in PSCs. 

Coordination complexes can also be applied as p-type dopants for Spiro-OMeTAD. 

The widely used dopant FK209 is a cobalt-based complex; however, cobalt is toxic to 

human health and thus should be replaced by other metals. In this regard, copper 

pyridine complexes were first synthesized and reported. The resulting material 

Cu(bpcm)2 could successfully oxidize Spiro-OMeTAD and increase its film 

conductivity. The best performance with a PCE of 18.5% was achieved by doping with 

an 8% molar ratio and thus Cu(bpcm)2 could be considered a “greener” alternative 

for FK209. However, device stability was found to be similar to FK209-doped 

devices due to the involvement of the hydroscopic additive LiTFSI. 

To eliminate the LiTFSI additive in the HTL and increase device stability, an organic 

salt (MeO-TPD)TFSI as a p-type dopant was designed and synthesized. In 

comparison with the coordination complex, (MeO-TPD)TFSI was more efficient at 

oxidizing Spiro-OMeTAD due to the smaller ER, and thus less positive redox 
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potential was needed. Also, because (MeO-TPD)TFSI is an HTM-based organic salt, 

the species formed from (MeO-TPD)TFSI after doping are also HTMs and will work 

together with Spiro-OMeTAD regarding transporting holes, thus a high doping 

amount is allowed, which further ensures high film conductivity without LiTFSI. As 

a result, a competitive PCE of around 18.6% was achieved based on perovskite 

(FA)0.91(MA)0.09Pb(I3)0.91(Br3)0.09 when a 30% doping ratio of (MeO-TPD)TFSI was 

applied without LiTFSI. In comparison, the device with LiTFSI together with a 3% 

doping ratio of FK209 had a PCE of 19.1%. However, significantly improved device 

stability with 85% of the initial PCE was observed for the (MeO-TPD)TFSI-doped 

device in an ambient environment for 30 days. 

Another way to increase the device stability is by surface passivation. Three 

hypotheses including hydrogen bonding, Pb-involved bonding, and cation 

replacement were proposed for analysis. POSS with four functional groups (-NH2, -

PH2, -OH, and –SH) were also compared regarding adsorption energy by DFT 

calculations. It was found that the hydrogen bonding and cation replacement might 

work in parallel due to the close adsorption energies. Moreover, POSS-NH2 showed 

the strongest adsorption to the perovskite surface in comparison with other 

functional groups. Further experiments by applying POSS-NH2 and POSS-SH as 

passivation materials significantly improved the device stability of MAPbI3 PSCs. 

The experimental results corresponded well with the theoretical result, where better 

device stability was observed for POSS-NH2-passivated devices. 

Apart from addressing existing issues, the charge transport mechanism in doped 

Spiro-OMeTAD was also investigated by refining the structure of Spiro(TFSI)2. 

Because the oxidized Spiro-OMeTAD, Spiro(TFSI)2, can be formed after doping, the 

structure of Spiro(TFSI)2 is helpful to fully understanding the corresponding 

transport mechanism. The calculation of electronic band structures resulted in 

rather flat bands in the top valence bands, suggesting a limited interaction in the 

molecular orbitals of Spiro(TFSI)2. Considering the close spacing of the energy levels 

of the molecular orbitals in both Spiro-OMeTAD and Spiro(TFSI)2, the hole-

transport mechanism in a doped Spiro-OMeTAD is likely to occur by hopping. 
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