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Abstract	
Over the last few years, the rapid development of molecular engineering and perovskite composition has allowed ex-

tremely promising solar energy conversion to achieve a certified power conversion efficiency (PCE) of over 25% for perovskite solar 

cells (PSCs). However, there is always room for improvement in research for the long-term stability and high cost of PSCs, which are 

major obstacles to the commercialization process, which can also be caused by organic materials and dopants. Thus, the work 

presented in this thesis is focused on synthesis, characterization and use of novel organic functional materials for PSCs. In addition, 

the work is aimed at finding synthetic guidelines that show how thoughtful molecular design, such as different atoms in the molec-

ular structure, different functional groups can have different effects on photovoltaic performance and long-term stability of PSCs. 

This work, introduces three novel hole-transporting materials (HTMs) with donor–π-bridge–acceptor (D–π–A) design 

principle. Triazatruxene-based donor units were functionalized with terthiophene conjugated arms as π unit, then differentiated 

into CI-B1, CI-B2 and CI-B3 HTMs by linking strong electron-accepting units. All three HTMs showed intermolecular aggregation by 

π-π stacking, especially CI-B3 molecules are packed in favor of a well-ordered edge-on stacking. PSCs with triple cation perovskite in 

n-i-p architecture with dopant-free HTM CI-B3 showed an impressive PCE of 17.54% with a small hysteresis and improved long-

term stability. 

Following up this work, the novel dopant-free HTM, CI-TTIN-2F, based on D–π–A, have been demonstrated for all-

inorganic CsPbI3 PSCs. CI-TTIN-2F features intermolecular aggregation formed by π-π stacking both face-on and edge-on orienta-

tion. Molecular dynamics (MD) calculations revealed the passivation effect of CI-TTIN-2F with Pb on the perovskite surface with 

different contact types. All-inorganic CsPbI3 PSCs with dopant-free CI-TTIN-2F HTM demonstrate a high PCE of 15.9%, along with 

86% efficiency retention after 1000 hours. Moreover, the largest all-inorganic perovskite solar module was fabricated using the CI-

TTIN-2F HTM, and exhibited PCE of 11.0% with an area of 27 cm2. 

As the next part of our work, three benzodipyrrole-based organic small-molecules functionalized with 4-methoxyphenyl 

(CB-1), 3-fluorophenyl (CB-2), and 3-trifluoromethylphenyl (CB-3) have been introduced as HTMs for PSCs. PL characteristics and 

MD simulations revealed the passivation effect of the CB-2 and CB-3 molecules on top of perovskite surface. The PSC using the 

highly planar CB-2 achieved the highest PCE of 18.23% with excellent long-term storage stability in the air without encapsulation, 

and the molecular hydrophobicity of the fluorinated HTMs ensured that the devices showed no degradation of their PCEs over 6 

months.  

Finally, the novel passivation molecule tris(5-((tetrahydro-2Hpyran-2-yl)oxy)pentyl)phosphine oxide (THPPO), has been 

employed at the HTM/perovskite interface. THPPO effectively passivated the undercoordinated Pb2+ defect on the surface of the 

perovskite layer by forming a coordinate bond with P=O that act as a Lewis base. The HTM-free devices have confirmed a significant 

increase in PCE from 5.84% to 13.31% with a significant improvement of the stability. Further, THPPO boosted the device’s PCE 

from 19.87% to 20.70% when combining the device with spiro-OMeTAD as an HTM. 
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Résumé	
Au cours des dernières années, grâce au développement rapide de l'ingénierie moléculaire et de la composition de la 

pérovskite, il a permis une conversion de l'énergie solaire extrêmement prometteuse pour atteindre un rendement de conversion 

de puissance certifié (PCE) de plus de 25% pour les cellules solaires à pérovskite (PSC). Cependant, il y a toujours place à l'améliora-

tion dans la recherche pour la stabilité à long terme et le coût élevé des PSC, qui sont des obstacles majeurs au processus de com-

mercialisation, qui peuvent également être causés par des matières organiques et des dopants. Ainsi, les travaux présentés dans 

cette thèse sont axés sur la synthèse, la caractérisation approfondie et l'utilisation de nouveaux matériaux organiques fonctionnels 

pour les PSC. De plus, mon objectif est de trouver des lignes directrices synthétiques qui montrent comment une conception 

moléculaire réfléchie, telle que différents atomes dans la structure moléculaire, différents groupes fonctionnels peuvent avoir des 

effets différents sur les performances photovoltaïques et la stabilité à long terme des PSC.  

Dans ce travail, j'ai introduit trois nouveaux matériaux de transport de trous (HTM) avec le principe de conception don-

neur-π-pont-accepteur (D-π-A). Les unités donneuses à base de triazatruxène ont été fonctionnalisées avec des bras conjugués au 

terthiophène en tant qu’unité, puis différenciées en HTM CI-B1, CI-B2 et CI-B3 en liant de fortes unités acceptant les électrons. Les 

trois HTM ont montré une agrégation intermoléculaire par empilement π-π, en particulier les molécules CI-B3 sont emballées en 

faveur d'un empilement de bord bien ordonné. Les PSC avec pérovskite triple cation dans une architecture n-i-p avec HTM CI-B3 

sans dopant ont montré un PCE impressionnant de 17,54 % avec une petite hystérésis et une stabilité à long terme améliorée. 

Suite à ce travail, le roman HTM sans dopant, CI-TTIN-2F, basé sur D–π–A, a été démontré pour les CSP CsPbI3 en-

tièrement inorganiques. Le CI-TTIN-2F présente une agrégation intermoléculaire formée par l'empilement π-π à la fois de face et de 

bord. Les calculs de dynamique moléculaire (MD) ont révélé l'effet de passivation du CI-TTIN-2F avec du plomb sur la surface de la 

pérovskite avec différents types de contact. Les PSC CsPbI3 entièrement inorganiques avec CI-TTIN-2F HTM sans dopant présentent 

un PCE élevé de 15,9 %, ainsi qu'une rétention d'efficacité de 86 % après 1000 heures. De plus, le plus grand module solaire en 

pérovskite entièrement inorganique a été fabriqué à l'aide du CI-TTIN-2F HTM et présentait un PCE de 11,0 % avec une superficie 

de 27 cm2. 

Dans la suite de notre travail, trois petites molécules organiques à base de benzodipyrrole fonctionnalisées avec du 4-

méthoxyphényle (CB-1), du 3-fluorophényle (CB-2) et du 3-trifluorométhylphényle (CB-3) ont été introduites en tant que HTM. Les 

caractéristiques PL et les simulations MD ont révélé l'effet de passivation des molécules CB-2 et CB-3 sur la surface de la pérovskite. 

Le PSC utilisant le CB-2 hautement planaire a atteint le PCE le plus élevé de 18,23% avec une excellente stabilité de stockage à long 

terme dans l'air sans encapsulation, et l'hydrophobie moléculaire des HTM fluorés a garanti que les dispositifs ne présentaient 

aucune dégradation de leurs PCE sur 6 mois. 

Enfin, une nouvelle molécule de passivation avec un groupe oxyde de phosphine fournissant une base de Lewis, l'oxyde 

de tris(5-((tétrahydro-2Hpyran-2-yl)oxy)pentyl)phosphine (THPPO), a été employée à l'interface HTM/pérovskite. THPPO a effec-

tivement passivé le défaut Pb2+ sous-coordonné à la surface de la couche de pérovskite en formant une liaison coordonnée avec la 

base de Lewis fonctionnelle P=O. Les appareils sans HTM ont confirmé une augmentation significative du PCE de 5,84 % à 13,31 % 

avec une amélioration significative de la stabilité. En outre, THPPO a augmenté le PCE de l'appareil de 19,87 % à 20,70 % en combi-

nant l'appareil avec spiro-OMeTAD en tant que HTM. 
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Symbols	and	Abbreviations	
°C: degree Celsius 

<𝜏>: average lifetime 

⍺: field dependence parameter 

2D: two-dimensional 

3D: three-dimensional 

Å: angstrom 

A: electron acceptor 

aq.: aqueous solution  

AFM: atomic force microscopy 

a.u.: arbitrary unit 

AM: 1.5G Reference solar spectral irradiance according to ASTM G173-03 

c-TiO2: compact-TiO2 

C60: fullerene 

CB: conduction band 

cm: centimeter 

CV: cyclic voltammetry 

D: electron donor 

DCM: dichloromethane 

DFT: density functional theory 

DMF: dimethylformamide 

DMSO: dimethyl sulfoxide 

DSSC: dye-sensitized solar cell 

E: electric field 

Eg: band gap 
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eq.: equivalent 

EHOMO: ground-state oxidation potential 

ELUMO: excited-state redox potential 

EQE: external quantum efficiency 

ETL: electron-transporting layer 

ETM: electron-transporting material 

eV: electronvolt 

FA: formamidinium 

FAI: formamidinium iodide 

Fc: Ferrocene 

FF: fill factor 

FK209: tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)cobalt(III) tri[bis(trifluoromethane)sulfonimide] 

FTO: fluorine-doped tin oxide 

GIWAXS grazing incidence wide-angle X-ray scattering 

GWh: gigawatt-hour 

h: Planck constant 

h: hour 

HI: hysteresis index 

HOMO: highest occupied molecular orbital 

HRMS: high resolution mass spectrometry 

HTL: hole-transporting layer 

HTM: hole-transporting material 

Hz: hertz 

I-V: current-voltage 

ICT: intramolecular charge transfer 

IN-2F: 2-(5,6-difluoro-3-oxo-2,3-dihydro-1H-inden-1-ylidene)malononitrile  

IP: ionization potential 

IPA: isopropanol 

IPCE: incident photon-to-electron conversion efficiency 

Iph: photocurrent 

ITO: indium-doped tin oxide 
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J-V: current density-voltage 

JSC: short-circuit current density 

K: Kelvin 

kB: Boltzmann constant 

kV: kilovolt 

L: liter 

Li-TFSI: Li-bis(trifluoromethanesulphonyl) imide 

LUMO: lowest unoccupied molecular orbital 

M: molar 

m: meter 

MA: methylammonium 

MABr: methylammonium bromide 

MAI: methylammonium iodide 

MALDI: matrix-assisted laser desorption/ionization 

MD: molecular dynamics 

meV: millielectronvolt 

mg: milligram 

MHz: megahertz 

min: minutes 

mM: millimolar 

mmol: millimol 

mp-TiO2: mesoporous-TiO2 

MPP: maximum power point 

MPPT: maximum power point tracking 

MS: mass spectrometry 

NBS: N-bromosuccinimide 

NHE: normal hydrogen electrode 

nm: nanometer 

NMR: nuclear magnetic resonance 

ns: nanosecond 

OFET: organic field effect transistor 
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p-: para- 

PCBM: phenyl-C61-butyric acid methyl ester 

PCE: power conversion efficiency 

PEDOT:PSS: poly(3,4-ethylenedioxythiophene) polystyrene sulfonate 

PL: photoluminescence 

PMA: phenylmethylammonium 

Pmax: maximum power 

PMMA: poly(methyl methacrylate) 

ppm: part per million 

ps: picosecond 

PSC: perovskite solar cell 

PTAA: poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] 

PV: photovoltaic 

PWh: petawatt-hour 

qxy: scattering observed in the plane of the substrate 

qz: scattering observed out-of-plane with respect to the substrate 

r: radius 

RH: relative humidity 

rpm. rotation per minute 

RS: reverse scan 

s: second 

S: siemens 

SCLC: space-charge limited current 

SEM: scanning electron microscopy 

spiro-OMeTAD: 2,2,7,7-tetrakis(N,N-di-p-methoxyphenylamine)-9,9-spirobifluorene 

T: temperature 

t: time 

TAT: Triazatruxene  

tBP: 4-tert-butylpyridine 

Td: decomposition temperature 

tG: Goldschmidt tolerance factor 
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TGA: thermogravimetric analysis 

THF: tetrahydrofuran 

THP: tetrahydropyran 

Tm: melting temperature 

TOPO: tri-n-octylphosphine oxide 

TrPL: transient photoluminescence 

UPS: ultraviolet photoelectron spectroscopy 

UV: ultraviolet 

UV-vis: ultraviolet-visible 

v: frequency 

V: Volt 

v/v: volume per volume ratio 

VB: valence band 

VBM: valence band maximum 

VOC: open-circuit voltage 

W: watt 

w/v: weight per volume ratio 

XPS: X-ray photoelectron spectroscopy 

XRD: X-ray diffraction 

XTOF: xerographic time-of-flight 

θ: diffraction angle 

λ: wavelength 

μ: charge mobility 

μ0: charge mobility at zero field strength 

μg: microgram 

μL: microliter 

μm: micrometer 
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Chapter	1	Introduction	
This chapter has parts based on the published review article: K. Rakstys C. Igci and M. K. Nazeeruddin. Chem. Sci., 2019, 10, 6748. 

DOI:https://doi.org/10.1039/C9SC01184F. 

Increasing population, technological developments and rising living standards have led to an increase in energy needs. According to 

the International Energy Agency (IEA), the global electrical energy consumption in 2020 was more than 25 Petawatt hours (PWh).1 

In addition, IEA estimated nearly 50% growth in the world energy consumption by 2050. However, according to 2020 data, 88.3% of 

the world's electrical energy needs are still produced from non-renewable energy sources.2 Traditional fossil-based fuels, such as 

coal, oil and gas, have direct negative impact to the environment such as climate change, warming of the earth, air pollution and 

acid rain. Considering the environmental effects and unsustainability of fossil fuels, renewable energy sources stand out as an 

important alternative. For this reason, the need for the development of renewable energy technologies is increasing day by day in 

order to cope with the political, economic and environmental problems involved in electricity generation. Research in renewable 

energy is moving to the forefront and becoming indisputably relevant for the future security of energy needs. Solar energy is an 

incredibly abundant, clean and sustainable resource among various renewable energy technologies, which remains underexploited 

to date. It shows us that solar cells' efficient and inexpensive energy conversion is vital for the global transition to a low-carbon 

society. 

In the most general sense, solar cells are electronic devices that convert the energy of electromagnetic waves into electrical energy. 

This conversion is called the photovoltaic effect and was first observed in 1839 by the French physicist A. Edmond Becquerel.3 

Becquerel's named the work as the generation of electric current when platinum or gold plates immersed in acidic, neutral or alka-

line solutions are exposed to solar radiation. The photovoltaic effect is based on the fact that an absorbed photon passes to a high-

er energy state by excitation of a charge carrier in the material. Although it took more than a century from the discovery of the 

photovoltaic effect to the construction of the first solar cell as a module, it has led to the rapid development of silicon based solar 

cells, both theoretically and experimentally. The first silicon solar cell in the literature was reported by Chapin, Fuller and Pearson in 

1954 and showed an efficiency of only 6%.4 In the 1970s, with the impact of wars and oil storage crises on scientific research, ad-

vances were made in photovoltaic (PV) technology and high-efficiency Si-based inorganic PVs began to be produced. Today, alt-

hough silicon-based solar cells are commercially dominant, they are insufficient to meet production costs and some industrial de-

mands due to high production cost and high energy demanding fabrication process. For this reason, the search for many different 

materials and methods for the production of cheaper and high-performance solar cells is increasing day by day. 

Perovskite solar cells (PSCs) are considered a promising and burgeoning technology for solar energy conversion with the power 

conversion efficiency, currently exceeding 25%.5 Instead of costly production of crystalline silicon, perovskite material, which is 

inexpensive and abundant, is obtained from a relatively very simple synthesis and is coated with conventional solution processing 

techniques. Dieter Weber first reported the unique structure and properties of the 3D perovskites of methylammonium lead triio-

dide (MAPbI3) in 1978.6 Then, the organic-inorganic hybrid halide perovskites were widely studied in the 1990s for the application 

in transistor technology and light emitting diodes, and further developed by Mitzi et al. due to their unique optoelectronic proper-

ties and easy solution process.7 The first perovskite solar cell just reported in 2009 with 3.8% PCE by Miyasaka et al. and MAPbI3 

organic-inorganic hybrid perovskite was used as a light absorbing material with a liquid electrode in dye-sensitized solar cells 
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(DSSCs).8 Perovskite-based solar cells have rapidly become the hottest topic in photovoltaics due to their unique optical and electri-

cal properties. A pioneering works in the design of conventional perovskite solar cells have been reported in 2012 by Kim et al.9 and 

Lee at al.10 The efficiency of the PSCs has jumped to 9.7% due to dramatical improvement by utilizing spiro-MeOTAD as the hole 

transporting material (HTM) and mesoporous TiO2 as the electron transport material (ETM) resulting in the solid-state meso-

superstructured perovskite solar cell. In addition, the lifetime of perovskite-based devices extended to 500h stable device opera-

tion with the help of new configuration. This golden step has triggered the start of the intensive studies of perovskite solar cells. 

The fast development of device engineering and perovskite composition allowed to improve up-to-date solar cells with over 25% 

PCE certified by National Renewable Energy Laboratory (NREL).5 In addition to achievement in the device performance, outper-

forming commercialized crystal semiconductor and other thin-film photovoltaic systems, the cost-effectiveness of perovskite mate-

rial and solution processed device manufacturing makes the perovskite solar cell technology inevitable. Today, it is promising to see 

the commercialization of perovskite material in the world with high efficiencies by creating perovskite-silicon tandem solar cells.  

Although perovskite solar cells have reached high power conversion efficiency, there are still several challenges limiting the indus-

trial realization. The actual bottleneck for real uptake in the market still remains the cost-ineffective components and instability, 

where doping-induced degradation of charge selective layers may contribute significantly. The other important key factors could be 

lists as hygroscopic nature of HTMs, pinholes in film morphology, humidity and thermal induced instabilities, interfacial degradation 

between HTM/Au interface and undesirable chemical interactions of HTM with the perovskite layer. One promising avenue to 

stabilize perovskite solar cells could be the appropriate choice of the dopant-free and the highly hydrophobic hole transporting 

materials or passivation material, acting as a protection layer from the moisture and prevent the diffusion into perovskite layer. In 

addition, perovskite is very sensitive to water and humidity, it requires a very robust encapsulation process. Another criticism is the 

toxic effects of lead, which is frequently used in the perovskite. Another key factor that plays a major role in the commercialization 

potential is the cost-ineffectiveness of HTM. To date, spiro-OMeTAD and PTAA are the hole transporting materials of choice rou-

tinely employed in order to maintain the highest efficiency. However, its prohibitively high price prevents progress towards low-

cost perovskite solar cell manufacturing. The reason resides in the complicated multi-step synthetic procedure, which is affordable 

in small quantities but is hardly scalable. It is directly related to the development of organic materials in the way of further ad-

vancement of perovskite technology and overcoming the problems. A deeper understanding of the relationship between small 

organic molecular structures and performance in perovskite devices is the most important goal placed in the focus of this thesis. 

 

 Perovskite	Solar	Cells	
Perovskite solar cell devices generate photocurrent by interface engineering consisting mainly of five thin-layer materials. Initially, 

incident photons interact with the photoactive perovskite light-absorbing material to form predominantly free electrons and holes. 

After photoexcitation, the electrons in the perovskite layer are transferred to the conduction band of the electron transporting 

layer (ETL) and the holes in the perovskite material are injected into the highest occupied molecular orbital (HOMO) level of the 

transporting layer (HTL). Finally, the electrons are collected on the anode, which is a transparent conductive oxide deposited on 

glass substrate. On the back side, the holes are gathered into the cathode, which is a metallic electrode with high working function. 

In the meantime, it is expected that the kinetic processes of intrinsic radiative recombination, contact characteristics of electrode, 

charge accumulation and diffusion lengths of the charge carriers greatly control the limit of photovoltaic conversion efficiency of 

the perovskite devices. 

 



Introduction 

25 

1.1.1 Perovskite	Materials	
Perovskite minerals first discovered in the Ural Mountains of Russia in 1839 as CaTiO3 is named after the Russian mineralogist Lev 

Perovski. In fact, it is found in abundance and in various forms and a yellow, brown, or black mineral of in the mantle layer of the 

world in inorganic form. The lattice structures of perovskites are in cubic phase. The general form of inorganic perovskites is indi-

cated by ABO3 and has a crystallographic structure. In this structure, the A mono-valent cation (A = Ca, Sr, Ba, Pb) is shared with 12 

O monovalent anions and this part forms the cubic octahedral crystal structure. The smaller B bi-valent cation (Ti) is shared by 6 O 

anions and forms the octahedral crystal structure side.11,12 Perovskite minerals began to attract attention in research in the 1940s, 

after the discovery of the dielectric and ferroelectric properties of the perovskite material BaTiO3. In 1920s, the first perovskite in 

ABX3 composition was identified in Goldsmith's tolerance factor studies.13 An ideal stable three-dimensional (3D) perovskite struc-

ture has cubic symmetry and the cubic octahedral holes between voids of the crystal are filled with A cations (Figure 1.1). If the A 

cations are small or the B cations are too large, the tolerance factor falls below one and orthorhombic, rhombohedral or tetragonal 

structures are formed instead of the ideal cubic structure. In the other case, if the A cation is too large, two-dimensional (2D) su-

perstructures or compositions have been described in the literature. Recently, 2D and 2D-3D mixtures have also been used in solar 

cell studies, as they show greater resistance to moisture compared to 3D perovskite structures.14 The bulky organic cations in 2D 

perovskites can provide a steric barrier for surface water adsorption, which improves the long-term stability of PSCs. Because 2D 

perovskites have wide optical bandgap and limited charge transport, they are generally not a good choice as an absorber for solar 

cell application. Instead, 3D perovskite structures are generally used as solar cell absorbers for the devices that can generate elec-

tricity efficiently. 

 

Figure 1.1 Schematic illustration of 3D perovskite structure. 

 

1.1.2 Organic-Inorganic	Perovskites	
The organic-inorganic hybrid perovskite structure has crystals with general stoichiometry ABX3 and ideally has a cubic symmetry 

configuration wherein A site is a monovalent organic methylammonium (CH3NH3+, MA+), formamidinium (NH2=CH3NH2+, FA+) or 

inorganic cation (Cs+, Rb+), B is a divalent metal cation (Pb2+, Sn2+, or Ge2+) and X stands for halide anion (I-, Br-, or Cl-).  The pure 

MAPbI3 form has a band-gap of 1.57 eV with the optical absorption onset is at 800 nm and its absorption coefficient is extremely 
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high throughout the visible spectrum and part of the infrared.15 Although pioneering work in perovskite structure was MAPbI3 due 

to its excellent optoelectrical properties such as broad absorption spectrum, high absorption coefficient, high charge carrier mobili-

ty, low exciton binding energy, long electron and hole diffusion length, current research is evident that the increase in efficiency 

and stability of the  perovskite-based solar cells (PSCs) is possible by combining more complex multi-cation and mixed-anion com-

positions of the perovskite absorber layer.16, 17 The cation and anion tuning on the perovskite structure can effectively change opto-

electronic properties of the organic-inorganic hybrid perovskite structure. One of the important modifications of metal-organic 

perovskite compounds is that the band gap can be adjusted by changing or mixing the halide groups in the structure. As the ionic 

diameter of the halogen atom used decreases, the band gap of the perovskite increases.18 This enables smart perovskite designs 

according to the applications in tandem or organic light-emitting diode (OLED) devices. The effects of tuning the organic cations 

with different molecules on the perovskite system have been studied in the literature. It has been observed that FAbI3 exhibits 

higher photocurrents when a slightly larger FA cation is used instead of MA cation in perovskite structure.19 The larger the cation, 

the more energy is required for the cation to settle between the PbI2 layers. Therefore, FAPbI3 compounds are annealed at higher 

temperatures than MAPbI3 and they are unstable at room temperature with ⍺-FAPbI3 phase. However, stability was achieved using 

the FA/MA mixture with (FAPbI3)0.85(MAPbBr3)0.15 perovskite formulation and the perovskite devices performed better than the 

single cation counter-part.20 After, the triple cation formulation was developed by Saliba et al. with the addition of cesium cation, 

and the perovskite formulation of [CsPbI3]x[(FAPbI3)0.85(MAPbBr3)0.15]1-x was examined.21 With further increased complexity in 

(Cs/FA/MA) triple cation-based perovskite materials, it showed higher efficiency, improved photovoltaic performance, better re-

producibility and higher long-term stability compared to FA/MA mixture. Cesium-containing triple cation perovskites are attracting 

significant attention and are used in our research as they have been validated in improving not only the stability but also the pho-

tovoltaic performance of PSCs. 

 

1.1.3 Inorganic	Perovskites	
As a solution to the poor thermal stability of hybrid organic-inorganic perovskite materials, all-inorganic perovskite structures with-

out volatile organic components have become an important research topic.22 The thermal stability of CsPbX3 (X = Cl, Br, and I) ma-

terials which may be compositionally stable even at temperatures exceeding 400°C, is significantly improved by replacing the or-

ganic ions in region A with inorganic cesium ions. Among the various inorganic monovalent cations, Cs+ is reported to be the most 

feasible candidate to substitute the organic cations.23 The size of Cs+ satisfies the geometrical constraints of the perovskite struc-

ture to establish the continuous array of corner-sharing PbI6 octahedra.24 In literature, the efficiencies of all-inorganic Pb-halide 

PSCs have exceeded 20% in an n-i-p structure, which was achieved by the tetragonal (β) CsPbI3 perovskite with an ideal bandgap of 

1.68 eV for photovoltaic application.25 However, the imperfect Goldschmidt tolerance factor of black phase CsPbI3 determines that 

their PbI6 octahedra tends to rotate when catalyzed by H2O, which induces a rapid phase transition to the non-photovoltaic yellow 

δ phase.26 Since the photoactive black phase of these perovskites can be stabilized at high temperature, many studies are carried 

out aiming to stabilize the black phase α-CsPbI3 at room temperature, such as additive engineering, interfacial passivation and 

nanocrystal growth.24,27,28 However, the results of the strategies applied to increase the stability and obtain a high-efficiency device 

show that research on the subject needs to be continued. In the third chapter of the thesis, a new strategy for all-inorganic perov-

skite devices was discussed with a dopant-free HTM, which provides high efficiency and high stability at room temperature. 
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 PSC	Architectures	and	Operating	Mechanism		
Hybrid lead halide perovskites can cumulate the function of light absorption with n- and p-type conductions.29 This ambipolar 

charge transport property of perovskite makes the design of PSCs quite versatile. The common device architecture is composed of 

five layers, which allow several combinations of materials: transparent electrode, n-type semiconducting electron transporting 

material (ETM), photoactive perovskite, p-type semiconducting hole transporting material and metallic electrode. Depending on 

the structure of the n-type layer, PSCs can be catalogued into mesoscopic or planar heterojunction structures, where both can be 

further divided into two categories variating on the position of the p-type and n-type selective contact materials.30 Up to now, two 

different single junction architectures for perovskite solar cells have been developed, conventional (n-i-p) and inverted (p-i-n) con-

figuration (Figure 1.2a). Perovskite is an intrinsic semiconductor (i), the HTM is p-doped and the ETM is n-doped layer.31 The 

mesoscopic n-i-p and inverted p-i-n PSC device configurations show the highest performance reaching over 25%.5 In conventional 

mesoscopic architecture, typically the glassy transparent electrode fluorine-doped tin oxide (FTO) is coated with the compact ETL 

made from TiO2 and the additional mesoscopic TiO2 scaffold is used on top, following by infiltration with photoactive perovskite 

material. A hole transporting layer is deposited on top of the perovskite, followed by the evaporation of a metallic top electrode, 

usually made of a high work function metal, such as gold, whereas inverted planar architecture has swapped charge selective con-

tacts (Figure 1.2a). Although inverted perovskite devices typically have a higher stability with hysteresis-free behaviour, conven-

tional devices have demonstrated to be superior in terms of power conversion efficiency. Moreover, since the perovskites have 

been proved to be ambipolar semiconductors, device architectures of PSCs that employ only one of the two selective contacts, such 

as ETM-free or HTM-free have been demonstrated.32 However, these typically fail to produce high PCE, therefore it is generally 

agreed with the view that both the electron and hole selective contact materials are vital to reach high performance in PSCs. 

The simplified operating mechanism and key charge-transfer processes of the typical PSCs are shown in Figure 1.2b Incident pho-

tons excite the perovskite light harvesting layer through the transparent electrode, leading to the photogeneration of electron-hole 

pairs in the material. Electrons are separated (1) from the holes and injected (2) into the conduction band (CB) of the electron 

transporting material before migrating to the anode. Meanwhile, the holes generated in the perovskite are transferred (3) to the 

HOMO level of the hole transporting material, before injection of the hole into the cathode. Electron and hole injections occur 

quite efficient due to the high diffusion lengths of charge carriers. Undesirable charge transfer (CT) processes such as back CT re-

combination of the charge carriers at three ETM/perovskite/HTM interfaces also occur (4-6), including non-radiative recombination 

(7). In the meantime, it is expected that the kinetic processes of intrinsic radiative recombination, contact characteristics of the 

electrode, charge accumulation and diffusion lengths of the charge carriers greatly control the limit of photovoltaic conversion 

efficiency of the perovskite devices.16,17 

The applied technique for the evaluation of the photovoltaic performance of perovskite solar cell is the current density-voltage (J-

V) measurement and determines the photovoltaic parameters of PSCs. J-V measurement is done by applying an external potential 

bias to the cell while measuring the current response. The photovoltaic parameters for PSCs can be listed as short-circuit current 

photocurrent density (JSC), open circuit voltage (VOC), fill factor (FF), incident photon-to-current conversion efficiency (IPCE) and 

maximum power (Pmax). The J-V measuring of perovskite solar cells should be performed under illumination with standard test 

conditions so that test results can be reliably compared with each other. The standard test conditions are defined as 1 sun intensi-

ty, which means the total irradiance of the light source is 1000 W/m2 with the air mass (AM) 1.5G illumination.  
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Figure 1.2 a) Structure of conventional mesoscopic n-i-p and inverted planar p-i-n device configurations; b) schematic illustration of energy levels 
and charge-transfer processes in different architecture PSCs. 

 

 Hole	Transporting	Materials	for	PSCs	
HTM is important active material in PSC, responsible for efficient hole extraction at the perovskite/HTM interface and preventing 

undesirable charge recombination processes, leading to improvement in the performance of the device. For efficient device opera-

tion, well-aligned energy level of HTM with perovskite is crucial: HOMO level must be less negative than that of perovskite for 

efficient hole injection, while the high-lying LUMO level will ensure low electron affinity enabling beneficial electron blocking prop-

erties. An ideal HTM candidate should also have high hole mobility to reduce losses during hole transport to the contact, as well as 

sufficient conductivity. HTM has to be well soluble and should not require strong polar and protic solvents, as such solvents may 

dissolve the perovskite layer. Furthermore, since perovskites are known to be sensitive to moisture and oxygen, the hole transport-

ing layer should act as protection from the air and prevent the diffusion of external moieties, therefore high thermal and photo-

chemical stability, as well as high hydrophobicity, are desirable properties of HTM to resist from degradation factors and ensure 

long-term durable PV operation. On the other hand, to ensure low-cost perovskite solar cell manufacturing, an ideal HTM candidate 

has to be easily affordable by simple synthetic schemes with a minimized number of steps and easy workup and purification proce-

dures for cost-effective upscale.  
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Figure 1.3 Chemical structures of 2,2’,7,7’-tetrakis-(N,N’-di-p-methoxyphenylamine)-9,9’-spirobifluorene (spiro-OMeTAD) and poly[bis(4-
phenyl)(2,4,6-trimethylphenyl)amine] (PTAA). 

 

To date, 2,2’,7,7’-tetrakis-(N,N’-di-p-methoxyphenylamine)-9,9’-spirobifluorene (spiro-OMeTAD) and poly[bis(4-phenyl)(2,4,6-

trimethylphenyl)amine] (PTAA) are is still dominating the field and has been selected as the benchmark HTM to achieve high PCE 

values for PSCs.33 Organic p-type semiconductor spiro-OMeTAD is the first report as HTM in ssDSSC two decades ago. It has a HO-

MO level around -5.1 eV, exhibits a hole mobility in the range of 10-5 to 10-4 cm2 V-1 s-1 and has high solubility in organic solvents 

such as toluene or chlorobenzene, giving almost colourless thin films. However, the tedious multi-step synthesis of spiro-OMeTAD 

makes it prohibitively expensive and cost-ineffective. Typically, high-purity sublimation-grade spiro-OMeTAD is required to obtain 

high-performance devices. Moreover, it has been demonstrated as a limiting factor for the long-term stability of the device.34 

Among the polymers, p-doped PTAA has also become popular and been used to achieve record efficiencies.35 The superior perfor-

mance of PTAA arises from the exceptional hole mobility (10-3 – 10-2 cm2 V-1 s-1). However, it is extremely expensive reaching the 

price of ~2000 $/g. The hole transporting materials of choice routinely employed in order to maintain the highest efficiency, how-

ever, its prohibitively high price hinders progress towards low-cost perovskite solar cell manufacturing and may contribute to more 

than 30% of the overall module price. The reason resides in the complicated multi-step synthetic procedure, which is affordable in 

small quantities but is hardly scalable. Another key factor that plays a major role in the commercialization potential is the stability 

of the device. Additionally, wide bandgap hole transporting materials typically require doping in order to match necessary electrical 

conductivity and the use of additives is problematic, since hygroscopic nature of doping makes the hole transporting layer highly 

hydrophilic leading to chemical degradation and negatively influences the stability of the entire device. One promising avenue to 

stabilize perovskite solar cells could be the appropriate choice of the dopant-free and the highly hydrophobic hole transporting 

materials, acting as a protection layer from the moisture and prevent the diffusion of external moieties. To improve the gaps in the 

field, a huge research interest directed into new HTM candidates has been raised to find a better understanding in relationship 

between the HTM and PSC performance. A large number and different types of HTMs have been reported so far, based on organic 

and inorganic nature, where organic HTMs can further be divided into small-molecules and conducting polymers. 
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1.3.1 Chemical	Doping	for	Hole	Transporting	Materials	
Chemical doping is an important method in organic electronics to enhance device efficiency by controlling the energy levels, in-

creasing the conductivity, and reducing ohmic losses in charge transport layers and injection barriers at the interface with the elec-

trodes.36 The basic principle of p-doping in organic semiconductors is that additional mobile charge carriers are generated by elec-

tron acceptors, which remove electrons from the HOMO to generate holes of an intrinsic HTM by chemical oxidation.37 The intro-

duction of additional charge carriers leads to an increased charge carrier density in the organic semiconductor by redox reactions, 

resulting in higher conductivity. The key requirement for efficient doping process is the suitable electron affinity of the dopant with 

respect to the energy levels of an organic semiconductor. When the HTM oxidized by dopant, the singly occupied molecular orbital 

(SOMO) level of the dopant material become slightly deeper than HOMO level of the undoped material. In this case, electrons able 

to flow from pristine material to dopant material by charge hopping. The existing trap states of the materials also can be filled with 

additives, resulting in improved conductivity. With the increase in the conductivity of dopant HTL, the series resistance of the mate-

rial also decreases, which causes an increase in the fill factor in solar cells. 

Traditionally, the hole transporting layer of PSCs is heavily doped with p-type dopants to provide the necessary electrical conductiv-

ity for the state-of-art spiro-OMeTAD and another wide bandgap HTMs. Numerous p-type dopants have been developed and real-

ized including 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4TCNQ), benzoyl peroxide, copper (II), and cobalt (III) com-

plexes (Figure 1.4). To date, the combination of second-generation cobalt complex-based tris(2-(1H-pyrazol-1-yl)-4-tert-

butylpyridine)cobalt(III) tri[bis(trifluoromethane)sulfonimide] (FK209) and lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) with 

additive of 4-tert-butylpyridine (tBP) as morphology controller are routinely employed to improve the conductivity of HTMs.38,39 

Recently, incorporation of ZnTFSI2 as a dopant showed increased hole mobility and long-term operational stability.40  

 

Figure 1.4 Chemical structures of different p-type dopants for HTMs employed in PSCs. 

 

1.3.2 Molecular	doped	HTMs	
It is worth noticing that the first novel hole transporting materials for perovskite solar cells have started to be published in 2014, 

about a year after perovskite photovoltaic topic has started. Up to now, various HTM-based articles were reported, including inor-

ganic, organic molecular and polymeric materials. Spiro-OMeTAD is dominating the field and despite the high price (~350 $/g) 

routinely employed as highly efficient reference material for the research interests. This comes mainly because it is widely available 

and well-studied since it was commercialized decades ago. However, the cost-effective industrial potential for practical applications 

is hardly probable. Therefore, huge research interest directed into new HTM candidates has been raised to find an ideal HTM, 

which would be easily scalable for reasonable cost as well as for a better understanding the relationship between the HTM struc-

ture and PSC performance. As a result of spiro-OMeTAD, many research groups have been focused on spiro-type compounds and 

tried to improve the PCE with slight structural modifications. Some representative examples of these modifications are listed (Fig-
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ure 1.5). Xu et al. have reported X60, where the spirobifluorene central core is replaced by spiro[fluorene-9,9’-xanthene] (SFX), 

which is synthesized by a one-pot approach condensing 4-bromophenol and 2,7-dibromo-9-fluorenone as the starting materials. 

This allowed to reduce the price of the final product by thirty times comparing with that of spiro-OMeTAD. Moreover, the insert of 

oxygen bridge into the structure leads to improved hole mobility and device performance of 19.8%.41 Chiykowski et al. judiciously 

studied redox and thermal properties of SFX-based HTMs bearing TPA groups. It was determined that TPA groups positioned about 

the conjugated fluorene moiety increase the free energy change for hole-extraction from the perovskite layer, while TPAs about 

the xanthene unit governs the Tg values and hole mobility. 4-fold HTM-FX and HTM-FX’ exhibited PCE of 19.5% and 20.8%, respec-

tively.42 Also, fluorene-terminated spiroOMeTAD alternative DM has been reported reaching the efficiency of 23.2%. Such high PCE 

is achieved by the careful optimization of the different amounts of additives (LiTFSI and tBP) in the HTL. Without additives, or with 

only small amounts of additives, the PCE of the device is very low because the conductivity of DM is not high enough. Encapsulated 

device using DM maintained 92.6% of its initial PCE value after 310 h under continuous illumination condition proving its enhanced 

thermal stability comparing with spiro-OMeTAD.43 Two-fold dimethoxydiphenylamine-substituted X59 was reported with an identi-

cal device performance as predecessor X60 and almost no hysteric behaviour, showing that diphenylamine units on the xanthene 

do not play a major role, therefore it was further functionalized with covalently linked differently substituted pyridine groups.44 

This allowed to realize 4-t-butylpyridine (tBP)-free PSCs with improved stability compared with that of spiro-OMeTAD-based solar 

cell that contained tBP as an additive. Para-position substituted pyridine-based XPP showed the highest performance of 19.5% 

among the series, due to the fact that both nitrogen atoms in XPP can easily form a strong chemical bonding with the Pb atoms, 

while the ortho- and meta-anchored molecules can only contribute with one nitrogen atom binding to the Pb.45 However, the pyri-

dine anchors slightly lowered the performance once compared with X59. Zhu and co-workers reported carbazole incorporating 

spiro core. Carbazole-based single-spiro-HTM named SCZF-5 reached PCE of 20.1%.46 Carbazole derivatives have been intensively 

studied since it has interesting features such as the low-cost of the 9H-carbazole starting material, good chemical and environmen-

tal stability provided by the fully aromatic unit, as well as easy incorporation of a wide variety of functional groups into the nitrogen 

atom that allows better solubility and fine tuning of the electronic and optical properties.47 3,6-Dimethoxydiphenylamine-

substituted carbazoles as donor units in the periphery were widely used to tune the HOMO level of the molecule. 

Figure 1.5 Chemical structures of different spiro-based HTMs. 
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In HTM literature another important design strategy is come from nitrogen-containing central scaffolds (Figure 1.6). Among them, 

PCE has been further improved with aniline-based enamines using the same straightforward synthetic protocol. Three diphe-

nylethenyl moieties containing V1091 showed excellent hole mobility of 1.7 × 10−2 cm2 V–1 s–1 leading to the PCE of 20.2%, while 

V1056 showed the slightly lower performance of 18.7%.48 Triazatruxene (TAT) is a star-shaped, planar structure consisting of three 

indole units fused to a benzene ring. TAT has become a widely used core structure for HTMs due to its strong electron donating 

properties, strong π–π intermolecular interactions, easily modifiable photophysical and electrochemical properties, and high hole 

mobility. Planar and large aromatic surface of TAT core can overlap with each other for efficient intermolecular charge transfer. It 

also able to stabilize the oxidized radical cation by the nitrogen atom of indole moiety during operation.49 TAT core derivatives can 

be obtained by two different synthetic approach. One of the approaches for the synthesis of TAT core is carried out by cyclotrimeri-

zation reaction of indole starting material with bromine reagent. Then, reductive dehalogenation can be applied to obtain 

triazatruxene under mild conditions.50 The other approach is that TAT can be obtained in one step by POCl3–promoted trimerization 

of 2-indolinone. The tribrominated TAT derivative (3), obtained in three steps from 2-indolinone as shown in Scheme 1.1, is a versa-

tile starting material for the synthesis of TAT-based HTMs. For the preparation, the commercially available 2-indolinone has a tri-

merization reaction with heat in the presence of phosphoryl chloride to able to obtain tris-N-unsubstituted-TAT (1). This is followed 

by the alkylation reaction to increase the solubility of the final HTM, performed under basic conditions with excess alky halide. 

Then, bromination reaction performed with regioselectivity in the presence of N-bromosuccinimide (NBS) to finally obtain to 

3,8,13-tribromotriazatruxene (3), which could be further functionalized by Ullmann, Suzuki and Buchwald–Hartwig coupling reac-

tions.51 This approach provides the optimal synthetic approach for the preparation of TAT in terms of yield and reaction time. In 

one of the earliest reports, 18.3% device performance was achieved employing triazatruxene-based KR131, which exhibited surface 

interaction with perovskite material resulting efficient hole injection from the valence band of perovskite into the HOMO of HTM 

and outperforming the reference spiro-OMeTAD.50 Another triazatruxene HTM TAT-tBuSty was reported reaching PCE of 20.3%.52 

Cho and co-workers reported fluorinated indolo[3,2-b]indole-based derivative IDIDF.53 A planar π-conjugated backbone linked with 

a flexible alkyl chain enabled a formation of the molecular stacked arrangement by strong π-π interaction, leading to improved hole 

mobility, and PCE of 19.8%.  

 

 

Scheme 1.1 The preparation of the triazatruxene derivative (3) as a central core. a) POCl3, 100 °C; b) 1-iodohexane, NaH, DMF, 120 °C; c) NBS in 
DMF, CHCl3, 25 °C. 
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Figure1.6 Chemical structures of from nitrogen-containing central scaffold HTMs. 

 

HTMs based on sulfur-rich benzotrithiophene (BTT) core was intensively studied as such fused systems are known to maximize the 

π-orbital overlap, inducing face-to-face π-stacking and facilitating charge transport through intermolecular hopping (Figure 1.7). 

Star-shaped BTT-3 was firstly reported with optimized HOMO level, showing an excellent band alignment with the perovskite, 

leading to the PCE of 18.2%.54 Encouraged by this result, Garcia-Benito et al. have further studied the impact of isomerism on BTT-

based HTMs.55 It was found that cis arrangement of the sulfur atoms facing each other in the core of BTT-4 may further benefit the 

interaction with the perovskite, leading to impressive PCE of 19%, while the 4-fold isomeric form of BTT-5 showed 18.2%, respec-

tively. Heteroatom effect (N, O, and Se) was studied yielding benzotripyrrole (BTP), benzotrifuran (BTF), and benzotriselenophene 

(BTSe) central cores, respectively. From single-crystal diffraction, it was found that BTF-1 shows tighter molecular π–π interactions 

than BTT-3 and BTSe-1. However, the best PSC performance of 18.5% was achieved with BTSe-1, while BTF-1 showed the slightly 

lower result of 18.2%.56 Benzodithiophene (BDT) and more extended sulfur-rich core anthratetrathiophene (ATT) were also used as 

scaffolds for novel HTMs. Sandoval-Torrientes et al. reported TTPA-BDT molecule with four-fold substitution bringing the perfor-

mance (η = 18.1%) close to BTT analogs.57  

The benzo[1,2-b:4,5-b0]dipyrrole (BDP) is a pyrrole-based heterocyclic small molecule. The OLED application of the BDP-based 

materials showed that the high molecular planarity of BDP core can facilitate the intermolecular π-π interaction and can enhance 

the charge transport properties. In addition, the BDP unit has a good carrier mobility and compatible energy level with perovskites, 

which can further promote hole extraction.58 Although BDT core is widely studied for high efficiency perovskite solar cells, BDP, the 

nitrogen analog of the sulfur-based heterocycle, core has only one example in the HTM literature.59 The study applied 2,3,6,7-

tetraphenylbenzodipyrrole core with alkanediylsulfonate anion side chains (BDPSOs) on the inverted-structure perovskite solar cell. 

Sulfonate salts of alkylated BDPs were shown to have transparent films, well aligned HOMO levels with the perovskite (-5.21/-5.37 

eV), with hole mobility reasonably close to or slightly higher than spiro-OMeTAD. The position of fluorine atoms on the aryls was 

changed and the best compound, 3F-br-4C, showed a PCE of 17.2% with minimal hysteresis. The solar cell devices fabricated using 

BDPSOs showed good storage and operational stability, with PCE retention >90% while stored in a glove box under nitrogen.59 
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Figure 1.7 Chemical structures of benzodithiophene (BDT), benzotrithiophene (BTT), benzotrifuran (BTF), benzotriselenophene (BTSe) core based 
HTMs. 

 

As a result, tremendous efforts have been made to develop new alternative low-cost and efficient HTMs to replace Spiro-OMeTAD. 

Organic small molecule doped HTMs are the most widely developed group in PSCs due to their synthetic diversity, tunable proper-

ties, high purity and simple solution. Among them, selected HTMs were examined and summarized photovoltaic parameters are 

listed in Table 1.1. However, although the performance of PSCs is dramatically enhanced, most of the reported high-efficiency 

doped HTMs are suffering from rapid degradation and are limited to a very short operation lifetime up to a few months. 

 

ID JSC (mA cm-2) VOC (V) FF PCE (%) Ref. PCE (%)a 

TTPA-BDT 23.0 1.07 0.736 18.1 17.7 

BTT-5 22.50 1.10 0.733 18.17 18.9 

BTF-1 21.31 1.106 0.772 18.2 18.0 

BTT-3 21.9 1.065 0.767 18.2 18.1 

KR131 20.7 1.145 0.77 18.3 17.9 

BTSe-1 21.88 1.065 0.795 18.5 18.0 

V1056 22.1 1.07 0.79 18.7 20.2 

3-F-br-4Cb 20.2 1.06 0.80 17.2 - 

BTT-4 23.04 1.090 0.753 18.97 18.9 

HTM-FXd - - - 19.5 20.4 

XPPc,d 23.18 1.12 0.75 19.5 16.5 
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X59 23.4 1.13 0.73 19.8 20.8 

IDIDF 23.6 1.06 0.792 19.8 16.8 

X60 24.2 1.14 0.71 19.84 - 

SCZF-5d 24.40 1.11 0.74 20.1 19.11 

V1091d 22.5 1.11 0.81 20.2 20.2 

TAT-tBuStyd 22.1 1.15 0.8 20.3 20.3 

HTM-FX’d - - - 20.8 20.4 

DM 24.91 1.144 0.812 23.2 21.3 

Table 1.1 Photovoltaic performance of the perovskite devices employed with selected doped small molecule-based HTMs sorted by PCE of champi-
on device. aSpiro-OMeTAD or PTAA were used as the reference in most of the cases; bp-i-n device architecture; ctBP-free composition; dplanar 
device architecture. 

 

1.3.3 Molecular	doped-free	HTMs	
The long-term stability of PSCs is one of the critical issues that need to be addressed for their commercial applications. A promising 

solution for stabilizing PSCs is the appropriate choice of dopant-free HTMs. Removing the dopants has already been demonstrated 

to be very effective towards improved device stability. Therefore, many research groups have been focused on dopant-free HTMs 

and tried to improve the PCE with higher device stability. Some representative examples of these modifications are listed (Figure 

1.8) and summarized photovoltaic parameters of the HTMs are showed in Table 1.2.  Huang et al. presented dopant-free truxene-

based HTM decorated with three diarylamine groups, and six hexyl side chains, adopting a planar, rigid, and fully conjugated mo-

lecular geometry. PSCs fabricated under p-i-n architecture using Trux-OMeTAD showed a high PCE of 18.6% with minimal hystere-

sis.60 Anthanthrone dye based molecule TPA-ANT-TPA has been reported by Pham et al. and reached 17.5% PCE using no regular 

doping.61 Hazmi et al. reported dopant-free molecules, based on dibenzothienopyrrole equipped with diphenylamine donors tuned 

with differently positioned methoxy groups.62 Meta-substituted mDPA-DBTP showed the highest performance among the series 

reaching PCE over 18%. Notably, devices based on dopant-free mDPA-DBTP retained 81% of its original PCE after 33 days of stor-

age, during which the doped spiro-OMeTAD devices lost their PCE completely. m-MTDATA has been reported to reach a PCE as high 

as 18.12% for simple solution-processed inverted PSCs with JSC of 22.50 mA/cm2, VOC of 1035 mV and FF of 0.778. Furthermore, m-

MTDATA based devices without any encapsulation showed significantly better stability than the PEDOT: PSS based devices after 

1000 h exposure to the ambient environment with a humidity of 30 RH%.63 Another commercial example TAPC has been demon-

strated as an efficient HTM in p-i-n configuration PSC. By adopting TAPC as the HTL, the best device achieved a PCE of 18.80% with 

minor hysteresis and increased stability device without any encapsulation.64 Li with co-workers presented a simple polycyclic 

2,5,9,12-tetra(tert-butyl)diacenaphtho[1,2-b:1ʹ,2ʹ-d]thiophene dopant-free HTM coded as PCA-1 with PCE of 18.17%.65 Simple 

design of TPAC3M dopant-free HTM has been reported by Park et al.66 Fabricated p-i-n inverse type planar PSCs with configuration 

ITO/TPAC3M/CH3NH3PbI3/PCBM/ZnO/Al exhibited 17.54%. 
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Figure 1.8 Chemical structures of the efficient dopant-free hole transporting materials applied in PSC. 

 

Donor – π-bridge – acceptor (D–π–A) type dopant-free HTMs have great potential to show high charge carrier mobility due to 

strong dipolar intermolecular interaction, minimizing ohmic losses of the contact. Moreover, they combine the advantages of both 

small molecules like well-defined structures, and polymers, like good thermal, electrochemical and photochemical stability, togeth-

er with high solubility and suitable wetting on the perovskite. Typically, they are composed of planarized central unit inducing the 

formation of the molecular stacked arrangement by strong π-π interaction linked to a strong accepting unit and equipped with 

flexible alkyl chains leading to improved hole mobility. D–π–A-type HTM coded as FA-CN was reported, incorporating a fused quino-

lizino acridine donor with alkyl-substituted terthiophenes and malononitriles as acceptors. Optimized devices with dopant-free FA-

CN showed an impressive PCE of 18.9% with superior long-term stability under full illumination for 1300 h.67 Changing the quinoliz-

ino acridine central core to triazatruxene yielded KR321 HTM with slightly improved performance of 19% due to highly ordered 

characteristic face-on organization leading to increased vertical charge carrier transport.68 Bharath et al. reported D–π–A type 

ICTH2 HTM based electron-donating dithieno[3,2-b:2ʹ,3ʹ-d]pyrrole and electron-accepting dicyanovinylene moieties imparting high 

intramolecular charge transfer nature and eliminating the need of additives or dopants during the fabrication of solar cell devices.69 

PSCs with ICTH2 HTM showed PCE of 18.75% with an active area of 2.04 cm2. D–A–D type HTM YN2 featuring triphenylamine as the 

donor along with thienopyrazine unit as the acceptor has been presented by Xu et al. The YN2-based PSCs affords an impressive 

PCE value of 19.27% with VOC of 1.11 V, a JSC of 23.15 mA cm-2 and an FF of 0.75.70 D–A type and branched structures have been 

proven as two major design strategies to prepare high performance dopant-free HTMs. Such molecules enable better intermolecu-
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lar interactions towards the increase of the charge mobility. In general, the doping process is not required for efficient hole 

transport and collection if HTM can exhibit hole mobility as high as 10-4 – 10-3 cm2 V-1 s-1.   

 

ID JSC (mA cm-2) VOC (V) FF PCE (%) Ref. PCE (%)a 

TPA-ANT-TPA 21.07 1.03 0.796 17.5 16.8 

TPAC3Mb 22.79 1.00 0.78 17.54 12.6 

CuPc-OBu 22.8 1.06 0.73 17.6 18.8 

CuPrPcc 23.2 1.01 0.76 17.8 17.5 

V1036b 21.9 1.09 0.81 17.8 19.2 

mDPA-DBTPc 21.13 1.12 0.76 18.09 17.82 

m-MTDATAb 22.50 1.035 0.78 18.12 13.44 

PCA-1c 22.30 1.062 0.767 18.17 18.30 

NiPc-(OBu)8 23.1 1.08 0.734 18.3 19.4 

Trux-OMeTADb 23.2 1.02 0.79 18.6 16.3 

ICTH2 24.78 1.03 0.735 18.75 14.74 

TAPCb 22.32 1.04 0.811 18.8 12.9 

FA-CN 21.71 1.13 0.77 18.9 19.2 

KR321 21.70 1.13 0.78 19.03 19.01 

YN2 23.15 1.11 0.75 19.27 17.80 

Table 1.2 Photovoltaic performance of the perovskite devices employed with dopant-free small molecule-based HTMs sorted by PCE of champion 
device. aDoped spiro-OMeTAD or PEDOT: PSS were used as the reference in most of the cases; bp-i-n device architecture; cplanar device architec-
ture. 

 

1.3.4 Polymeric	doped-free	HTMs	
Polymers are potentially attractive HTM candidates in perovskite solar cells since they typically present good stability, processabil-

ity, mechanical flexibility and film uniformity with tunable energy levels. Both, high density and hydrophobicity of polymers are also 

very important for protecting the perovskite layer from moisture in the ambient, therefore enhancing PSC lifetime. Three different 

kinds of polymers are mostly used as HTMs for perovskite solar cells including homopolymer, copolymer, and D–A copolymer types. 

The class of polymeric HTMs have been found as very effective for highly efficient and stable PSC. Chemical structures of the se-

lected D–A copolymer types dopant-free polymeric hole transporting materials applied in PSCs are listed in Figure 1.9 and summa-

rized photovoltaic parameters of the HTMs are showed in Table 1.3. D–A type copolymers have been found as very effective do-

pant-free HTMs as such design strategy can ensure high hole mobility and enhanced device stability by rationally implementing 

different donors and acceptors. In addition, the introduction of suitable side chains into their conjugated backbones may form two-

dimensional polymers with effectively tuned morphological properties. Lee at al. reported D–A type copolymer asy-PBTBDT com-

prising benzo[1,2-b:4,5:bʹ]dithiophene (BDT) and benzothiadiazole (BT) as donor and acceptor units, respectively.71 Introduction of 

asymmetric alkoxy substituents on BT units produced irregularity within a repeating unit of the polymer resulting that it is not only 
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soluble in common organic solvents, but also highly soluble in the green solvent 2-methylanisole, which is  known food additive. 

The best device employing dopant-free asy-PBTBDT reached a PCE of 18.3%, which is equivalent to the results obtained by the best 

control device employing doped spiro-OMeTAD. The performance was significantly improved using another BDT and BT based 

copolymer PTEG reported by Kim and co-workers.72 Here, side chains were further engineered by installing tetraethylene glycol 

(TEG) chains on BT units. TEG groups improve solubility by enhancing dipole-dipole interaction with the solvent. Moreover, flexible 

TEG groups can affect hole mobility by preventing backbone twisting and increasing π-π stacking. An improvement in the contact 

between perovskite and PTEG occurs because the surface energy of TEG groups is higher than that of alkyl groups. Dopant-free 

PTEG-based device achieved an impressive efficiency of 19.8% with a JSC of 22.5 mA cm-2, a VOC of 1.14 V, and a FF of 0.77 in planar 

PSC. Cai et al. reported three HTMs comprising a carbazole donor moiety, flanked by two thienyl groups that are co-polymerized 

with a pristine or functionalized BT unit with two methoxy or octyloxy substituents, resulting PCDTBT, PCDTBT1, PCDTBT8.73 It was 

found that the device performance strongly depends on the chemical structure of the conjugated polymer side chains. Dopant-free 

polymers have been shown to achieve both high efficiency and device stability, however, they typically suffer few drawbacks as 

batch-to-batch reproducibility, purity, and high synthetic cost. 

 

 

Figure 1.9 Chemical structures of the D–A copolymer types dopant-free polymeric hole transporting materials applied in PSC. 

 

ID JSC (mA cm-2) VOC (V) FF PCE (%) Ref. PCE (%)a 

asy-PBTBDT 22.4 1.11 0.732 18.3 18.5 

PTB7b 22.6 1.13 0.71 18.5 13 

pDPP5T-2b 21.5 1.15 0.76 18.9 13 

PCDTBT1b 22.2 1.1 0.782 19.1 19.4 

PDBT-T1b 22.2 1.17 0.77 19.8 13 

PTEGb 22.5 1.14 0.77 19.8 17.9 

Table 1.3 Photovoltaic performance of the perovskite devices employed with dopant-free polymeric HTMs sorted by PCE of champion device. 
aDoped spiro-OMeTAD or PTAA were used as the reference in most of the cases; bplanar device architecture. 
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 PSC	Interface	Engineering	
Interface engineering, which plays an important role for highly efficient and stable PSCs, develops methods for solving high density 

defects likely to exist in the bulk and on the surface of the perovskite film. Several types of surface defects may exist on the perov-

skite surface, such as Pb cluster, organic A cation vacancy, under-coordinated I− ions, under-coordinated Pb2+ ions, iodine vacancies, 

can cause in charge recombination via non-radiative channels. Therefore, it may degrade device performance and lead to rapid 

degradation of the perovskite solar cells. Because the ionic nature of the perovskite lattice enables the concept of molecular pas-

sivation, interface engineering can be an effective strategy to reduce the defects. 

1.4.1 Defect	Types	of	PSCs	
The defects are introduced by impurities or lattice defects and show different energy states within the band structure. The defects 

can trap photo-generated charge carriers, causing non-radiative recombination and preventing the carriers from contributing to the 

energy produced from the active layer. In solar cell architectures, defects act as recombination centers in the bulk of the material, 

in addition, grains and grain boundaries affect carrier transport adversely. Intrinsic defects and traps can also cause undesirable 

phenomena such as hysteresis in the current–voltage characteristics and instability, which remains another area of concern in 

terms of the commercialisation and reproducibility of devices.74 Many defect trap states or carrier transport barriers are most likely 

to exist at the interfaces between each functional layer, the material’s surface and at the grain boundaries of the perovskite solar 

cells. Generally, types of the defects could generalize as point defects, impurity defects, morphology defects including two-

dimensional grain boundaries and surface. Defects can appear due to crystal growth or device fabrication conditions and three-

dimensional defects such as lead aggregations.75 

Non-radiative charge recombination in semiconductor materials usually can occurs via deep trap levels or Auger recombination 

when the concentration of charge carriers is high. When defects create deep trap levels, electrons and holes that cannot escape the 

aid of thermal activation and counter-charged carriers will be trapped, which will be destroyed by non-radiative radiation as de-

fined by Shockley Read Hall theory.76 The formation of deep trap levels via Shockley Read Hall theory recombination has been 

identified as a decisive pathway for the loss of charge carriers in perovskite materials. Uncoordinated halide ions and Pb2+ ions 

defects such as Pb-I can cause deep traps. 

Some intrinsic defects of organometallic perovskite materials are point defects, which occur at the core of the material and cause 

shallow level traps with low defect formation energy. Unlike deep-level traps, they are point defects that occur easily like shallow 

traps and are not as harmful to photovoltaics as deep-level traps. Due to the ionic nature of organometallic perovskite materials 

and their high ion migration rates, these charged point defects can propagate to the interfaces under an electric field and cause a 

deposition of charged ions at the interfaces.77 This creates involuntary doping effects at the interfaces and can affect the photovol-

taic performance of the PSC. The other point defect could be created by the lattice imperfection as the crystallographic defects, 

such as anti-site, vacancy, and interstitial.74,78 An anti-site defect occurs when an atom occupying a wrong site of the lattice with 

the displacement of one atom by another atom. The vacancy defects are formed when there is no atom in the proper lattice site. 

The interstitial defects can occur where ions are in interstitial positions (in between the atom sites) of a lattice. These defects can 

trigger the degradation caused by the presence of oxygen, moisture, and light. In addition, ionic defect diffusion is also accelerated 

under illumination in combination with heat, which strongly decrease the long-term stability of the devices.78 J-V hysteresis in cells, 

phase separation, degradation of perovskite materials, and degradation of metal electrodes are due to the formation, migration or 

redistribution of these defects through grain boundaries of perovskite.74 To eliminate the negative effects of the defects, a deep 

understanding of defect chemistry in perovskite is required, which is important for the long-term stability of the devices and fur-

ther material optimisation. 
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1.4.2 Passivation	Methods	of	PSCs	
Perovskites defects continue to be treated as they detrimentally influence the photophysical and photoelectrical properties of films 

and devices. Therefore, it is important to disable or reduce the charge trap density by passivation. Passivation can change the con-

tact resistance at the perovskite/charge transfer layer interface and also can cause FF-led changes by reducing defects of the film, 

the holes on the surface and changing the shunt path.79 This has led to the development of passivation materials with many differ-

ent functions and approaches that can reduce the interface and surface defect states in perovskite solar cells. Various passivation 

techniques can be applied between the electron transport material and the perovskite, between perovskite grains (grain bounda-

ries), between the perovskite and the hole transport layer, between the hole transport layer and the electrode, and between the 

electrode material and the atmospheric environment.80 Here, effective state-of-the-art passivation strategies aimed at minimizing 

the formation of a wide variety of defects during the annealing and solution processes are classified under two groups as pas-

sivation during perovskite formation and surface passivation by post-treatment. 

One of the important passivation strategies during the film formation is excess PbI2 in the perovskite film which resulted in self-

passivation by non-stoichiometric precursors of perovskite. The passivation mechanism of excess PbI2 and the existing position of 

residual PbI2 in perovskite film have been studied extensively. The excess PbI2 was found to passivate the grain boundaries, helps to 

improve the crystallinity and increase the particle size in perovskite film, resulting in large and homogeneous grain formation.81 The 

non-stoichiometric perovskite film with excess PbI2 showed higher photoluminescence (PL) intensity and slower PL degradation as a 

proof of the reduction in trap-assisted recombination due to grain recovery of the perovskite. The excess PbI2 in halide perovskite is 

found to lead to high efficiency and stable PSCs with improved carrier lifetime and suppressed hysteresis.82 In addition, a great deal 

of research has been done to induce perovskite self-passivation through the use of organic ammonium halides. During the for-

mation of the perovskite layer, a little excess of amine salt, is beneficial for passivation of grain boundaries defects, crystalline 

properties, and film quality.83 Ammonium salts are able to passivate the anion and cation defects on the perovskite. Long-chain 

alkylammonium halides can also induce low-dimensional (2D or quasi-2D) perovskite formation. Another perovskite passivation 

method during formation is employing a graded 2D/3D perovskite structure with dimensional engineering. 2D perovskites with 

larger bandgaps can energetically envelop 3D grains, transforming defect-rich boundaries into layered 2D perovskites.84 The de-

signed long-chain ammonium salts are used as good effective passivators as well as to improve the hydrophobicity of perovskites 

and provide stability to devices. 

Another category for effective passivation of perovskite can be recovered under surface treatment. By surface treatment, pas-

sivation agents can bind to defects on the perovskite surface through ionic bonds, covalent bonds or other chemical interactions 

and optimize interface contact through intermolecular forces. The application of an additional hydrophobic organic thin layers after 

perovskite formation can not only passivate the hybrid perovskite surface, but can also improve the water stability of the device. 

This hydrophobic structure can be provided by amine-functional graphene, long organic chain silane, or organic molecules with a 

fluorinated side chain, increasing the moisture resistance property to make water-resistant perovskite films.85 Recent studies 

showed that fluorinated-based molecules are promising surface passivation materials to improve the light stability of the perov-

skite solar cells. The fluoride ions with extremely high electronegativity are very effective in passivating simultaneously both the 

organic cation and halide anion vacancies as shown by Li et al.86 They found that the fluoride ion, with the smallest radius among 

halide ions, can form strong hydrogen bonds (N–H···F) with the organic cations of the perovskite (MA, FA) as well as can form the 

strong ionic bonding with Pb2+. The effective vacancy defect passivation is also useful for inactivating the diffusion of organic cati-

ons and halide anions. The ability of some organofluorinated compounds to function as a barrier layer and eventually prevent the 

cation releasing from the perovskite layer has been also verified.87,88 Thus, deposition of 1H,1H,2H,2H-perfluorooctyltriethoxysilane 

(PFOTES) was demonstrated to increase the light stability of perovskite solar cells by suppressing the Pb0 formation at the perov-
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skite surface and maintaining carrier dynamics. Trichloro (3,3,3-trifluoropropyl)silane coated as thin-layer for an effective pas-

sivation and the surface modification, resulted with water-resistant perovskite films because of extremely hydrophobic trifluoro-

methyl groups. Also, Li et al. reported effective surface passivation of perovskite layers by graphene oxide modified with 4-

fluorophenyl substituents.88 The passivation effect was mainly due to the interaction between 4-fluorophenyl units and under-

coordinated Pb2+ ions, as suggested by the behavior of the electron localization function and further supported by the reduction of 

the deep trap states in t-DOS distribution. 

Lewis acid–base chemistry has been extensively employed for surface passivation through post-treatment. Lewis acid and base can 

form covalent bonds and form acid-base complexes by sharing electron pairs through Lewis base donating a pair of electrons, while 

Lewis acid gains a pair of electrons. Electron-rich defects such as undercoordinated I− ions and Pb–I anti-site substitutions can be 

passivated by Lewis acids that can accept lone pairs. Fullerene (C60) and its derivatives are well-known Lewis acid passivators, which 

decrease the non-radiative recombination at the perovskite/TiO2 heterojunction because of its optoelectronic properties.84,89 Iodo-

pentafluorobenzene (IPFB) and tris(pentafluorophenyl)phosphine (TPFP) as multifunctional Lewis acid additives have been incorpo-

rated to the surface of perovskite films to passivate the under-coordinated I- and to enhance hydrophobicity by fluorine substitu-

tion.90,91 Small molecules with fluorine atoms can inductively withdraw electron density from the aromatic ring, thus more readily 

accepting electrons from the coordinated I- to form a halogen bond.  

On the other hand, electron-deficient defects like undercoordinated Pb2+ ions or Pb clusters can be passivated by Lewis bases that 

donate electron pairs.92 The presence of heteroatom in organic molecule such as oxygen (O), nitrogen (N), sulfur (S), or phosphorus 

(P) atoms and halide ions in perovskite can be combined to form the Lewis adducts. The lone pair electrons of these heteroatoms 

or amines, carboxyl, hydroxyl, carbonyl, and phosphine oxides functional groups could passivate the undercoordinated Pb+2 defects 

in metal–halide perovskites.93 Especially, thiophene and pyridine groups are mostly used in the literature because of their good 

passivation effects on defects, which stems from the covalent bond of Pb2+ to this species. The effective surface defect passivation 

via a Lewis acid-base interaction can result in larger grain size, reduce the non-radiative recombination centers, and provide a 

longer carrier lifetime with extended photoluminescence (PL) lifetime.94 An important example among them, tri-n-octylphosphine 

oxide (TOPO) molecule with Lewis base containing phosphine oxide (P=O) group has been applied as passivator, which is widely 

reported for passivation effect on perovskite film surface via mono-bonding with defect sites. The P=O electron-donor group has a 

relatively larger difference in electronegativity between P and O compared to the carboxyl and sulfinyl groups commonly used for 

perovskite passivation. Thus, oxygen atom of P=O can exhibit stronger electron donating and coordination ability with metal atoms. 

DeQuilettes et al. Reported that TOPO showed extended PL lifetime especially at the grain boundaries of the perovskite layer.95 In 

addition, improvement in device efficiency was observed with the help of passivation effect of TOPO ligands applied to the MAPbI3 

perovskite surface. And moisture stability of the devices was significantly improved due to the three hydrophobic long alkyl chains 

in TOPO.96 These developments shed light on the subject that more research is needed to better understand the mechanism of 

passivation, to identify the types of defects and to select the suitable functional groups for passivation. 

 

 PSC	Stability	
Perovskite solar cells have reached high power conversion efficiency in a short period of time, however, there are still several chal-

lenges limiting the industrial realization. Long-term stability of PSCs is one of the important issues to be resolved. The perovskite 

layer is prone to rapid decomposition when the device exposure to high temperature, humidity, oxygen, and full solar illumination. 

The degradation of PSCs is a complex and multilateral process and can result in changes of the perovskite materials in terms of 

crystal structure, thin-film morphology, composition and optoelectronic properties.97 
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Moisture stability is a major issue affecting PSC performance and it has been the subject of a number of investigations. Prolonged 

exposure to water vapor and high relative humidity, which is unavoidable in the outdoor environment, has highly detrimental 

effects on the perovskite lattice structure. The mechanism of water interaction with methylammonium lead iodide has been mostly 

highlighted. In this case, perovskite crystals easily decompose and convert into the precursor PbI2 with irreversible degradation. 

This deleterious effect is enhanced in the presence of heat, electrical field or UV light.98 Perovskite decomposition of unencapsulat-

ed MAPbI3 films when exposed to ambient air can be evidenced by a visually distinct colour change from black to yellow. On the 

other hand, water vapor exposure leads to hydrated the crystal phase (CH3NH3PbI3·H2O) due to hydrophilic properties of perov-

skite, which is reversible process only with dehumidification.99 Instability of HTMs, especially caused by hygroscopic doping, is an 

important issue to be resolved for the long-term stability of PSCs. Particularly, wide bandgap hole transporting materials such as 

spiro-OMeTAD typically require doping in order to match necessary electrical conductivity. The use of additives is problematic since 

hygroscopic nature of doping makes the hole transporting layer highly hydrophilic leading to chemical degradation and negatively 

influences the stability of the entire device.100 

Thermal stability is another important issue limiting the commercialization of PSCs. The module temperature can easily reach ~50°C 

when solar modules are operating under direct sunlight. In addition, modules can be exposed to extreme temperature conditions 

ranging from -40°C to +85°C, depending on the environment and weather conditions. Therefore, it is crucial for a PSC to have long-

term thermal stability. It was observed that MAPbI3 undergoes a tetragonal to cubic phase transformation at ~56°C.101 Many stud-

ies have also shown that perovskite layers can thermally decompose when annealed for extended periods of time above 100°C, 

which can provide sufficient thermal energy to overcome the activation barriers of chemical processes for the decomposition.102 In 

addition to perovskite decomposition, increased ionic mobility in the lattice because of high temperatures can also lead to poor 

performance of the devices. Thermal decomposition studies showed that organic cations like MA and FA are not stable at high 

temperature. Research efforts to improve long-term thermal stability of PSCs have been continued. One of the highlighted modifi-

cations in the composition of perovskite material is replacing them with inorganic cations like the caesium (Cs+) or rubidium (Rb+) 

cation may improve the thermal stability of the resulting perovskite solar cells.103 Zhang et al. showed that CsPbBr3 nanocrystals 

can be stable up to 417°C under vacuum, and they begin to sublime above 417°C.104 The other compositional modifications are 

engineering of interfaces with the creation of 2D/3D perovskite combination which improve the stability performance of the solar 

cell more than one year without any loss in efficiency.84 One of the other possible solutions for thermal instabilities is thermally and 

chemically stable metal-organic complexes. Due to their excellent hole transport properties, metal-organic complex HTMs have 

been incorporated into perovskite solar cells, but high PCE has not been achieved. Another approach to enhance stabilization is 

through interface engineering with HTMs. Introducing a thin (10 nm) chromium layer between the spiro-MeOTAD and the top gold 

electrode reduced the dramatic device degradation associated with increased temperature. Basically, the addition of the Cr layer 

prevents gold migration through the HTM to the perovskite layer.105 Besides, it is revealed that the integrated Al2O3 mesoporous 

buffer layer in the HTM preserves the metal electrode migration during the ageing process, and Al2O3 buffer layer eliminates pin-

holes induced instability of HTM by protecting the perovskite layer.106   

Light stability is another important test for a high-performance PSC. There is a substantial amount of work describing photo-

induced changes in PSC performance and perovskite structure. In devices exposed to long-term irradiation, both reversible and 

irreversible degradation of perovskite material can be observed due to photo-induced ion dissociation, light-activated trap states 

formation, photo decomposition and photo-induced atom/ion migration. 97,107 The light-induced decomposition of MAPbI3 films 

causes a black to grey colour change when illuminated with white light in a vacuum. Light-induced changes in film morphology 

were also investigated, where MAPbI3 had a major change in surface morphology from a smooth surface to a rough surface con-

taining cracks and large pores, under light illumination.108 
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 Conclusion	and	Outlook	
Here I have summarized the great research effort and rapid development of molecular engineering of organic materials 

for perovskite solar cells. The research results in the literature will be guided by shedding light on the future developments. In 

particular, it is of great importance for the field of PSC to continue research to improve the disadvantages such as the long-term 

stability and high cost of PSCs, which are the biggest obstacles to the commercialization process. In addition, it has been demon-

strated that interface engineering is of great importance in determining the photovoltaic performance of devices. The presence of 

defects on the perovskite surface can be passivated by interface engineering by adding an interlayer molecule or an HTM with 

passivation capability. Therefore, I have extensively designed, synthesized and investigated small molecule organic materials for 

perovskite solar cell applications. I investigated the reasons behind the improving photovoltaic performance and stability of PSCs 

through structural, chemical, optical, and photovoltaic analysis. Specifically, most of the work described in the thesis has focused 

on the design and molecular engineering of various low-cost small molecule HTMs with or without dopant perspectives. In addition, 

interlayer engineering was applied to the designed HTMs with the integration of passivation capability. Finally, I designed and 

developed an interfacial layer for the interface of the perovskite/hole transport material with the p-type Lewis base passivation 

molecule. These organic materials applied to perovskite solar devices have been extensively researched to provide a clear under-

standing of how the working mechanism of organic materials can be tuned to improve the photovoltaic performance and long-term 

stability of the devices.  

 
 
 
 
 
 
 
 
 





 

45 

 D-π-A	 Type	 Triazatruxene-based	
Dopant-free	Hole	Transporting	Materials	

 

Three donor–π-bridge–acceptor (D–π–A) type organic small molecules coded CI-B1, CI-B2 and CI-B3 are designed, syn-

thesized and used as dopant-free hole transporting materials (HTMs) for perovskite solar cells (PSCs). The strong electron-donating 

triazatruxene central core (D), terthiophene conjugated arms (π) and three different strong electron-accepting units (A) provide 

high intramolecular charge transfer nature and eliminate the need of dopants during the fabrication of PSCs. HTMs are designed 

with 1,3-indandione, N-ethyl rhodanine, and dicyanovinylene N-ethyl rhodanine strong acceptor units to understand the effect of 

terminal functional groups on dopant-free PSC performance. The effects of end-capped acceptors in D-π-A structured HTMs on 

molecular and photovoltaic properties were investigated via photophysical and electrochemical experiments, especially GIWAX.  

Interestingly, due to the change of end-capping, three different organization of self-assembly with π-π stacking are observed in the 

solid thin films. Dopant-free CI-B1, CI-B2, CI-B3 and spiro-OMeTAD with dopants are used with triple cation perovskite composition 

Cs0.1(MA0.15FA0.85)0.9Pb(I0.85Br0.15)3 (MA: CH3NH3+, FA: NH=CHNH3+) in n-i-p architecture. The cells prepared with CI-B3, end-capped 

with dicyanovinylene N-ethyl rhodanine acceptor unit, showed deeper HOMO level compared to spiro-OMeTAD and produced 

higher VOC value. Superiority of the CI-B3 device performance can be explained by its better morphology in the thin film and well-

ordered edge-on aggregation by π-π stacking. CI-B3 based devices not only exhibits a comparable power conversion efficiency (PCE) 

of 17.54 % to the state-of-art of spiro-OMeTAD with dopants (18.02%), but also demonstrates improved long-term stability, main-

taining 88% of its original PCE after 1000 h of illumination, while the performance of spiro-OMeTAD-based device dropped by 70% 

of initial data. Therefore, this study provides a new material design strategy for the efficient and highly stable dopant-free HTMs. 

The superior photovoltaic performance, synthetic simplicity, dopant-free nature, high durability and edge-on molecular orientation 

of CI-B3 show its great perspective as HTM candidate for efficient and stable PSCs.  

 

 

This chapter is based on the published work: Igci et al. Sol RRL, 2020, 2000173. DOI: 10.1002/solr.202000173. 

Authors: Cansu Igci, Sanghyun Paek, Kasparas Rakstys, Hiroyuki Kanda, Naoyuki Shibayama, Vygintas Jankauskas, Cristina Roldán 
Carmona, Hobeom Kim, Abdullah Mohamed Asiri, and Mohammad Khaja Nazeeruddin. 

In this work I contributed as first author. I synthesized and characterized all organic materials, performed data analysis, designed 
the experiments. 

 

 Introduction	
Among several p-type materials of different categories (organic small molecules, inorganic molecules and polymeric materials), 

spiro-OMeTAD has demonstrated well-aligned HOMO level with the valence band (VB) of the perovskite, high solubility in organic 
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solvents and high homogeneity of its thin films.33 Yet, spiro-OMeTAD needs chemical dopants to obtain higher efficiency because of 

its weak intermolecular electronic coupling and wide band gap.109 Among the many p-type dopants developed today, the combina-

tion of cobalt complex-based tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)cobalt(III)tri[bis(trifluoromethane)sulfonimide] (FK209) 

and lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) are commonly employed to improve the mobility and conductivity of HTMs 

by radical cation generation.110 Also, 4-tert-butylpyridine (tBP) has morphological benefits and improves the homogeneity of the 

layer by preventing phase segregation of LiTFSI.111 However, these dopants have several drawbacks such as their high hygroscopici-

ty, which accelerates device degradation, and the high diffusion of lithium ions, which reduces the effect of dopant over time, both 

contributing to the long-term device degradation.112 The logical solution for stabilizing PSCs must therefore involve dopant-free 

HTMs, which essentially requires revealing the relationship between the structure of dopant-free molecules and cell performance 

towards highly efficient and stable cells. 

Among the high-performance dopant-free HTMs applied in PSCs, a very important molecular design for small organic molecules is 

the donor–π-bridge–acceptor (D–π–A) architecture, which provides high charge carrier mobility, strong dipolar intermolecular 

interaction and intramolecular charge delocalization.67 Focusing in the donor core unit, a planar nitrogen-containing triazatruxene 

(TAT) is a good candidate due to the excellent optical and electronic properties, strong π-π intermolecular interaction,  high hole 

mobility and wide synthetic variety with tunable properties.52 In addition, the nitrogen atom of the indole unit helps to stabilize the 

oxidized radical cation formed during device operation, and from a synthetic perspective, it can also be prepared from low cost 

precursors synthesized from abundant natural products.52 On the other hand, thiophene π-bridge units can stabilize the molecule 

increasing the double-bond character, and D-π-A molecules containing them have shown lowered band gaps, higher hole mobility 

and higher photovoltaic performance compared with furan-bridged molecules.113 Rakstys et al. reported a dopant-free HTM based 

on terthiophene π-bridging unit, which aggregates as highly ordered face-on columnar stacks within the thin layer.68 This resulted 

in increased carrier transport through the oriented π-π stacks and enhanced cell efficiency, questioning the role of molecular struc-

ture on the interfacial interactions and final cell performance. For example, such molecules are typically end-capped with strong 

acceptor units that may act as Lewis base blocks, enhancing intermolecular charge transfer and may passivate the perovskite sur-

face, reducing crystal defects.114 Early investigations also showed that these additives lead to a better crystallization and growth of 

the films, or that passivation treatment within the film could improve non-radiative recombination.115  

Inspired by these results, we have made use of the Lewis base functional blocks in the HTM structure to create a cost-effective 

solution for optimizing the performance of the device without the need of adding an extra passivation layer.116 Herein, we have 

developed three novel D–π–A type molecules to deeper investigate the design strategy of dopant-free HTM. A planar triazatruxene 

central core (D), alkylated terthiophenes as conjugated arms (π) and various strong electron acceptor units (A) are introduced into 

the molecules. Different electron-accepting moieties were carefully selected and investigated to understand the effect of acceptor 

strength. For that, 1,3-indandione, N-ethyl rhodanine, and dicyanovinylene N-ethyl rhodanine were used, yielding end-capped 

HTMs coded as CI-B1, CI-B2, and CI-B3, respectively (Figure 2.1). We have investigated the intermolecular interaction and orienta-

tion of the various HTMs, and inferred that this affects the performance and stability of the device. All dopant-free molecularly 

engineered HTMs were successfully applied in n-i-p PSCs, and those prepared with highly oriented dopant-free CI-B3 achieved an 

encouraging PCE of 17.54%, a very comparable performance to that of the reference spiro-OMeTAD with dopants (18.02%). More 

importantly, devices containing CI-B3 exhibit a substantial improvement in long-term device stability, outperforming that of spiro-

OMeTAD with dopants under the same experimental conditions. 



Chapter 2: D-π-A Type Triazatruxene-based Dopant-free Hole Transporting Materials 

47 

 

Figure 2.1 Chemical structures of CI-B1, CI-B2, and CI-B3 HTMs. 

 

 Result	and	Discussion	

2.2.1 Design	and	Synthesis	of	CI-B	HTMs	
 

 

Scheme 2.1 Synthetic route for 5'',5''''',5''''''''-(5,10,15-trihexyl-10,15-dihydro-5H-diindolo[3,2-a:3',2'-c]carbazole-3,8,13-triyl)tris(3,3''-dihexyl-
[2,2':5',2''-terthiophene]-5-carbaldehyde) (4). 

 

The three novel triazatruxene-based dopant-free HTMs were successfully synthetized. At the beginning of synthesis, the alkylated 

terthiophene conjugated arms were introduced into the triazatruxene core by Suzuki cross-coupling reaction. Then, the Vilsmeier 

formylation reaction gave the carbaldehyde intermediate (4) (Scheme 2.1). Compound 5'',5''''',5''''''''-(5,10,15-trihexyl-10,15-

dihydro-5H-diindolo[3,2-a:3',2'-c]carbazole-3,8,13-triyl)tris(3,3''-dihexyl-[2,2':5',2''-terthiophene]-5-carbaldehyde) (4) 4 was accom-

plished starting from commercially available and inexpensive precursor 2-indolinone according to previous reports with small modi-

fications.68 

 

Scheme 2.2 Synthetic route for 2-(3-ethyl-4-oxothiazolidin-2-ylidene)malononitrile (7). 
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In terms of design, Alkylated triazatruxene donor core and alkylated terthiophene conjugated arm were preserved throughout the 

series, while the acceptor unit was modulated with commercially available 1H-indene-1,3(2H)-dione (5), 3-ethyl-2-thioxothiazolidin-

4-one (6), and synthesized 2-(3-ethyl-4-oxothiazolidin-2-ylidene)malononitrile (7), respectively, to obtain CI-B1, CI-B2, and CI-B3. 

The designed acceptor unit, 7 was isolated after cyclization reaction of malononitrile with ethyl isothiocyanate and ethyl bromoace-

tate in the presence of DBU (Scheme 2.2).117 The final products CI-B1, CI-B2 and CI-B3 were synthesized condensing obtained alde-

hyde and selected acceptor under Knoevenagel reaction conditions in the presence of piperidine as shown in Scheme 2.3.  

 

 

Scheme 2.3 Synthetic route for CI-B1, CI-B2 and CI-B3 molecules. i) Et3N, chloroform, reflux, 50% ii) Piperidine, chloroform, reflux, 48% iii) Piperi-
dine, chloroform, reflux, 52%. 

 

CI-B HTMs were characterized by mass spectroscopy and elemental analysis methods (Appendix A). CI-B HTMs showed the best 

solubility in tetrachloroethane, followed by THF and DCM. NMR experiments were conducted under various conditions. 800 MHz 

and 600 MHz high field NMR analysis was performed in d-THF (the best solvent) and long experiment time was tried to increase 

peak intensities. In order to receive bigger signals, the analysis at high temperature up to 55 °C were made. However, the peaks of 

the spectra were buried in the baseline and the intensities were very low for each experiment. To improve the signal, the concen-

tration of the samples was increased using 3 mM, 5 mM and 10 mM in d-THF. For those that are more concentrated were stirred at 

high temperature to obtain a homogeneous dark-red solution. However, even in this case any improvement in the peak intensity 

was not observed. The strong π- π interactions and the intermolecular aggregation in solution might reduce the degree of freedom 

of proton spin, as well as promote their precipitation after certain period.  

 

2.2.2 Thermal,	Optical,	and	Electrochemical	Properties	
To confirm the thermal stability of the new HTMs, we performed thermogravimetric analysis (TGA). As shown in Figure 2.2a, high 

decomposition temperatures (Td) determined at the 5% weight loss of CI-B1, CI-B2, and CI-B3 are detected, reaching 360 °C, 327 °C, 

and 434 °C respectively. According to these results, CI-B3 possess exceptional thermal stability. The optical properties of the new 

molecules were investigated by ultraviolet-visible (UV-Vis) absorption and photoluminescence (PL) spectroscopy (Figure 2.2b) and 

the obtained data are summarized in Table 2.1. CI-B1, CI-B2, and CI-B3, which contain strong acceptor units, exhibit two absorption 

bands ranging between 350 and 700 nm. The first absorption band, centred between 350 and 450 nm, originates from the localized 

aromatic π-π* transition of the D-π-A type conjugation system. The second absorption bands, centred at 550, 500, 522 nm for CI-

B1, CI-B2, and CI-B3 respectively, are assigned to the intermolecular charge transfer (ICT). Note that the position of the ICT band is 
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considerably red-shifted with increasing the strength of the electron acceptors, which is given based on their absorption profiles: 

CI-B1 > CI-B3 > CI-B2. The emission peaks of CI-B1, CI-B2, and CI-B3 are centred at 726, 712 and 733 nm, respectively. We next 

calculated the optical energy band gap (Eg) values from the intersection of the absorption and photoluminescence spectra, that are 

determined to be 649, 601, and 626 nm, which corresponds to Eg of 1.91, 2.06 and 1.98 eV, respectively. Compared to spiro-

OMeTAD (Eg ~ 3.0 eV), the new molecules have a smaller band gap, favouring the thermal population of the conduction band, and 

thus increasing the number of intrinsic charge carriers.118, 119 

 

 

Figure 2.2 a) TGA curves of CI-B1, CI-B2 and CI-B3. b) UV-Vis absorption and PL spectra normalized at the peak value. c) Cyclic voltammograms of the 
HTMs and d) schematic energy level diagram of components used in the devices. 

 

The experimental HOMO levels were derived from the ground-state oxidation potential EHOMO estimated from cyclic voltammetry 

with a standard three-electrode configuration, shown in Figure 2.2c. The HTMs were tested in dichloromethane containing 0.1 м n-

Bu4NPF6 as a supporting electrolyte. The EHOMO values were calculated to be -5.32, -5.28, and -5.31 eV vs. vacuum for CI-B1, CI-B2, 

and CI-B3, respectively, that is less negative than VB of the perovskite, facilitating the hole extraction. Consequently, no big differ-

ences were observed between the three HTMs, which is also expected as the HOMO orbitals are mostly localized in the triazatrux-

ene central core along with terthiophene bridges.68 The LUMO energy levels were calculated from Eg and EHOMO. The obtained val-

ues are -3.41, -3.22 and -3.33 eV for CI-B1, CI-B2, and CI-B3, respectively. Given that the LUMO levels of the HTMs are below -4 eV, 

a beneficial electron blocking from perovskite to Au electrode is ensured. A schematic energy levels are shown in Figure 2.2d. All 

thermal, optical, and electrochemical properties are summarized in Table 2.1. 
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HTM λabsa (nm) λem a (nm) EHOMOb (eV) Egc (eV) ELUMOd (eV) Td e(°C) 

CI-B1 398, 550 726 -5.32 1.91 -3.41 365 

CI-B2 401, 500 712 -5.28 2.06 -3.22 333 

CI-B3 398, 522 733 -5.31 1.98 -3.33 434 

Table 2.1 Thermal, optical and electrochemical properties of CI-B1, CI-B2 and CI-B3 HTMs. a) Absorption and emission spectra measured in di-
chloromethane; b) Measured in 0.1 м n-Bu4NPF6/DCM solution using glassy carbon working electrode, Pt reference electrode and Pt counter elec-
trode calibrated by Fc/Fc+ as an external reference. Potentials were converted to the normal hydrogen electrode (NHE) by addition of +0.624 V and -
4.44 eV to the vacuum, respectively; c) Evaluated from the intersection of normalized absorption and emission spectra; d) ELUMO = Eg + EΗΟΜΟ; e) Degra-
dation temperature observed from TGA (5% weight loss at 10 °C/min). 

 

2.2.3 Surface	Geometry	and	Film	Forming	Investigation	of	HTM	layers	
2-dimensional grazing incidence wide-angle X-ray scattering (2D GIWAXS) was employed to investigate the crystallization of the 

three novel HTMs influenced by the different acceptors. The samples, prepared by spin-coating a tetrachloroethane solution on 

silicon wafers, showed diffractions assignable to the π-π stacking structure (q ≈ 1.6 Å-1) and the Lamellar structure (q ≈ 0.35 Å-1) for 

the three systems (experimental details in Appendix A). The azimuthally integrated intensity profile (Figure 2.3a) was calculated 

from 2D GIWAXS measurements, shown in Figure 2.4a-d. The d-spacings for the π–π stacking structure (dπ) and the intercolumnar 

organization (dio) were calculated to be 3.9 and 18 Å, respectively. We also calculated the angular dependence of the peak intensity 

(Figure 2.3b) at q = 1.6 Å-1, which corresponds to π-π stacking. The χ is the angle with respect to the qz axis (out-of-plane), while χ = 

90° is qxy axis (in-plane).120,121  

 

Figure 2.3 (a) The azimuthally integrated intensity profile obtained from 2D GIWAXS measurements of Cl-B1, Cl-B2, and Cl-B3. (b) The angular 
dependence of the peak intensity at q = 1.6 Å-1 for the π–π stacking structure. 

 

According to 2D GIWAXS patterns, all three HTMs undergo π-π stacking interaction, however, the self-assembly orientation be-

tween the compounds are varying significantly. As presented in Figure 2.4e, the intensity of CI-B1 shows slight change as a function 

of χ, which means that CI-B1 is isotropic. The π-π stacking peak at 1.6 Å–1 shows isotropic orientation and its stacking phase is ran-

domly arranged according to the broad out-of-plane peak at 0.3-0.4 Å–1. Therefore, it has both a face-on and an edge-on stacking 

molecular orientation with random phase. On the other hand, for CI-B2 film (Figure 2.4b) the same π-π stacking peak was seen in-

plane at 1.6 Å–1, meaning the edge-on stacking interaction. However, the broad out-of-plane peak at 0.3-0.4 Å–1 shows a randomly 

stacked phase as illustrated at Figure 2.4f. In addition, for CI-B3 (Figure 2.4c), two strong and dispersive diffractions were observed 

at 0.3 and 0.4 Å–1 out-of-plane, which is probably due to the well aligned molecule stacking phase.122,123 The CI-B3 molecules are 

thus packed in favor of an edge-on stacking fashion with well-order as schematically shown at Figure 2.4g. 
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Figure 2.4 GIWAXS patterns of the films coated from tetrachloroethane on a silica wafer a) CI-B1, b) CI-B2, c) CI-B3, d) spiro-OMeTAD. Orientation 
phase of e) CI-B1, f) CI-B2, g) CI-B3. 

 

The morphology of the HTM film and perovskite/HTM interface is of great importance since it can considerably affect the interfacial 

hole transfer and charge recombination processes. Thus, the morphology of the dopant-free HTM films coated onto the perovskite 

was investigated by scanning electron microscopy (SEM), as shown in Figure 2.5a-d. All HTM layers were measured at low voltage in 

order to reduce the penetration volume and keep electrons close to the surface. As presented in the Figure 2.5b and Figure 2.5c, 

both CI-B2 and CI-B3 HTMs form smooth and homogeneous films, with CI-B3 presenting better surface coverage. However, a rod-

like structure was detected for CI-B1 (Figure 2.5a), which prevents from a good film coverage. Such large aggregates, observed 

exclusively on the CI-B1 film, may be formed due to the hydrogen bonding ability of 1,3-indandione end capping acceptor 

unit.124,125 Similarly, despite CI-B2 resulted in a more homogeneous morphology and better surface coverage than CI-B1, it has a 

substantial presence of pin holes that could deteriorate the device performance. Consequently, the poor film coverage for CI-B1 

and CI-B2 could be the main factors for the low VOC and FF achieved for these systems, suggesting that end-capped acceptors could 

greatly affect the surface morphology and have important consequences for the photovoltaic performance.  

We then examined the performance of PSCs fabricated with the dopant-free triazatruxene based molecules in n-i-p configuration 

consisting of FTO/TiO2/Cs0.1(MA0.15FA0.85)0.9Pb(I0.85Br0.15)3/HTM/Au. The cross-sectional SEM image of entire PSC with CI-B3 HTM is 

displayed in Figure 2.5d. The device was made using ~500 nm thick perovskite atop a ~200 nm thick mesoporous TiO2 layer, which 

was deposited on FTO glass coated with ~30 nm of compact TiO2. Finally, it was completed by depositing a ~70 nm thick HTM layer 

and ~70 nm of gold as the counter electrode, therefore we employed a thinner than that usually required for Spiro-OMeTAD. Note 

that for a dopant-free HTM, the thickness plays a crucial role as the current extraction is strongly limited by its inferior charge-

transporting capability. 126 Therefore, the thinner the layer, the better hole-transport will be achieved.  
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Figure 2.5 Top surface SEM images of a TiO2/perovskite/HTM a) CI-B1, b) CI-B2, c) CI-B3, d) cross-sectional SEM micrographs of perovskite devices 
containing CI-B3 HTM. 

 

2.2.4 Thin-layer	Characteristics	of	HTMs	
To understand the interfacial processes and the hole-extraction capability induced by the different strong electron acceptors, we 

investigated the perovskite/HTM interface by using steady-state photoluminescence (PL) and time-resolved photoluminescence 

(TRPL), and compared the results with those achieved for spiro-OMeTAD (Figure 2.6a, b). In all cases, the bilayer perovskite/HTM 

showed reduced PL intensity than the bare perovskite (experimental details in Appendix A). In particular, CI-B2 and CI-B3 show very 

similar behaviour compared to spiro-OMeTAD, while on the contrary, strong PL quenching occurred for the CI-B1, suggesting it has 

the highest hole-extraction ability corresponds to perovskite/CI-B1 bilayer (Figure 2.6a). The time constant of TRPL measurements 

25.7, 30.8 and 32.9 ns were retrieved for CI-B1, CI-B2 and CI-B3 HTM-coated perovskite films, and a slightly slower process with τ = 

36.8 ns was obtained for the spiro-OMeTAD/perovskite interface (Figure 2.6b). This further demonstrates that the HTMs exhibit 

more efficient hole extraction ability than spiro-OMeTAD. 

 

 

Figure 2.6 a) PL spectra of the pristine perovskite and perovskite/HTM film excited at 450 nm from HTM side; b) Normalized PL decay in the first 120 
ns time window. 
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To investigate the charge transport and hole collection properties of the HTMs, their lateral thin-film conductivity was measured. 

For that, we spin coated dopant-free HTMs films on organic field effect transistor (OFET) substrates containing interdigitated con-

tacts with different channel lengths (experimental details in Appendix A). Results, summarized in Figure 2.7, demonstrate that CI-B3 

shows a higher conductivity (9.60 x 10-7 S cm-1) than either CI-B1 (7.98 x 10-8 S cm-1) or CI-B2 (5.33 x 10-7 S cm-1). Therefore, the well-

ordered edge-on stacking molecular orientation characteristic in CI-B3 might result in more efficient π–π stacking in the hole trans-

porting films. Also, the conductivity of spiro-OMeTAD w/o dopant was determined to be σ = 1.07 x 10-6 S cm-1, as previously report-

ed in literature.127 

 

Figure 2.7 The conductivity measurements on OFET substrates of CI-B1, CI-B2 and CI-B3. 

 

We also characterized the charge transport ability of CI-B1, CI-B2 and CI-B3 films by using xerographic time-of-flight (XTOF) tech-

nique.68,128 Due to the specific D- π -A structure present in these HTMs, the type of transported carriers had to be verified. The 

kinetics of the photo discharge analysis was performed in the layers of sufficient thickness for the surface photogeneration. As 

expected, it showed a photo response only for positive charging, confirming that holes are the unique carriers transported in the 

three materials (Figure 2.8, Appendix A).  

 

 

Figure 2.8 Integral discharge transients in xerographic mode in layers of a) C1-B1, b) C1-B2 and c) C1-B3. 

 

c) 
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However, due to the dispersive nature of the holes under high degree of molecular aggregation, the hole drift mobility of C1-B1 

could not be obtained. Note that for thin films the region involved in charge generation corresponds practically to the entire thick-

ness, therefore the transient kinetics exhibit noticeable change of slope. When the slope changes, a hole transit occurs, which can 

only be determined within a relatively narrow range of electric fields. The hole mobility results are shown in standard plot for or-

ganic compounds (Figure 2.9). We estimated that the hole mobility of the C1-B2 and C1-B3 thin films are 8x10-5 and 1.3 x10-4 

cm2/Vs, respectively and CI-B3 showed one order of magnitude higher mobility.  

 

Figure 2.9 The hole drift mobility plot vs electric field for C1-B2 and C1-B3. 

 

2.2.5 Device	Characteristics	
 

 

Figure 2.10 a) Current–voltage curves of the best-performing devices. b) IPCE spectra of the devices using CI-B1, CI-B2, CI-B3 and spiro-OMeTAD 
with dopants as HTMs. c) normalized maximum power point tracking of perovskite solar cells for 1000h.  
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To explore the performance of the three novel compounds, PSCs were fabricated using the following device configuration: fluorine-

doped tin oxide (FTO)/compact-TiO2/mesoporous-TiO2/perovskite/HTM/Au. A triple-cation Cs0.1(MA0.15FA0.85)0.9Pb(I0.85Br0.15)3 per-

ovskite formulation was used as light absorber and each HTM was coated using a 0.15 м solution in tetrachloroethane (experi-

mental details in Appendix A). Figure 2.10a shows the typical current–voltage (J-V) curves of the solar cells based on C1-B HTMs. 

The corresponding photovoltaic parameters are summarized in Table 2.2, and the device statistics are shown (Figure 2.11). We also 

prepared devices using spiro-OMeTAD with dopants as the reference cells, together with spiro-OMeTAD w/o dopants for compari-

son. As expected, the pristine spiro-OMeTAD limits considerably the cell performance, becoming mandatory the use of chemical 

dopants to improve PCE towards 18%. In contrast, thanks to the strong contribution of molecular aggregation the molecules, they 

are able to exhibit high device efficiencies over 14% without the addition of any dopant.  

 

Figure 2.11 Metrics statistics of the photovoltaics parameters obtained from 20 PSCs based on CI-B1, CI-B2 and CI-B3 HTMs. a) open-circuit voltage, 
b) short-circuit current density, c) fill factor, and d) power conversion efficiency.  

 

As summarized in Table 2.2, devices containing CI-B1, yielded a moderate photovoltaic performance of 14.78%, with an open circuit 

voltage (VOC) of 1.08 V, short circuit current density (JSC) of 19.4 mA cm-2, and fill factor (FF) of 0.705. Note that CI-B1 organizes in a 

very random-type orientation, promoting the presence of numerous film inhomogeneities and pin-holes. Similarly, devices contain-

ing CI-B2 exhibit PCE values of 15.33% with VOC of 1.09 V, JSC of 21.8 mA cm-2, FF of 0.647. Such remarkable improvement in device 

efficiency is mainly the consequence of an enhanced JSC achieved for CI-B2, plausibly attributed to its better ability to organize in a 

preferred crystal orientation. Importantly, the edge-on surface organization observed for CI-B3 allows an impressive improvement 

in photovoltaic performance towards 17.54%, leading to VOC values of 1.11 V, JSC of 22.0 mA cm-2, and enhanced FF of 0.722. Note 

that this device efficiency is competitive with the heavily doped spiro-OMeTAD-based device, which reached 18.02% under the 

comparable conditions. In addition, the reason for the improved VOC observed for CI-B3 molecule could be due to its deeper HOMO 

level, in contrast to devices containing CI-B2 or spiro-OMeTAD. This is further supported by the faster PL decay observed for CI-B3 

compared to CI-B2, which suggests a more efficient charge extraction at the perovskite/HTM interface, also facilitated by a better 
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film homogeneity and surface morphology. All these advantages, together with its improved hole mobility, might promote CI-B3 

towards higher JSC and FF values compared to CI-B1 and CI-B2.60,129 As a remark, CI-B solar devices also presented small hysteresis 

between the forward and reverse J–V curves at 0.01 V s-1 scan speed (Figure 2.12).  

 

 

Figure 2.12 The photovoltaic performance of the devices based on a) CI-B1, b) CI-B2 and c) CI-B3 under AM 1.5G illumination (100 mW cm−2). The 
active area of devices is 0.16 cm2. The curves were recorded scanning at 0.01 V s-1 from forward bias to short circuit condition and vice versa. 

 

ID JSC (mA/cm2) VOC (V)  FF PCE (%) 

CI-B1 19.4 1.081 0.705 14.78 

CI-B2 21.8 1.086 0.647 15.33 

CI-B3 22.0 1.107 0.722 17.54 

Spiro-OmeTAD 22.7 1.079 0.736 18.02 

Table 2.2 Photovoltaic performance of the devices based on CI-B1, CI-B2, CI-B3 and spiro-OMeTAD with dopants under AM1.5G illumination (100 
mW cm-2). 

 

We further investigated the series resistance (RS) and shunt resistance (RSH) exhibited by the PSCs with dopant-free HTMs by esti-

mating the slope of the J–V curves near VOC and JSC, respectively (Table 2.3). The CI-B2-based device showed the highest RS (9.3 Ω 

cm2) and lowest RSH (560.1 Ω cm2), whereas CI-B3-based device had lowest RS (5.9 Ω cm2) and highest RSH (864.2 Ω cm2) values. 

Significant reduction of FF for solar cells based on CI-B2 can therefore be attributed to the relatively higher RS and lower RSH. Be-

sides, the better performance of CI-B3 based device may be rationalized in terms of the increased FF value through a lower RS and a 

higher RSH.130,131 

 

HTM CI-B1 CI-B2 CI-B3 

RS (ohm.cm2) 6.6 9.3 5.9 

RSH (ohm.cm2) 719.4 560.1 864.2 

Table 2.3 RS and RSH values for PSCs based on CI-B HTMs. 
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The incident photon-to-current efficiency (IPCE) spectra of the best performing PSCs are also shown in Figure 2.10b which exhibits a 

consistent trend with the characteristic J–V curve. The integrated current density (Jint), calculated from the integration of the IPCE 

spectrum for CI-B1, CI-B2, CI-B3 and spiro-OMeTAD with dopants, respectively, agrees with the value obtained from the J–V curve, 

within 5% deviation. Interestingly, CI-B3 based PSCs demonstrated high photon-to-electron conversion over 85% ranging from 400 

to 750 nm. Such a behaviour, and the overall improved photovoltaic parameters observed for CI-B3, is therefore ascribed to the 

combination of enhanced hole mobility, better film morphology, deeper HOMO level and well-order π−π stacking.  

Finally, we also examined the long-term stability of perovskite devices containing the new CI-B series and compared it with spiro-

OMeTAD with dopants. The tests, conducted at maximum power point (MPP) tracking, were performed without encapsulation, in 

argon ambient under a constant light illumination of 100 mW cm-2. Current-voltage curves were recorded every 3 h for 42 days 

(Figure 2.10c). As seen from the results, the performance of cells containing spiro-OMeTAD with dopants decreased dramatically 

within the first 10h. This effect, previously related with the migration and intercalation of dopants through the device interlayers, 

results in a maximum power output drop of 30%.132,133 Such a rapid drop, which remained lost during the next 1000 h of operation, 

is in contrast with the behaviour observed for the dopant-free CI-B devices. As presented in the Figure 2.10c, in all cases dopant-

free Cl-Bs began to regain its maximum efficiency 7-hour after the first PCE drop, showing a considerable enhancement of device 

performance during the first hours of operation. Such effect is mainly attributed to an improvement in FF and the VOC during light 

soaking.134,135 In addition, CI-B molecules contain nine alkyl chains providing high hydrophobicity to the system, which may addi-

tionally act as a good barrier to slow down perovskite degradation.136,137 The best among the series CI-B3 showed the excellent 

stability, maintaining 88% of its original PCE after 1000 h of device operation, thus combining both high performance and stability 

in a single material. 

 

 Conclusion	
In summary, we have reported three D-π-A type triazatruxene-core based new organic hole transporting materials, namely CI-B1, 

CI-B2 and CI-B3, which are obtained by simple synthesis from inexpensive starting materials. Our results demonstrate that using 

different strong electron acceptors, the morphology and molecular packing of the HTM layer can be strongly modified, which has 

strong consequences in the carrier transport and charge recombination at the interface, avoiding the need of incorporating instable 

chemical dopants. Among them, dopant-free CI-B3, which contains dicyanovinyl-substituted rhodanine, exhibited a remarkable PCE 

of 17.54%, on par with doped spiro-OMeTAD (18.02%), resulting in a more efficient and stable material. According to GIWAXS 

results, such improved performance is achieved thanks to the formation of a well-ordered edge-on aggregates of π-π stacking, 

which are induced by the specific nature of the acceptor. Interestingly, the devices containing CI-B3 exhibited excellent long-term 

stability under MMP tracking, maintaining 88% of its original PCE after 1000 h of illumination. This contrasts with the behaviour of 

devices containing spiro-OMeTAD with dopants, which dropped rapidly to 70% of the initial value. These results emphasize the 

versatility of organic small molecules as dopant-free HTMs, providing a prospect for future material design towards efficient and 

highly stable transporting layers. 
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 Synthetic	methods	and	Procedures	

    

with few drops of conc. HCl. The organic layer was extracted with DCM, dried over anhydrous magnesium sulfate, filtered and 

concentrated under reduced pressure. The resulting residue was purified by column chromatography on silica gel (2% ethanol in 

chloroform) to yield dark red solid. Yield 0.30 g (50%). Due to low solubility with intermolecular aggregation and strong π- π interac-

tion, 1H and 13C NMR spectra could not be obtained. C144H153N3O6S9[M+] Exact Mass = 2307.9246, MS (ESI-QTOF) = 2307.926. Ele-

mental analysis calcd (%) for C144H153N3O6S9: C, 74.86; H, 6.67; N, 1.82. Found: C, 74.84; H, 6.55; N, 1.83. 

  

 filtered and concentrated under reduced pressure. The resulting residue was purified by column chromatography on silica gel (2% 

ethanol in chloroform) to yield dark red solid. Yield 0.29 g (48%). Due to low solubility with intermolecular aggregation and strong 

π- π interaction, 1H and 13C NMR spectra could not be obtained.  C132H156N6O3S15[M+] Exact Mass = 2352.8049, MS (ESI-QTOF) = 

2352.814. Elemental analysis calcd (%) for C132H156N6O3S15: C, 67.30; H, 6.67; N, 3.57. Found: C, 67.03; H, 6.48; N, 3.42. 

    

sulfate, filtered and concentrated under reduced pressure. The resulting residue was purified by column chromatography on silica 

gel (2% ethanol in chloroform) to yield dark red solid. Yield 0.33 g (52%). Due to low solubility with intermolecular aggregation and 

strong π- π interaction, 1H and 13C NMR spectra could not be obtained. C141H156N12O3S12[M+] Exact Mass = 2448.9072, MS (ESI-

QTOF) = 2448.907. Elemental analysis calcd (%) for C141H156N12O3S12: C, 69.08; H, 6.41; N, 6.86. Found: C, 69.03; H, 6.20; N, 6.71. 

 

2,2',2''-(((5,10,15-trihexyl-10,15-dihydro-5H-diindolo[3,2-a:3',2'-c]carbazole-3,8,13-triyl)tris(3,3''- 

dihexyl-[2,2':5',2''-terthiophene]-5'',5-diyl))tris(methaneylylidene))tris(1H-indene-1,3(2H)-dione) 

(CI-B1). 5'',5''''',5''''''''-(5,10,15-trihexyl-10,15-dihydro-5H-diindolo[3,2-a:3',2'-c]carbazole-3,8,13-

triyl)tris(3,3''-dihexyl-[2,2':5',2''-terthiophene]-5-carbaldehyde) (4) (0.5 g, 0.26 mmol, 1eq.) and 

commercially available 1H-indene-1,3(2H)-dione (0.38 g, 2.60 mmol, 10 eq.) were dissolved in 

chloroform (50 mL) and a few drops of triethylamine base were added. The reaction mixture was 

stirred overnight at reflux temperature. The reaction was quenched with water and was acidified 

with few 

(5Z,5'Z,5''Z)-5,5',5''-(((5,10,15-trihexyl-10,15-dihydro-5H-diindolo[3,2-a:3',2'-c]carbazole-3,8,13-

triyl)tris(3,3''-dihexyl-[2,2':5',2''-terthiophene]-5'',5-diyl))tris(methaneylylidene))tris(3-ethyl-2-

thioxothiazolidin-4-one) (CI-B2). Aldehyde compound (4) (0.5 g, 0.26 mmol, 1eq.) and commercial-

ly available 3-ethyl-2-thioxothiazolidin-4-one (0.42 g, 2.60 mmol, 10 eq.) were dissolved in chloro-

form (50 mL) and a few drops of Et3N base were added. The reaction mixture was stirred overnight 

at reflux temperature. The reaction was quenched with water and was acidified with few drops of 

conc. HCl. The organic layer was extracted with DCM, dried over anhydrous magnesium sulfate, 

filtered and concentrated under reduced pressure. 

2,2',2''-((5Z,5'Z,5''Z)-(((5,10,15-trihexyl-10,15-dihydro-5H-diindolo[3,2-a:3',2'-c]carbazole-3,8,13-

triyl)tris(3,3''-dihexyl-[2,2':5',2''-terthiophene]-5'',5-diyl))tris(methaneylylidene))tris(3-ethyl-4-

oxothiazolidine-5,2-diylidene))trimalononitrile (CI-B3). Compound (4) (0.5 g, 0.26 mmol, 1eq.) and 

2-(3-ethyl-4-oxothiazolidin-2-ylidene)malononitrile (5) (0.5 g, 2.60 mmol, 10 eq.) were dissolved in 

chloroform (50 mL) and a few drops of piperidine were added. The reaction mixture was stirred 

overnight at reflux temperature. The reaction was quenched with water and was acidified with few 

drops of conc. HCl. The organic layer was extracted with DCM, dried over anhydrous magnesium 

sulfate, filtered and concentrated under reduced pressure. 
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 Dopant-free	Hole	Transport	Mate-
rials	Afford	Efficient	and	Stable	Inorganic	Per-
ovskite	Solar	Cells	and	Modules		

 

Inorganic perovskites especially for triiodides are quite sensitive to the moisture, due to their undesirable Goldschmidt 

tolerance factor. Such inferior stability could be improved by doping, surface energy tuning, additive engineering, and interfacial 

passivation, while the implementation of these strategies is limited due to the potential impact on device performance. Within this 

context, the construction of an efficient water proofer is a key issue for enhancing the stability of inorganic perovskite photovolta-

ics and promoting their large-scale application. The emerging CsPbI3 perovskites are highly efficient and thermally stable materials 

for wide-bandgap perovskite solar cells (PSCs), but the doped hole transport materials (HTMs) accelerate the undesirable phase 

transition of CsPbI3 in ambient. The donor – π-bridge – acceptor (D–π–A) design for small organic molecules stands out with a pla-

nar nitrogen-containing triazatruxene (TAT) core with alkyl chains was employed as the donor (D) due to its, excellent charge trans-

porting ability and strong π-π stacking ability. Alkylated terthiophene conjugated arm 3,3''-dihexyl-2,2':5',2''-terthiophene was 

integrated as π-bridge module of the new molecule to increase hole-mobility properties by increased conjugation length. A strong 

Lewis base electron-withdrawing acceptor (A) unit, 2-(5,6-difluoro-3-oxo-2,3-dihydro-1H-inden-1-ylidene)malononitrile (IN-2F) was 

armed. Herein, a dopant-free D-π-A type HTM named CI-TTIN-2F has been developed which overcomes the stability problem. The 

suitable optoelectronic properties and energy-level alignment endow CI-TTIN-2F with excellent charge collection properties. More-

over, CI-TTIN-2F provides multisite defect-healing effects on the defective sites of CsPbI3 surface. Inorganic CsPbI3 PSCs with CI-

TTIN-2F HTM feature high efficiencies up to 15.9%, along with 86% efficiency retention after 1000 h under ambient conditions. 

Inorganic perovskite solar modules were also fabricated that exhibiting an efficiency of 11.0% with a record area of 27 cm2. The PCE 

of the module is among the highest PCEs for CsPbI3 solar modules. This work confirms that using efficient dopant-free HTMs is an 

attractive strategy to stabilize inorganic PSCs for their future scale-up. 

 

This chapter is based on published work: C. Liu, C. Igci, Y. Yang, O. A. Syzgantseva, M. A. Syzgantseva, K. Rakstys, H. Kanda, N. Shi-
bayama, B. Ding, X. Zhang, V. Jankauskas, Y. Ding, S. Dai, P. J. Dyson, M. K. Nazeeruddin, Angew. Chem. Int. Ed. 2021, 60, 20489. 
doi.org/10.1002/anie.202107774. 

Authors: Cheng Liu, Cansu Igci, Yi Yang, Dr. Olga A. Syzgantseva, Dr. Maria A. Syzgantseva, Dr. Kasparas Rakstys, Dr. Hiroyuki Kan-
da, Prof. Naoyuki Shibayama, Dr. Bin Ding, Xianfu Zhang, Dr. Vygintas Jankauskas, Dr. Yong Ding, Prof. Songyuan Dai, Prof. Paul J. 
Dyson, Prof. Mohammad Khaja Nazeeruddin. In this work I contributed equally with Cheng Liu and Yi Yang as first author, we con-
ceptualized the idea and designed the experiments. Specifically, I performed the synthesis and characterization all organic materials, 
and the data analysis. 
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 Introduction	
Inorganic perovskites especially for triiodides are quite sensitive to the moisture. Several strategies were reported to address stabil-

ity issue of all-inorganic perovskites including surface energy tuning, additive engineering, and interfacial passivation.24,27,28,138 

However, the implementation of these strategies for improving stability is limited due to the potential impact on device perfor-

mance. For instance, the amount of the additive is normally low in order to maintain crystallinity and charge mobility of the perov-

skite film.139 Similarly, the thickness of the surface passivation layer must be a few nanometers to maintain charge extraction from 

the active layers to the charge transport layers.140 For these reasons, highly hydrophobic hole transport materials (HTMs) have 

received attention, as they have the potential to block the moisture-driven phase transition of black phase CsPbI3.141 

At present, state-of-the-art CsPbI3 PSCs still use 2,2ʹ,7,7ʹ-tetrakis(N,N-di-p-methoxyphenyl-amino)-9,9ʹ-spi-robifluorene (spiro-

OMeTAD) doped with lithium bis(trifluoromethane)sulfonamide (LiTFSI), cobalt complex and 4-tert-butyl pyridine (TBP) additives as 

the HTM.38,39 However, we observed very fast phase transitions in the black phase CsPbI3 films covered with standard doped spiro-

OMeTAD layers, with these transitions being even faster than that of bare CsPbI3 films under the same conditions. Hence, the hy-

groscopic nature of the dopants eliminates the advantage of the hydrophobicity of the upper hole transport layers and significantly 

accelerates the phase transition of CsPbI3 leading to device degradation.142,143 Therefore, developing dopant-free, efficient, and 

stable HTMs is highly desirable and could lead to practical applications of inorganic perovskites in PSCs.  

Herein, we described the design and synthesis of a dopant-free D-π-A type HTM, namely CI-TTIN-2F, employing a triazatruxene 

(TAT) as the electron-rich donor, alkylated terthiophene as π-bridges, and a fluorinated electron-deficient acceptor (Figure 3.1). 

Benefiting from intramolecular charge transfer (ICT) and strong dipolar intermolecular interactions, CI-TTIN-2F shows excellent 

optoelectronic properties, ideal energy-level alignment, and good charge collection properties. In addition, joint experimental and 

theoretical studies suggest that CI-TTIN-2F provides multisite defect-healing effects on the surface of the CsPbI3 films due to the 

presence of various heteroatoms (N, O, S, F) in the HTM structure, which effectively reduces the trap densities and charge recom-

bination at the interface. As a dopant-free HTM for the all-inorganic CsPbI3 PSCs, CI-TTIN-2F impressively delivers high PCEs of 

15.9% on small-area cells and 11.0% on modules with a record area of 27 cm2. Furthermore, the device employing CI-TTIN-2F main-

tains over 86% of its initial performance for 1000 h after storage in ambient conditions. 

 

Figure 3.1 Chemical structure of the CI-TTIN-2F molecule. 
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 Result	and	Discussion	

3.2.1 Design	and	Synthesis	of	CI-TTIN-2F	HTM	
A planar nitrogen-containing triazatruxene (TAT) core with alkyl chains was employed as the donor (D) due to its excellent charge 

transporting and strong π-π stacking ability.52 The alkylated terthiophene conjugated arms, 3,3''-dihexyl-2,2':5',2''-terthiophene, 

were modulated as π-bridge to increase hole-mobility properties of the molecule by increasing the double-bond character.68 A 

strong Lewis base electron-withdrawing acceptor (A) unit, 2-(5,6-difluoro-3-oxo-2,3-dihydro-1H-inden-1-ylidene)malononitrile (IN-

2F), was selected based on D-π-A type architecture to decrease the LUMO levels without causing strong steric hindrance, enhance 

inter/intramolecular non-covalent interactions, and increase hydrophobicity leading to a long-term stability. Synthesis of the inter-

mediate 5'',5''''',5''''''''-(5,10,15-trihexyl-10,15-dihydro-5H-diindolo[3,2-a:3',2'-c]carbazole-3,8,13-triyl)tris(3,3''-dihexyl-[2,2':5',2''-

terthiophene]-5-carbaldehyde) compound 4 was accomplished starting from commercially available and inexpensive precursor 2-

indolinone according to the reported method with a small modification (Scheme 3.1).68 The designed acceptor unit was synthesized 

from commercially available 5,6-Difluoro-2-benzofuran-1,3-dione as previously described in the literature.144 It reduced in the 

presence of tert-butyl acetoacetate and triethyl amine at room temperature to difluorinated indanedione. Then, it followed by 

dicyanovinylene moiety incorporation in one of the carbonyl with sodium acetate under reflux to get 2-(5,6-difluoro-3-oxo-2,3-

dihydro-1H-inden-1-ylidene)malononitrile (Scheme 3.2). The final product was synthesized by condensing the obtained aldehyde 

(4) and the acceptor in the presence of pyridine under Knoevenagel reaction conditions (Scheme 3.3). Moreover, CI-TTIN-2F is 

soluble in tetrachloroethane, and reasonably soluble in tetrahydrofuran and dichloromethane, allowing solution processing. The 

expected structure of CI-TTIN-2F was confirmed by MALDI-TOF mass spectrometry and elemental analysis (Appendix B). 

 

 

Scheme 3.1 Synthetic route of 5'',5''''',5''''''''-(5,10,15-trihexyl-10,15-dihydro-5H-diindolo[3,2-a:3',2'-c]carbazole-3,8,13-triyl)tris(3,3''-dihexyl-
[2,2':5',2''-terthiophene]-5-carbaldehyde). 

 

 

Scheme 3.2 Synthetic route of 2-(5,6-difluoro-3-oxo-2,3-dihydro-1H-inden-1-ylidene)malononitrile. 
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Scheme 3.3 Synthetic routes of CI-TTIN-2F. 

 

3.2.2 Thermal,	Optical,	and	Electrochemical	Properties		
To evaluate the thermal properties of CI-TTIN-2F thermogravimetric analysis (TGA) was carried out under a nitrogen atmosphere 

(Figure 3.2a). The decomposition temperature (Tdec) corresponding to a weight loss of 5% occurs above 300 °C, indicating that CI-

TTIN-2F has sufficient thermal stability for application as an HTM in PSCs. The optical properties of CI-TTIN-2F were investigated by 

ultraviolet-visible (UV-Vis) spectroscopy in the solid state and in tetrachloroethane solution (Figure 3.2b). The UV-vis spectra of the 

CI-TTIN-2F film and solution show multimodal absorption (Figure 3.2c). Absorption bands were observed between 350 and 500 nm, 

which may be attributed to the localized aromatic π-π* transition of the D-π-A structure. More importantly, an additional NIR ab-

sorption peak centred at around 660 nm indicates ultra-strong intermolecular charge transfer from the TAT electron-donating unit 

to the IN-2F electron-withdrawing group. Note that the position of the ICT band is slightly red-shifted as the solution transitions to 

the solid-state, which is characteristic of many organic semiconductors.8 The optical energy bandgap (Eg) estimated from the onset 

of the absorption peak is determined to be 1.52 eV for CI-TTIN-2F, which would increase the intrinsic carrier concentration through 

the thermal population in the conduction band (experimental details in Appendix B). 
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Figure 3.2 a) TGA curves of CI-TTIN-2F under nitrogen atmosphere with a heating rate of 20°C/min. b) UV-vis absorption spectra of CI-TTIN-2F in 
dilute tetrachloroethane solution. c) . UV-Vis absorption spectra of CI-TTIN-2F thin films. d) Cyclic voltammograms of the CI-TTIN-2F HTMs measured 
in 0.1 M n-Bu4NPF6 solution in tetrahydrofuran. 

 

To investigate HOMO energy level (EHOMO) of CI-TTIN-2F, electrochemical cyclic voltammetry (CV) was first performed with a stand-

ard three-electrode configuration (Figure 3.2d). The material was tested in tetrahydrofuran containing 0.1 M n-Bu4NPF6 as a sup-

porting electrolyte, and the oxidation potential was calibrated against an internal ferrocene standard. The EHOMO value was calcu-

lated as -5.37 eV vs. vacuum for CI-TTIN-2F. The HOMO level is well aligned with the valence band energy level of the CsPbI3 inor-

ganic perovskite so that the photogenerated charge carriers should be efficiently transferred at the interface.145 The lowest unoc-

cupied molecular orbital (LUMO) energy levels were calculated to be -3.85 eV by subtracting the optical bandgap and HOMO ener-

gy level. These results are consistent with the trend estimated from density functional theory (DFT) calculations (Table 3.1).  

 

 
HOMO LUMO 

PBE-D3 -4.60 -3.58 

PBE0@PBE-D3 -5.23 -3.29 

PBE0 -5.23 -3.22 

Table 3.1. Energy levels (in eV) of CI-TTIN-2F, computed with different density functionals. 

 

3.2.3 Intrinsic	Properties	of	CI-TTIN-2F	
The localization and energies of frontier molecular levels of CI-TTIN-2F have been assessed using density functional theory calcula-

tions, employing various functionals, including Perdew-Burke-Ernzerhof (PBE) density functional with Grimme’s D3 dispersion cor-
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rection and hybrid PBE0 density functionals (experimental details in Appendix B). The molecular structures were optimized by using 

PBE-D3 density functional. The localization and energies of the frontier molecular levels of CI-TTIN-2F for the HOMO are delocalized 

primarily in the TAT core and spread along the entire molecule, while LUMO are localized in the acceptor moiety and π-bridge of 

the HTM (Figure 3.3a). Figure 3.3b shows the schematic of the energy band diagram. The energy bands of the CsPbI3 perovskite 

were characterized by ultraviolet photoelectron spectroscopy (UPS) and UV-vis spectroscopy. The energy level alignment implies 

that the fluorinated IN-2F acceptor unit with stronger electron-withdrawing properties endows CI-TTIN-2F with much deeper HO-

MO energy levels by 0.40 eV compared to spiro-OMeTAD. The lower HOMO of CI-TTIN-2F is expected to ensure more efficient 

interfacial hole-transport kinetics and improve the open-circuit voltage (VOC) for CsPbI3 PSCs.146 

The space-charge limited current (SCLC) measurements were carried out on the hole-only devices to evaluate the charge transport 

properties of CI-TTIN-2F, and the hole mobilities were extracted following the Mott-Gurney Law (Figure 3.3c). Encouragingly, with 

the D-π-A molecular structure, CI-TTIN-2F exhibits high hole mobility of 3.7 × 10-4 cm2·V-1·s-1, significantly higher than that of spiro-

OMeTAD (6.1 × 10-5 cm2·V-1·s-1), attributed to the higher degree of conjugation and better intermolecular interactions.67 Grazing 

incidence wide-angle X-ray scattering (GIWAXS) was performed to investigate the molecular organization in the HTM film (Figure 

3.3d). The pole plots of the azimuth angle integrated around qz = 3.5 Å-1 (Figure 3.3e) indicate that CI-TTIN-2F possess multiple 

orientations in the films. Besides the face-on orientation, CI-TTIN-2F exhibits edge-on stacking that favor charge transport.147 

 

 

Figure 3.3 a) Spatial distribution of HOMO and LUMO orbitals in CI-TTIN-2F. C, O, N, H, F and S atoms are colored in cyan, red, blue, white, green and 
yellow, respectively. b) Molecular energy level alignments. c) The hole injection characteristics measured by the SCLC method of dopant-free HTMs. 
d) 2D GIWAXS patterns of pristine hole CI-TTIN-2F HTM. e) The pole plots of the azimuth angle integrated around qz = 3.5 Å-1 of CI-TTIN-2F.  

 



Chapter 3: Dopant-free Hole Transport Materials Afford Efficient and Stable Inorganic Perovskite Solar Cells and Modules 

65 

3.2.4 Characterization	of	Perovskite/HTM	Interfaces	
To investigate the potential interactions occurring between the CI-TTIN-2F HTM and the perovskite surface, Born Oppenheimer 

molecular dynamics (MD) calculations of CI-TTIN-2F deposited on top of a slab of tetragonal β-CsPbI3 perovskite were performed 

and the 0 ps and 4 ps of the simulation was shown in Figure 3.4 (experimental details in Appendix B). The MD simulations show that 

CI-TTIN-2F can form Pb contacts of different types with the perovskite surface, specifically: i) The CN groups of the acceptor units 

interact with the Pb2+ cations of the surface, in particular forming relatively short Pb···N contacts of 2.8-3.0 Å (Figure 3.5a), evidenc-

ing strong coordination interactions. ii) The F atoms of the acceptor can interact weakly with the surface; however, average Pb-F 

distances are longer to be > 4 Å (Figure 3.5b). This is partially due to the face-on configuration of CI-TTIN-2F CN groups within 2FIN 

which coordinate with the perovskite surface, as malononitrile unit can rotate. Consequently, coordination of the CN group with 

the surface rotates the conjugated 5,6-difluoro-3-oxo-2,3-dihydro-1H-inden-1-ylidene moiety having a quasi-planar geometry (Fig-

ures 3.4), lifting the F atoms and thus elongating the Pb-F distances. However, the weak Pb-F contacts (Figure 3.5c) contribute to 

more intimate interactions between the HTM and the perovskite surface. iii) The lone pairs of electrons on sulfur atoms of the π-

bridges interact with the Pb2+ cations of the surface, which are similar to previously reported oligothiophene HTMs.148 The Pb-S 

distances around 3.7 Å are below the sum of van der Waals radii of Pb and S, evidencing coordination interactions. iv) The average 

Pb-O distances in the stabilized molecular conformation are about 3.0-3.5 Å, which is below or close to the sum of van-der-Waals 

radii of the interacting atoms. The average distances of the shortest contacts I-X (X = O, N, S, F) are longer, being about 4 Å. In the 

face-on configuration the hexyl units also tend to orient along the perovskite surface, which allows the site-specific non-covalent 

Pb-X interactions to be maximized, since the corresponding parts of HTM can sufficiently approach the surface. Some hexyl units 

are unable to orient parallel to the surface due to the steric hindrance produced by other parts of CI-TTIN-2F (Figure 3.4), and 

sometimes the hexyl chains provide steric hindrance. 

 

 

Figure 3.4 Molecular dynamics calculations of the CI-TTIN-2F molecule deposited on top of the slab of CsPbI3 perovskite. 
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Figure 3.5 a) Average distances Pb-X, where X = O, N, S, F of the HTM deposited on perovskite surface. b) Evolution of distances Pb-X (X = O, N, S, F) 
during the process of CI-TTIN-2F deposition on top of the perovskite surface: comparison between different contacts. c) Evolution of distances Pb-X 
(X = O, N, S, F) during the process of CI-TTIN-2F deposition on top of the perovskite surface: several contacts of the same type Pb-Xi. 

 

To elucidate the impact of CI-TTIN-2F on the electronic structure of the interface, a representative snapshot during the MD trajec-

tory was selected to simulate the electronic structure using PBE0 density functional (Figure 3.6). The perovskite surface was repre-

sented by PbI2-terminated slab, in which each Pb2+ ion can be considered as unsaturated, representing a defect. In the absence of 

CI-TTIN-2F on the perovskite surface, Pb-centered trap-like states were observed at the bottom of the conduction band of the 

perovskite (Figure 3.6a). Interestingly, upon coverage of the perovskite with CI-TTIN-2F, these states disappear, with the contribu-

tion of the Pb2+ ions being “merged” with the continuous manifold of states at the bottom of the conduction band (Figure 3.6b). 

Moreover, the empty CI-TTIN-2F-centered states are situated below the conduction band manifold (Figure 3.6c). Consequently, an 

electron from the bottom of the perovskite conduction band at the interface can migrate on the CI-TTIN-2F instead of recombining 

with the holes. Moreover, the participation of CI-TTIN-2F orbitals in the formation of the bottom of the conduction band favors 

electron delocalization over the perovskite/HTM interface, which in turn facilitates electron migration.  

 

Figure 3.6 Electronic structure of the PbI2-terminated surface a) without and b) with CI-TTIN-2F HTMs, calculated using PBE0 density functional. c) 
Electronic structure of the CI-TTIN-2F/perovskite interface, calculated using PBE0 density functional. 
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Since charge extraction properties are crucial for HTMs, we examined the charge-carrier dynamics in pristine CsPbI3 and CsP-

bI3/HTM films using steady-state photoluminescence (PL) and time-resolved photoluminescence (TRPL) spectroscopy. The pristine 

CsPbI3 film exhibits the strongest PL emission centered around 725 nm (Figure 3.7a). Significant quenching was observed in the 

presence of the HTM, and CI-TTIN-2F has the lowest PL intensity, suggesting rapid hole extraction across the interface and a superi-

or hole extraction ability of CI-TTIN-2F compared to spiro-OMeTAD. TRPL spectroscopy was used to delineate the carrier dynamics 

quantitatively (Figure 3.7b). The pristine CsPbI3 film shows a longer lifetime (τ1 = 2.11 ns), which was reduced by the HTM due to 

the charge extraction. The CsPbI3/CI-TTIN-2F junction presents faster hole transfer (0.69 ns) than the CsPbI3/spiro-OMeTAD inter-

face (0.76 ns), most likely due to the deeper valence band maximum of CI-TTIN-2F and the stronger interfacial interactions between 

the Pb2+ ion on the perovskite surface and 2FIN units of CI-TTIN-2F compared to spiro-OMeTAD.149 

 

Figure 3.7 a) Steady-state photoluminescence (PL) spectra of CsPbI3 films without and with different HTMs. b) TRPL spectra of CsPbI3 films on glass 
substrate capping without and with different HTMs. 

 

3.2.5 Device	Characteristics		
The cross-section SEM image of the complete PSC was shown with an n-i-p structure comprising FTO/TiO2/CsPbI3/CI-TTIN-2F/Au, in 

which the thickness of the CI-TTIN-2F hole transport layer (HTL) was optimized at ~50 nm (Figure 3.8a) (experimental details in 

Appendix B). The best-performing CI-TTIN-2F-based device shows a PCE of 15.91% under reverse scan conditions, with a short-

circuit photocurrent density (JSC) of 18.82 mA·cm-2, a VOC of 1.10 V, and a fill factor (FF) of 77.50%, and a PCE of 15.29% in forward 

scan condition, with a JSC of 18.82 mA·cm-2, a VOC of 1.06 V, and an FF of 76.90% (Figure 3.8b). The device performance is higher 

than that of the spiro-OMeTAD-based PSC with an efficiency of 11.44% under reverse scan and 8.68% in forward scan (Figure 3.8c), 

reflecting the lower-lying HOMO levels as well as the improved hole mobility and extraction for CI-TTIN-2F HTM. The two devices 

exhibit similar integrated photocurrent values (Figure 3.8d), and the main difference in efficiency derives from the VOC and FF. The 

CI-TTIN-2F-based device demonstrates reduced trap states compared with the spiro-OMeTAD-based device over the whole defect 

energy region. This reduction derives from the effective surface passivation of CI-TTIN-2F, which is confirmed by the removal of 

trap states (Figure 3.6). Hence, CI-TTIN-2F gives rise to advantageously accelerated interface charge transfer, diminishes surface 

defects, and suppresses trap-assisted recombination, which reduces energy loss and thus enhances device performance, especially 

for VOC and FF. 
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Figure 3.8 a) Cross-section SEM image of the device with CI-TTIN-2F HTMs. b) The J-V curves of the CI-TTIN-2F-based champion device. c) . J-V curves 
of CsPbI3 PSCs with dopant-free spiro-OMeTAD HTMs. d) EQE of perovskite solar cells with various HTMs. 

 

To demonstrate large-scale application of the CI-TTIN-2F HTM, inorganic CsPbI3 perovskite modules with an active area of 27 cm2 

were fabricated (Figure 3.8a). The modules were patterned by the P1, P2, and P3 laser-scribing method (Figure 3.9b), consisting of 

nine sub-cells. Notably, the CsPbI3 PSC module achieves a PCE of 10.98% employing the CI-TTIN-2F HTM, with a JSC of 1.96 mA·cm-2, 

a VOC of 9.36 V, and an FF of 60%. The similar VOC of each sub-cell with a single cell implies the good uniformity of the HTM layer 

over a large area. The reduced JSC and FF can be attributed to the greater series resistance because of the longer carrier transport 

paths and the device nonuniformities. Moreover, the perovskite solar module with the CI-TTIN-2F HTM shows a steady output PCE 

of 10.80% under the AM 1.5 G illumination for 250 s, which is consistent with that calculated from J-V scanning (Figure 3.10a). The 

performance of the reported inorganic perovskite modules versus device area are summarized in Figure 3.10b.150 The efficiency of 

the CI-TTIN-2F-based module is comparable with that of previous reports while showing the largest module area. 

 

Figure 3.9 a) Photograph of the CI-TTIN-2F-based mini module. b) The J-V curve of the best-performing module. The inset is the schematic illustra-
tion of the mini-module device structure. 
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Figure 3.10 a) PCE output at a maximum power point of 6 V for the CI-TTIN-2F-based perovskite solar module. b) PCEs of all-inorganic perovskite 
modules versus module area from this work and previous reports. 

 

3.2.6 Stability	Characteristics	
Moisture-induced phase transitions of the perovskite film are a critical degradation path for all-inorganic PSCs. To examine the 

effects of HTL incorporation on phase stability of perovskite films, we tracked the absorbance evolution of CsPbI3 films under a 

controlled relative humidity (RH) of ~50% and photographs of the perovskite films stored for different time are shown in Figure 

3.11a. Remarkably, the CsPbI3 film covered with doped spiro-OMeTAD is bleached within only 20 min, which is even more rapid 

than that of the bare CsPbI3 film (100 min). The degradation onset is significantly retarded to 180 min when the hydrophilic dopants 

were removed from the spiro-OMeTAD HTL composition. Specially, no obvious change in color is observed from the CsPbI3 film 

with the CI-TTIN-2F HTM after aging for 480 min. To probe surface property of the HTLs, contact angles of water droplets on the 

CsPbI3/HTLs samples were measured (Figure 3.11b). The CI-TTIN-2F HTL showed a much higher contact angle of ~99° than those of 

spiro-OMeTAD with (~75°) and without dopants (~88°), and the improved hydrophobicity can be in part attributed to the intro-

duced fluorinated 1,1-dicyanomethylene-3-indanone acceptor units in the D-π-A structure. The stability of unencapsulated CsPbI3 

PSCs employing different HTMs was monitored in an ambient atmosphere with a RH of ~20% for 1000 hours. Figure 3.11c presents 

the normalized PCEs of the devices as a function of storage time and the device performances were periodically measured in ambi-

ent air. the ambient stability monitored under ambient conditions reveals that the doped spiro-OMeTAD-based device suffers a 

sharp drop up to <10% of the initial PCE within only 100 h due to the moisture-sensitive dopants. Furthermore, the dopant-free 

spiro-OMeTAD-based device retains 66% of the pristine performance after 1000 hours. Encouragingly, the CI-TTIN-2F-based device 

maintains 86% of its initial PCE after 1000 h exposure. Moreover, we examined the operational stability of the unencapsulated CI-

TTIN-2F-based device under a constant one sun illumination (AM1.5G) at 25°C in a nitrogen atmosphere at the maximum power 

point (Figure 3.11d). The CsPbI3 PSC with CI-TTIN-2F maintains over 80% of the initial PCE under light soaking for 800 h, demon-

strating a superior photochemical stability based on this new CI-TTIN-2F HTM. 
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Figure 3.11 a) Photos of the CsPbI3 films with and without different HTMs before and after exposure to RH of ~50% for 480 min. b) Water contact 
angles of different HTLs on the perovskite layer. c) Stability under ambient (~20% RH) for the unencapsulated CsPbI3 PSCs with different HTMs. d) 
Operational stability of the CsPbI3 device with CI-TTIN-2F HTMs under a constant one sun illumination at the maximum power point without a UV 
filter in nitrogen atmosphere. 

 

 Conclusion	
We synthesized a new dopant-free HTM named CI-TTIN-2F with a D-π-A molecular configuration. The suitable optoelectronic prop-

erties and energy-level alignment endow CI-TTIN-2F with excellent charge collection properties. In addition, joint experimental and 

theoretical studies suggest that CI-TTIN-2F has the capacity for multisite passivation effects on defective CsPbI3 surfaces due to the 

presence of various heteroatoms. As a result, all-inorganic CsPbI3 PSCs with dopant-free CI-TTIN-2F HTM demonstrate a high PCE of 

15.9%, along with 86% efficiency retention after 1000 hours under ambient conditions. These results indicate an excellent compat-

ibility of CI-TTIN-2F with all-inorganic PSCs. Notably, the largest all-inorganic perovskite solar module was fabricated using the CI-

TTIN-2F HTM, and exhibited an efficiency of 11.0% with an area of 27 cm2. This study provides a new design strategy toward effi-

cient dopant-free HTMs with multisite passivation effects that stabilize all-inorganic PSCs to facilitate future scale-up. 
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 Synthetic	methods	and	Procedures	

     

was stirred overnight at reflux temperature. The reaction was quenched with water and was acidified with few drops of conc. HCl. 

The organic layer was extracted with chloroform, dried over anhydrous magnesium sulfate, filtered and concentrated under re-

duced pressure. The resulting residue was purified by column chromatography on silica gel (2% ethanol in chloroform) to yield dark 

green solid. CI-TTIN-2F was obtained with a good yield (0.18 g, 53%). Due to intermolecular aggregation and strong π- π interaction, 
1H and 13C NMR spectra could not be obtained. C153H147F6N9O3S9 [M+] Exact Mass =2559.90, MS (MALDI-TOF) =2560.274 Elemental 

analysis calcd (%) for C153H147F6N9O3S9: C, 71.72; H, 5.78; N, 4.92; S, 11.26. Found: C, 70.86; H, 5.28; N, 4.73; S, 10.51. 

 

2,2',2''-((2Z,2'Z,2''Z)-(((5,10,15-trihexyl-10,15-dihydro-5H-diindolo[3,2-a:3',2'-c]carbazole-3,8,13-

triyl)tris(3,3''-dihexyl-[2,2':5',2''-terthiophene]-5'',5-diyl))tris(methaneylylidene))tris(5,6-difluoro-3-

oxo-2,3-dihydro-1H-indene-2,1-diylidene))trimalononitrile (CI-TTIN-2F). Intermediate compound 

5'',5''''',5''''''''-(5,10,15-trihexyl-10,15-dihydro-5H-diindolo[3,2-a:3',2'-c]carbazole-3,8,13-

triyl)tris(3,3''-dihexyl-[2,2':5',2''-terthiophene]-5-carbaldehyde) (0.25 g, 0.13 mmol, 1eq.) and 2-

(5,6-difluoro-3-oxo-2,3-dihydro-1H-inden-1-ylidene)malononitrile (0.29 g, 1.30 mmol, 10 eq.) were 

dissolved in chloroform (30 mL) and a few drops of pyridine base were added. The reaction mixture 

was stirred overnight 





 

73 

 Highly	 Planar	 Benzodipyrrole-
based	 Hole	 Transporting	 Materials	 with	 Pas-
sivation	 Effect	 for	 Efficient	 Perovskite	 Solar	
Cells	
 

Three benzodipyrrole (BDP)-based organic small molecules with substituted 4-methoxyphenyl (CB-1), 3-fluorophenyl 

(CB-2), and 3-trifluoromethylphenyl (CB-3) are designed, synthesized, and used as a hole-transporting material (HTM) for perov-

skite solar cells (PSCs). The electrochemical, optical, thermal, electronic, and optoelectronic properties of the HTMs are character-

ized to verify their suitability for PSCs. The terminal functional groups of the HTMs having different heteroatoms mainly target 

effective defect passivation of perovskites. Photoluminescence (PL) studies support the notion that the fluorinated moieties of CB-2 

and CB-3 can contribute to the defect passivation via interaction with Pb of the perovskite. This is further strengthened by Molecu-

lar dynamic (MD) simulations. The molecular planarity of CB-2 was confirmed by the simulation and the calculation of small dihe-

dral angle between the BDP unit and the 3-fluorophenyl of CB-2. In particular, a highly planar conformation of CB-2 on the perov-

skite surface can facilitate more efficient hole transfer at the interface and thus facilitate the hole extraction with the help of in-

termolecular π–π interaction. Thus, the PSCs employing CB-2 achieve the highest power conversion efficiency (PCE) of 18.23% while 

the devices using CB-1 and CB-3 exhibit a lower PCE of 16.78% and 16.74%, respectively. Furthermore, the molecular hydrophobi-

city of the fluorinated HTMs enabled the devices to demonstrate excellent long-term storage stability in the air without encapsula-

tion. PSCs with the BDP-based HTMs demonstrate excellent long-term storage stability without degradation in their PCEs over 6 

months. The highly planar geometry, defect passivation effect, and hydrophobicity of CB-2 show its great potential as an HTM for 

efficient and stable PSCs. 

 

 

This chapter is based on the manuscript under-revision by Solar RRL. 

Authors: Cansu Igci, Hiroyuki Kanda, So-Min Yoo, Albertus Adrian Sutanto, Olga A. Syzgantseva, Maria A. Syzgantseva, Vygintas 
Jankauskas, Kasparas Rakstys, Hobeom Kim, Abdullah M. Asiri, and Mohammad Khaja Nazeeruddin. In this work I contributed as 
first author. I conceptualized the idea, designed the experiments, synthesized and characterized all organic materials, performed 
data analysis. 
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 Introduction	
Benzodipyrrole (BDP) is a pyrrole-based heterocyclic small molecule, and there has been interest in the BDP-based organic mole-

cules for application in organic field-effect transistors (OFETs) and organic light-emitting diodes (OLEDs) as a hole injection materi-

al.151-154 However, the use of the BDP-based HTMs in PSCs has rarely been studied.58,155 The presence of the heteroatom in the BDP 

core can facilitate the intermolecular non-covalent interaction and increase the molecular planarity while extending π-electron 

delocalization along the molecular backbone, which can enhance the charge transport properties.156-160 In addition, a tunable ener-

gy level of the BDP unit is promising to design a well-aligned energy level with perovskites, which can further promote hole extrac-

tion.156 Moreover, the functionalization of the BDP unit with the heteroatom integration can target effective defect passivation of 

perovskites resulting in a reduced charge recombination loss, thereby improving device performance.73,161,162 

Herein, we developed three novel BDP-based organic small molecules as a HTM in PSCs, 1,5-dihexyl-2,6-bis(4-methoxyphenyl)-1,5-

dihydropyrrolo[2,3-f]indole, 2,6-bis(3-fluorophenyl)-1,5-dihexyl-1,5-dihydropyrrolo[2,3-f]indole and 1,5-dihexyl-2,6-bis(3-

(trifluoromethyl)phenyl)-1,5-dihydropyrrolo[2,3-f]indole named CB-1, CB-2, and CB-3, respectively (Figure 4.1). 4-methoxyphenyl, 

3-fluorophenyl and 3-trifluoromethylphenyl functional groups were attached in the BDP-based HTM structure to examine the het-

eroatom effects on PSC performance. We investigated the HTMs in terms of electrochemical energy levels, optical properties of 

absorption and photoluminescence (PL), thermal stability, and electronic properties of hole mobility and film conductivity. Fur-

thermore, molecular dynamic (MD) simulations revealed an interaction between the heteroatoms of the molecules and Pb atom of 

the perovskite, which proves an impact of the HTMs on the defect passivation effect. We employed the HTMs to fabricate PSCs and 

the use of CB-2 achieved the highest PCE of 18.23 % mainly based on its strong defect passivation effect and intermolecular interac-

tion owing to a high degree of molecular planarity. Meanwhile, the use of CB-1 and CB-3 resulted in a lower PCE of 16.78% and 

16.74%, respectively, mainly due to the absence of the passivation effect of CB-1 and the inferior hole-transporting capability of CB-

3 despite its defect passivation effect. Lastly, we demonstrated significantly stable device performance during long-term storage 

using the HTMs with improved hydrophobicity, particularly in fluorinated CB-2 and CB-3 HTMs based PSCs. 

 

 Results	and	Discussion	

4.2.1 Design	and	Synthesis	of	BDP-based	HTMs	
In the molecular design of the HTMs, the alkylated BDP core was preserved as a donor unit while functional groups were modulat-

ed with 4-methoxyphenyl, 3-fluorophenyl, and 3-trifluoromethylphenyl for CB-1, CB-2, and CB-3, respectively (Figure 4.1). The 

solubility of the compounds was adjusted by adding long N-alkyl chains in the BDP unit, which improve hydrophobicity and solubili-

ty in an organic solvent, thus making the HTM solution-processable and protecting perovskite from degradation by moisture.163 The 

methoxyphenyl substitution in the CB-1 was chosen due to the electron-donating effect to adjust the HOMO level and to improve 

the hole mobility and film quality of the HTM layer.164 CB-2 and CB-3 containing fluorine atoms have been employed to decrease 

the LUMO levels without causing strong steric hindrance, enhance inter/intramolecular non-covalent interactions, and increase 

hydrophobicity leading to a long-term stability.74,53 
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Scheme 4.1 Synthetic route for 2,5-dibromo-N
1
,N

4
-dihexylbenzene-1,4-diamine (5). 

 

The three novel BDP-based HTMs were successfully synthesized in a in a linear 7-step effort with good overall yield. Synthesis of the 

intermediate 2,5-dibromobenzene-1,4-diamine (4) was accomplished starting from commercially available and inexpensive precur-

sor 2,5-dibromoaniline according to the method reported by Moroni et al. with a small modification (Scheme 4.1).165 The synthesis 

started with acetylation reaction of amine substitute of 2,5-dibromoaniline with acetic anhydride to obtain compound 1. Then, 

nitro group was introduced by adding concentrated H2SO4 and HNO3 to the compound 1. Deacetylation of compound 2 followed by 

nitro reduction with stannous chloride in acidic environment to get compound 4. Finally, selective mono-N-alkylation of both amino 

groups of the compound (4) with 1-bromohexane in the presence. of sodium hydride in tetrahydrofuran solution gave 2,5-dibromo-

N1, N4-dihexylbenzene-1,4-diamine (5).  

 

Scheme 4.2 Synthetic route for 1,5-dihexyl-2,6-bis(4-methoxyphenyl)-1,5-dihydropyrrolo[2,3-f]indole (CB-1). 

 

 

Scheme 4.3 Synthetic route for 2,6-bis(3-fluorophenyl)-1,5-dihexyl-1,5-dihydropyrrolo[2,3-f]indole (CB-2). 
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Scheme 4.4 Synthetic route for 1,5-dihexyl-2,6-bis(3-(trifluoromethyl)phenyl)-1,5-dihydropyrrolo[2,3-f]indole (CB-3). 

 

For the target compounds CB-1, CB-2, and CB-3, compound 5 were coupled with 3 different alkyn units, 1-ethynyl-4-

methoxybenzene, 1-ethynyl-3-fluorobenzene and 1-ethynyl-3-(trifluoromethyl)benzene, respectively, by Sonogashira coupling 

reaction using PdCl2(PPh3)2, CuI and PPh3 (Scheme 4.2, 4.3, 4.4). After the reaction, the crude materials were purified by column 

chromatography method on silica gel with hexane/dichloromethane as eluent. While the fluorobenzene substituted intermediate 6 

and trifluoromethylbenzene substituted intermediate 7 could be successfully purified and characterized, the methoxybenzene 

substituted intermediate could not be isolated. In column chromatography with the acidic medium and water content of silica gel, 

it was observed that the double cyclization reaction was continued and the desired CB-1 compound was directly obtained with a 

good yield (Scheme 4.2). For compound 6 and 7, synthesis followed by zinc-mediated intramolecular cyclization reaction. First, it 

was deprotonated with n-BuLi, followed by transmetalation using ZnCl2. The double cyclization reaction was completed by quench-

ing the reaction mixture with water (Scheme 4.3 and 4.4). Purification of the final compounds was performed by column chroma-

tography without the need for high-pressure vacuum distillation. The synthesized chemical structures were verified by 1H and 13C 

NMR spectroscopy and mass spectrometry (Appendix C). All the final compounds are well-soluble in common organic solvents such 

as tetrahydrofuran, chloroform, toluene, and chlorobenzene, typically used for HTM processing on perovskite absorbers. 

 

4.2.2 Density	Functional	Theory	Calculation	

 

Figure 4.1 Molecule structure and spatial distribution of HOMO and LUMO orbitals in CB-1, CB-2 and CB-3, computed with PBE-D3 density function-
al on top of PBE-D3 optimized geometry (isosurface value – 0.015). C, O, N, H and F atoms are colored in cyan, red, blue, white and green. 
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To investigate the energy levels and spatial distribution of frontier orbitals of CB-1, CB-2, and CB-3, the density functional theory 

(DFT) calculations were carried out, and the benchmarking of the different density functionals was performed (Figure 4.1).  The 

molecular structures were optimized by using either the PBE-D3 density functional or hybrid PBE0 density functional, and the HO-

MO and LUMO energies were calculated by using PBE-D3, B3LYP, and PBE0 density functionals (Table 4.1). The obtained orbital 

energy values correlated well with each other, and the same trend was observed for all cases: EHOMO (CB-1) > EHOMO (CB-2) > EHOMO 

(CB-3) and ELUMO (CB-1) > ELUMO (CB-2) > ELUMO (CB-3). When the BDP core is functionalized with electron-donating methoxyphenyl 

unit in CB-1, the positive mesomeric effect of the methoxy side group increased the electron density in the benzene ring and ex-

panded the conjugation in the molecule, resulting in a higher HOMO/LUMO level. In addition, the trifluoromethylphenyl group of 

CB-3 has a stronger electron-withdrawing group than the fluorophenyl group of CB-2, which produced the negative inductive effect 

of CB-3 with deeper HOMO/LUMO levels. The molecular orbital spatial distribution of HOMO and LUMO were similar for all mole-

cules. The electron density in the HOMO of CB-1, CB-2, and CB-3 was primarily distributed on the BDP unit while that of LUMO was 

spread along the entire molecule. These results hint that the planar structural geometry of the molecules may be the cause of the 

larger extent of the orbital delocalization and better conjugated system.166   

 

 
PBE-D3 B3LYP* PBE0 

HOMO (eV) LUMO (eV) HOMO (eV) LUMO (eV) HOMO (eV) LUMO (eV) 

CB-1 -3.96 -1.55 -4.45 -0.80 -4.80 -0.75 

CB-2 -4.30 -2.05 -4.80 -1.31 -5.14 -1.31 

CB-3 -4.45 -2.29 -4.94 -1.55 -5.30 -1.57 

Table 4.1 Energies in eV of HOMO and LUMO calculated with different density functionals. *For the case of B3LYP calculation, geometries optimized 
at PBE-D3 level are used. 

 

4.2.3 Thermal,	Optical,	and	Electrochemical	and	Properties	
To confirm the thermal stability of the new HTMs, we performed thermogravimetric analysis (TGA) recorded under the nitrogen 

atmosphere at the heating rate of 10 °C/min. The decomposition temperatures (Td) determined at 5% weight loss of CB-1, CB-2 and 

CB-3 were 337 °C, 302 °C, and 251 °C, respectively, indicating that the new HTMs have good thermal stability (Figure 4.2a). The 

optical properties of the molecules were investigated by ultraviolet-visible (UV-Vis) absorption and PL spectroscopy in DCM solu-

tions (Figure 4.2b). The absorption spectra of the HTMs showed two intense bands in the region of 240 and 340 nm. The first ab-

sorption band for CB-1, CB-2 and CB-3 originated from the localized aromatic π-π* transition of the conjugation system and center 

at 247, 244, 235 nm, respectively. The strong absorption bands at 333, 336, 338 nm, respectively of CB-1, CB-2 and CB-3 were 

ascribed to n-π* transition. All molecules showed a shoulder-like transition around 400 nm, which may be due to the extension of 

π–conjugation because of additional phenyl units.151 The PL emission peaks of CB-1, CB-2 and CB-3 are centered at 440, 447 and 

455 nm, respectively.  The optical bandgap (Eg) values, estimated from the corresponding intersections of absorption and emission 

onsets, were determined to be 398, 410, and 415 nm, which corresponds to Eg of 3.12, 3.02 and 2.99 eV, respectively. The redshift 

both in the absorption and PL spectra can be attributed to the electron-withdrawing of F in CB-2 and CF3 in CB-3, which resulted in 

narrow Eg.  
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We performed cyclic voltammetry with a standard three-electrode configuration to experimentally investigate HOMO energies of 

CB-1, CB-2 and CB-3 (Figure 4.2c). The materials were tested in dichloromethane containing 0.1 м n-Bu4NPF6 as a supporting elec-

trolyte and the oxidation potential was calibrated against ferrocene internal standard. The EHOMO values were calculated to be -5.24, 

-5.30, and -5.34 eV vs. vacuum for CB-1, CB-2 and CB-3, respectively, showing the same trend with the result of DFT calculation. The 

HOMO levels are well aligned with the valence band energy level of the typical lead iodide-based perovskites so that the photogen-

erated charge carriers are efficiently transferred at the interface. LUMO levels were calculated from the optical bandgap and HO-

MO level differences. CB-2 and CB-3 showed lower LUMO levels to -2.28 and -2.35 eV, respectively, while CB-1 is -2.12 eV. The large 

offset between the LUMO of the HTMs and the conduction band energy of the perovskite can effectively block the back-electron 

transfer. A schematic of the energy band diagram is shown in Figure 4.2d. All electrochemical, optical and thermal properties of the 

materials are summarized in Table 4.2.  

 

Figure 4.2 a) Thermogravimetric analysis curves for CB-1, CB-2, CB-3 HTMs. b) Normalized UV-Vis absorption and PL spectra of BDP-based HTMs in 
DCM solution. c) Cyclic voltammograms of the HTMs in DCM solution. d) Schematic energy level diagram of components used in the devices. 

 

4.2.4 Hole	Collection	Properties	
To investigate charge transport and hole collection properties of the BDP-based HTMs, the xerographic time-of-flight (XTOF) meth-

od was used (Figure 4.3a, Appendix C). Samples were prepared under drop casting technique on Al coated glass plates using chlo-

robenzene as a solvent with 0.54-1.2 µm film thickness (experimental details in Appendix C). The room-temperature zero-field 

hole-drift mobility (µ0) of CB-1, CB-2 and CB-3 was measured to be 1.1×10-5 cm2 V-1 s-1, 0.63×10-5 cm2 V-1 s-1 and 0.56×10-5 cm2 V-1 s-

1, respectively. Among the HTMs, CB-1 exhibited a higher hole mobility than that of CB-2 and CB-3, which can be attributed to a 
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higher degree of conjugation and better intermolecular interaction of the molecule.167,168 In addition, lateral thin-film conductivity 

of the HTMs was measured with OFETs (Figure 4.3b).169 Similar to the result of the hole mobility measurement, CB-1 showed a 

higher conductivity (4.72 × 10-4 S cm-1) than CB-2 (4.06 × 10-4 S cm-1) and CB-3 (1.58 × 10-4 S cm-1). The conductivity of the doped 

spiro-OMeTAD as a reference was determined to be 6.25 × 10-4 S cm-1. The results of the hole-mobility and conductivity measure-

ments are summarized in Table 4.2. 

 

Figure 4.3 a) Holes drift mobility field dependencies for CB-1, CB-2, CB-3 HTMs. b) The conductivity of CB-1, CB-2, CB-3 and spiro-OMeTAD meas-
ured on OFET substrates. 

 

Table 4.2 Thermal, optical, electrochemical and electronic properties of CB-1, CB-2 and CB-3. a Decomposition temperature corresponding to 5% 
weight loss determined from TGA; b Absorption and emission spectra measured in dichloromethane; c Measured in 0.1 M n-Bu4NPF6/DCM solution 
using glassy carbon working electrode, Pt reference electrode and Pt counter electrode calibrated by Fc/Fc+ as an external reference. Potentials 
were converted to the normal hydrogen electrode (NHE) by addition of +0.624 V and -4.44 eV to the vacuum, respectively; d LUMO = HOMO + ΔEg; e 

ΔEg = 1240/λonset; f Conductivity values; g Mobility values at zero field. 

 

4.2.5 Thin-layer	Characteristics	
As the film morphology of an HTM is of great importance to realize efficient charge transfer, we performed scanning electron mi-

croscopy (SEM) to investigate surface morphology of the HTMs on a perovskite film [(FAPbI3)0.87(MAPbBr3)0.13]0.92(CsPbI3)0.08, which 

we used as a light absorber of PSCs (Figure 4.4a) (experimental details in Appendix C). CB-1 presented a highly well-oriented fibril-

like structure with sparsely distributed aggregates. The highest hole mobility and conductivity of CB-1 can be attributed to the 

fiber-like structure, but the large aggregates and the pinholes on the film can obstruct charge carriers to be efficiently collected to 

the top electrode in PSCs. On the other hand, CB-2 and CB-3 exhibited more homogeneous layer formation than CB-1.  

Compound Td [°C]a λabs [nm]b λem [nm]b HOMO [eV]c LUMO [eV]d ΔEg [eV]e 
σ 

[S cm-1]f 

µ0 [cm2 

V-1 s-1]g 

CB-1 337 247, 333 440 -5.24 -2.12 3.12 4.72 x 10-4 1.1×10-5 

CB-2 302 244, 336 447 -5.30 -2.28 3.02 4.06 x 10-4 0.63×10-5 

CB-3 251 235, 338 455 -5.34 -2.35 2.99 1.58 x 10-4 0.56×10-5 
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Figure 4.4 a) Top surface SEM images of HTMs on perovskite. b) Steady-state PL spectra of the pristine perovskite and perovskite/HTM films (CB-1, 
CB-2, CB-3 and spiro-OMeTAD) upon excitation at 475 nm. c) Transient PL spectra in the first 600 ns time window of the pristine perovskite and 
perovskite/HTM films upon excitation at 640 nm. 

 

We investigated PL characteristics of the HTM deposited perovskite films, which can give insights about charge-carrier dynamics 

that can closely link to the hole transfer as well as defect state of the perovskite (Figure 4.4b) (experimental details in Appendix C). 

For steady-state PL measurements, the films were excited with 475 nm light. The bare perovskite film showed a PL emission peak at 

767 nm with the highest intensity.170 The deposition of the HTMs on top of the perovskite resulted in a strong quenching of the PL 

emission compared to the bare perovskite film, indicating the effective hole transfer from the perovskite to the HTMs. The stronger 

PL quenching upon the deposition of CB-1 than CB-2 and CB-3 implies that more efficient hole transfer can occur at the interface 

with the use of CB-1. On the other hand, the deposition of CB-2 or CB-3 on the perovskites resulted in a less strong quenching of 

the PL emission. While the PL quenching can occur due to the efficient hole extraction from the perovskites to an HTM, defects in 

perovskites can also lead to the PL quenching due to nonradiative recombination of charge carriers. Especially, undercoordinated 

Pb2+ in the perovskites can significantly influence charge-carrier dynamics acting as a nonradiative recombination center. Neverthe-

less, the defects could be effectively passivated thanks to the fluorinated aryl units of CB-2 and CB-3, which could suppress the PL 

quenching.88 To gain a better understanding, we also performed time-resolved PL (TrPL) measurements of the films, which were 

excited by 640 nm light. For the neat perovskite film, the PL decay curve was fitted to a mono-exponential decay function, which 

resulted in the PL lifetime as 338.4 ns (Figure 4.4c). Meanwhile, the decay curves of the HTMs deposited perovskites were fitted to 

a bi-exponential decay function which takes account of radiative recombination in the bulk perovskite as well as non-radiative 

recombination at the interface.171 We summarized the detailed PL lifetime parameters in Table 4.3. The average PL lifetime (τave) of 

the films with the HTMs exhibited the same trend to the result of the steady-state PL intensity of the films. The PL lifetime of the 

neat perovskite film (τ1 = 338.4 ns) was significantly decreased upon the deposition of CB-1, CB-2, CB-3, and spiro-OMeTAD result-

ing in τave = 105.9, 166.3, 263.1, and 46.0 ns, respectively, indicating the efficient hole-transfer from the perovskite to the HTMs. As 

mentioned above, the suppressed PL quenching and the retarded PL decay of the films with CB-2 and CB-3 suggest that the fluori-

nated aryl units present in these molecules efficiently contribute to defect passivation. 
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Table 4.3 Mono-exponential decay function, 𝑦 = 𝐴.𝑒/0/12 fitted result of PL lifetime curve of the perovskite, and bi-exponential decay function,	𝑦 =
𝐴.𝑒/0/12 + 𝐴3𝑒/0/14  for the perovskites with HTMs. 

 

4.2.6 Characterization	of	Perovskite/HTMs	Interfaces	
To obtain more insight into the interface and the passivation effect, first-principles Born-Oppenheimer MD simulations have been 

performed (Figure 4.5). In the computational experiments, the HTMs were placed on the perovskite surface and allowed to interact 

at 300 K constant temperature (experimental details in Appendix C). While CB-1 did not have a specific interaction with the perov-

skite, the fluorine atom of CB-2 exhibited a strong interaction with the Pb atoms at the perovskite surface. Therefore, the underco-

ordinated Pb2+ in the perovskite can be effectively passivated by CB-2, leading to the higher intensity and the longer lifetime of PL 

of the films than those using CB-1.172-175 Meanwhile, in addition to BDP core planarity, the geometry of CB-2 also allowed for reali-

zation of the benzene rings conformation parallel to the perovskite surface, resulting in a higher planar molecular orientation of CB-

2 than CB-1. The distribution of dihedral angles between BDP core and substituted phenyl units along the MD trajectory was ana-

lyzed according to occurrences percentage of CB-1, CB-2 and CB-3 (Figure 4.6). CB-2 revealed a higher occurrence at smaller dihe-

dral angle between 20° and 40° than CB-1 (40°-60°) and CB-3 (60°-80°), as the fluorine atom did not produce a steric hindrance for 

the rotation of the benzene in the presence of hexyl chains. The higher planarity and smaller dihedral angles of CB-2 may allow 

better intermolecular π–π stacking of HTM, resulting in a better hole transfer capacity.161 On the other hand, the greater number of 

fluorine atoms of CB-3 also favored the strong interaction with the Pb atoms in the perovskite that gave rise to the highest intensity 

and the longest lifetime of PL among the use of the three HTMs. But unlike CB-2, the benzene rings of CB-3 systematically have an 

out-of-plane orientation with respect to the perovskite surface, resulting in a reduced planarity of the molecular configuration with 

a higher dihedral. 

Condition 𝐴. 𝜏.[ns] 𝐴3 𝜏3[ns] 𝜏567[ns] χ3 

Perovskite 0.760 338.4 - - - 0.986 

Perovskite/CB-1 0.328 36.0 0.608 143.6 105.9 0.995 

Perovskite/CB-2 0.422 78.1 0.377 265.0 166.3 0.989 

Perovskite/CB-3 0.178 41.9 0.598 328.9 263.1 0.981 

Perovskite/Spiro-
OMeTAD 0.512 10.8 0.392 91.9 46.0 0.993 
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Figure 4.5 Interaction of CB-1 (top), CB-2 (middle) and CB-3 (bottom) HTMs with perovskite surface. C, O, N, H, F, Br, I, Pb and Cs atoms are colored 
in cyan, red, blue, white, green, mauve, brown, grey and purple, respectively. 

 

 

Figure 4.6 The distribution of dihedral angles of CB-1, CB-2 and CB-3 between BDP core and substituted phenyl units along the MD trajectory. 

 

4.2.7 Device	Characteristics	
We employed the three BDP-based HTMs to fabricate PSCs consisting of fluorine-doped tin oxide (FTO)/ compact TiO2 (c-TiO2)/ 

mesoporous TiO2 (mp-TiO2)/ SnO2/ perovskite [(FAPbI3)0.87(MAPbBr3)0.13]0.92(CsPbI3)0.08] / HTM/ Au. We observed the device struc-

ture via cross-sectional SEM which confirmed the formation of ~70 nm-thick HTLs (Figure 4.7) (experimental details in Appendix C).  
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Figure 4.7 Cross-section SEM images of PSCs employing of CB-2 as HTMs. 

 

Among the HTMs, CB-2 resulted in the best-performing PSCs having a PCE of 18.23%, open-circuit voltage (VOC) of 1.025V, short-

circuit current (JSC) of 23.19 mA cm-2, and fill factor (FF) of 0.767 in a champion device while the device using spiro-OMeTAD 

showed a PCE of 20.26% (Figure 4.8a). However, the PSCs using CB-1 and CB-3 exhibited lower PCEs; the PSC using CB-1 showed a 

PCE of 16.78% having Voc of 1.004V, JSC of 23.31 mA cm-2 and FF of 0.717, and CB-3 showed a PCE of 16.74% having VOC of 1.003V, 

JSC of 22.35 mA cm-2 and FF of 0.747 in each champion device. The highest PCE of the devices using CB-2 can be attributed to the 

effective defect passivation by the fluorine atom, which can interact with the undercoordinated Pb2+ in the perovskite.172-175 In 

addition, the highly planar molecular configuration might particularly improve VOC based on the increase in the molecular ionization 

potential, thereby increasing built-in potential of the device.176 Furthermore, the strong intermolecular π–π interaction based on 

the molecular planarity can contribute to the improvement in FF by decreasing the interfacial resistance. On the other hand, the 

degradation in the device performance using CB-1 might result from the absence of the passivation effect as well as the inhomoge-

neous film morphology despite its high conductivity and hole mobility (Figure 4.4a). Although CB-3 exhibited the passivation effect 

with the presence of trifluoromethyl group, the lowest film conductivity and hole mobility only allowed the limited JSC and non-

planar molecular configuration allowed limited VOC, resulting in the lowest PCE among the devices. We also measured external 

quantum efficiency (EQE) of the devices and the integrated JSC exhibited a consistent trend and value with that of the J-V curves 

(Figure 4.8b). Detailed photovoltaic parameters are summarized in Table 4.4 and also the statistics of 20 individual devices for each 

HTM are presented in Figure 4.9.  
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Figure 4.8 a) J-V curves of champion PSCs and b) EQE spectra of the devices using CB-1, CB-2, CB-3 and spiro-OMeTAD as HTMs. c) long-term air-
storage stability of PSCs under constant 1 sun illumination using spiro-OMeTAD and CB series as an HTM. 

 

 

Figure 4.9 Statistics of PCE, JSC, VOC, and FF of PSCs with spiro-OMeTAD, CB-1, CB-2, and CB-3 as an HTM.  
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We carried out the long-term air-storage stability test of the devices without encapsulation that have been stored in dark under the 

relative humidity below 10 % (Figure 4.8c). All the devices basically proved being super stable with the use of the CB HTMs and not 

showing a degradation of PCEs over 6 months. The normalized PCEs of the device using CB-2 (121%) or CB-3 (125%) were higher 

than that of the device using spiro-OMeTAD (103%), which can be ascribed to the fluorine-containing functional groups of CB-2 and 

CB-3. Although the device using CB-1 showed slightly lower normalized PCEs than that using CB-2 or CB-3, it was still comparable to 

the device using spiro-OMeTAD by maintaining almost 109% of its initial PCE over 6 months. To investigate the excellent stability of 

the devices having the CB HTMs, we measured a water contact angle of the HTMs deposited on the perovskite (Figure 4.10) (exper-

imental details in Appendix C). The water contact angle of CB-1, CB-2 and CB-3 were 67.9°, 88.9°, and 101.8°, respectively, which 

were larger than that of spiro-OMeTAD (64.6°). Especially, the much larger contact angles of CB-2 and CB-3 indicated their strong 

hydrophobicity that arose from the fluorophenyl and trifluoromethylphenyl, respectively.74 The superior hydrophobicity of CB-2 

and CB-3 can effectively prevent moisture penetration into the perovskite layer leading to superior device stability.  

 

Figure 4.10 Water contact angle measurement on top of (a) CB-1, (b) CB-2, (c) CB-3 and (d) spiro-OMeTAD films on the top of perovskite. 

 

 
 
 

 

 

 

 

Table 4.4 Photovoltaic performance of the champion PSCs based on CB-1, CB-2 and CB-3 and spiro-OMeTAD. 

 

 Conclusion	
We successfully designed and synthesized three BDP core-based organic HTMs, CB-1, CB-2, and CB-3, and demonstrated efficient 

and stable PSCs using the HTMs. The BDP core unit was functionalized by 4-methoxyphenyl, 3-fluorophenyl, and 3-

trifluoromethylphenyl, respectively, that intended passivation of defects in perovskites. The molecules were examined by various 

characterization methods in terms of electrochemical, optical, thermal, electronic, and optoelectronic properties. Our results pre-

sented that the functionalization of the BDP unit can lead to the effective defect passivation and molecular planarity according to 

HTM VOC (V) JSC (mA cm-2) FF PCE (%) 

CB-1 1.004 23.31 0.717 16.78 

CB-2 1.025 23.19 0.767 18.23 

CB-3 1.003 22.35 0.747 16.74 

spiro-OMeTAD 1.092 23.43 0.792 20.26 



Chapter 4: Highly Planar Benzodipyrrole-based Hole Transporting Materials with Passivation Effect for Efficient Perovskite Solar Cells 

86 

the substituents. We found out that the fluorinated derivatives of CB-2 and CB-3 can suppress non-radiative recombination at the 

interface indicated by the PL characteristics, which can be attributed to the passivation of the undercoordinated Pb2+ by fluorine. 

MD simulations also verified the passivation interactions of fluorinated CB-2 and CB-3 with the Pb atoms of the perovskite. Also, 

the molecular planarity of CB-2 was confirmed by the simulation and the calculation of small dihedral angle between the BDP unit 

and the 3-fluorophenyl of CB-2, which can lead to the intermolecular π–π interaction and thus facilitate the hole extraction. There-

fore, the PSC using CB-2 achieved the highest PCE of 18.23%. However, CB-3 showed the lower PCE of 16.74% because of the infe-

rior hole-transporting capability and non-planar molecular configuration despite the passivation effect. Also, CB-1 without the 

passivation effect resulted in the lower PCE of 16.78% despite the high mobility and film conductivity. Furthermore, the molecular 

hydrophobicity of the fluorinated HTMs enabled the devices to demonstrate excellent long-term storage stability in the air without 

encapsulation and showed no degradation of their PCEs over 6 months. We believe this study provides a prospect for future mate-

rials design of efficient and highly stable HTMs by enriching the chemistry of BDP-based organic small molecules. 

 

 Synthetic	methods	and	Procedures	
 

    

sulfate, filtered and concentrated under reduced pressure. The resulting residue was purified by column chromatography on silica 

gel (3:1, hexane: DCM) and cyclization was completed during the chromatography to give final product CB-1 as a white solid in 52% 

yield (0.32 g, 0.60 mmol). 1H NMR (400 MHz, CDCl3, δ): 7.55 (s, 2H), 7.51 (td, 4H), 7.05 (td, 4H), 6.56 (s, 2H), 4.20 (t, J = 7.6 Hz, 4H), 

3.92 (s, 6H), 1.79 (p, 4H), 1.28 – 1.21 (m, 12H), 0.88 (t, J = 6.7 Hz, 6H). 13C NMR (100 MHz, CDCl3, δ): 159.25, 141.87, 134.94, 130.56, 

126.39, 125.91, 113.88, 100.53, 98.95, 55.36, 44.22, 31.41, 29.52, 26.61, 22.60, 14.03. HRMS (ESI) m/z: [M+] calcd for C36H44N2O2, 

536.3403, found, 536.3420.  

    

The resulting residue was purified by column chromatography on silica gel (3:1, hexane: DCM) to give product 6 as orange solid in 

83% yield (0.49 g, 0.96 mmol). 1H NMR (400 MHz, CDCl3, δ): 7.37 – 7.31 (m, 4H), 7.27 – 7.21 (m, 2H), 7.14 – 7.02 (m, 2H), 6.75 (s, 

2H), 4.13 (s, 2H), 3.18 (t, J = 7.1 Hz, 4H), 1.71 (p, J = 7.2 Hz, 4H), 1.51 – 1.44 (m, 4H), 1.41 – 1.33 (m, 8H), 0.94 (t, J = 6.7, 6H).13C NMR 

(100 MHz, CDCl3, δ): 163.68, 161.23, 141.23, 130.05, 129.96, 127.34, 127.31, 125.13, 125.03, 118.28, 118.05, 115.71, 115.50, 

113.93, 109.75, 94.79, 94.76, 87.57, 44.58, 31.66, 29.53, 26.88, 22.67, 14.05. 

N

N
H

H

OO

HN

NH

F

F
2,5-bis((3-fluorophenyl)ethynyl)-N1,N4-dihexylbenzene-1,4-diamine; 6: 2,5-dibromo-N1,N4-dihexylbenzene-

1,4-diamine (5) (0.5 g, 1.15 mmol, 1eq.) were added in 30 min. degassed triethylamine (30 mL). CuI (22 

mg, 0.12 mmol, 10 mol %), PPh3 (30 mg, 0.12 mmol, 10 mol %) and 1-ethynyl-3-fluorobenzene (0.3 mL, 

2.65 mmol, 2.3 eq.) was added to the reaction mixture and degassed for additional 10 min. The mixture 

was stirred at 80 ºC for overnight after addition of PdCl3(PPh3)2 (40 mg, 0.06 mmol, 5 mol %). The reaction 

mixture was quenched with water after cooling it to room temperature. The organic layer was extracted 

with DCM, dried over anhydrous magnesium sulfate, filtered and concentrated under reduced pressure.  

1,5-dihexyl-2,6-bis(4-methoxyphenyl)-1,5-dihydropyrrolo[2,3-f]indole; CB-1 : 2,5-dibromo-N1,N4-

dihexylbenzene-1,4-diamine (5) (0.5 g, 1.15 mmol, 1eq.) were added in 30 min. degassed triethyla-

mine (30 mL). CuI (22 mg, 0.12 mmol, 10 mol %), PPh3 (30 mg, 0.12 mmol, 10 mol %) and 1-ethynyl-

4-methoxybenzene (0.37 mL, 2.88 mmol, 2.5 eq.) was added to the reaction mixture and degassed 

for additional 10 min. The mixture was stirred at 80 ºC for overnight after addition of PdCl3(PPh3)2 

(40 mg, 0.06 mmol, 5 mol %). The reaction mixture was quenched with water after cooling it to 

room temperature. The organic layer was extracted with DCM, dried over anhydrous magnesium 

sulfate, filtered and concentrated under reduced 
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concentrated under reduced pressure. The resulting residue was purified by column chromatography on silica gel (3:1, hexane: 

DCM) to give product 7 as dark orange solid in 80% yield (0.34 g, 0.55 mmol). 1H NMR (400 MHz, CDCl3, δ): 7.80 (s, 2H), 7.71 (d, J = 

7.7 Hz, 2H), 7.61 (d, J = 7.9 Hz, 2H), 7.51 (t, J = 7.8 Hz, 2H), 6.77 (s, 2H), 4.14 (s, 2H), 3.19 (t, J = 7.1 Hz, 4H), 1.71 (q, J = 7.3 Hz, 4H), 

1.51 – 1.44 (m, 4H), 1.40 – 1.34 (m, 8H), 0.92 (t, J = 6.6, 6H).13C NMR (100 MHz, CDCl3, δ): 134.47, 131.57, 131.25, 130.93, 130,60, 

128.98, 128.24, 128.20, 128.16, 128,12, 125.07, 124.83, 124.79, 124.15, 122.36, 114.09, 109.74, 94.52, 88.13, 44.59, 31.63, 29.45, 

26.86, 22.64, 14.01. 

   

EtOAc and sat. NaH4Cl solution, dried over anhydrous magnesium sulfate, filtered. The solvent was removed in vacuo and the resi-

due was purified by silica gel column chromatography (6:1 hexane: DCM) to give product CB-2 as a yellow solid in 62% yield (0.12 g, 

0.24 mmol).  1H NMR (400 MHz, CDCl3, δ):  7.58 (s, 2H), 7.47 (q, J = 7.3 Hz, 2H), 7.33 (dd, J = 27.3, 8.2 Hz, 4H), 7.14 (t, J = 8.6 Hz, 2H), 

6.64 (s, 2H), 4.23 (t, J = 7.6 Hz, 4H), 1.77 (p, J = 7.8, 7.3 Hz, 4H), 1.27 – 1.17 (m, 12H), 0.86 (t, J = 6.6 Hz, 6H). 13C NMR (100 MHz, 

CDCl3, δ): 163.97, 161.52, 141.01, 140.98, 135.93, 135.84, 135.34, 130.02, 129.93, 126.15, 124.92, 124.89, 116.18, 115.96, 114.59, 

114.38, 101.82, 99.49, 44.33, 31.32, 29.45, 26.53, 22.55, 13.98. HRMS (ESI) m/z: [M+] calcd for C34H38F2N2, 513.3076, found, 

513.3075.  

 

 

phases were extracted with EtOAc and sat. NaH4Cl solution, dried over anhydrous magnesium sulfate, filtered. The solvent was 

removed in vacuo and the residue was purified by silica gel column chromatography (6:1 hexane: DCM) to give product CB-3 as a 

yellow solid in 55% yield (78 mg, 0.127 mmol).   1H NMR (400 MHz, CDCl3, δ):  7.85 (s, 2H), 7.76 (d, J = 7.6 Hz, 2H), 7.67 (dd, J = 20.6, 

7.9 Hz, 4H), 7.59 (s, 2H), 6.67 (s, 2H), 4.20 (t, J = 7.5 Hz, 4H), 1.79 (p, J = 6.9 Hz, 4H), 1.21 – 1.18 (m, 12H), 0.83 (t, J = 6.6 Hz, 6H). 13C 

NMR (100 MHz, CDCl3, δ): 140.73, 135.44, 134.52, 132.36, 131.47, 131.15, 130.82, 130.50, 128.99, 128.16, 126.26, 125.96, 125.92, 

125.88, 125.85, 125.45, 124.30, 124.26, 122.74, 102.17, 99.60, 44.41, 31.28, 29.52, 26.51, 22.49, 13.91. HRMS (ESI) m/z: [M+] calcd 

for C36H38F6N2, 613.3012, found, 613.3012.

HN

NH

CF3

CF3

N

N
H

H F

F

N1,N4-dihexyl-2,5-bis((3-(trifluoromethyl)phenyl)ethynyl)benzene-1,4-diamine; 7 : 2,5-dibromo-N1,N4-

dihexylbenzene-1,4-diamine (5) (0.3 g, 0.69 mmol, 1eq.) were added in 30 min. degassed triethylamine 

(15 mL). CuI (13 mg, 0.07 mmol, 10 mol %), PPh3 (18 mg, 0.07 mmol, 10 mol %) and 1-ethynyl-3-

(trifluoromethyl)benzene (0.29 g, 1.73 mmol, 2.5 eq.) was added to the reaction mixture and degassed for 

additional 10 min. The mixture was stirred at 80 ºC for overnight after addition of PdCl3(PPh3)2 (24 mg, 

0.035 mmol, 5 mol %). The reaction mixture was quenched with water after cooling it to room tempera-

ture. The organic layer was extracted with DCM, dried over anhydrous magnesium sulfate, filtered and 

con  

2,6-bis(3-fluorophenyl)-1,5-dihexyl-1,5-dihydropyrrolo[2,3-f]indole; CB-2: 2,5-bis((3-fluorophenyl)ethynyl)-

N1,N4-dihexylbenzene-1,4-diamine 6 (0.2 g, 0.39 mmol, 1eq.) in THF (3 mL) was cooled to 0 ºC  and BuLi in 

hexane (0.35 mL, 2.5 M, 0.86 mmol, 2.2 eq.) was added dropwise to the suspended solution. The reaction 

mixture was allowed to reach room temperature and stirred for 30 min. Then, it followed by addition of 

zinc chloride in 2-methyltetrahydrofuran (0.45 mL, 1.9 M, 0.86 mmol, 2.2 eq.) and toluene (3 mL) solution 

to the reaction mixture. The reaction mixture was heated to 120 ºC and stirred for 3 h. After cooling to 

room temperature, the resulting mixture were quenched with water. The phases were extracted with 

EtOA 

1,5-dihexyl-2,6-bis(3-(trifluoromethyl)phenyl)-1,5-dihydropyrrolo[2,3-f]indole; CB-3 : N1,N4-dihexyl-2,5-

bis((3-(trifluoromethyl)phenyl)ethynyl)benzene-1,4-diamine 7 (0.14 g, 0.23 mmol, 1eq.) in THF (2 mL) was 

cooled to 0 ºC and BuLi in hexane (0.20 mL, 2.5 M, 0.50 mmol, 2.2 eq.) was added dropwise to the sus-

pended solution. The reaction mixture was allowed to reach room temperature and stirred for 30 min. 

Then, it followed by addition of zinc chloride in 2-methyltetrahydrofuran (0.26 mL, 1.9 M, 0.50 mmol, 2.2 

eq.) and toluene (2 mL) solution to the reaction mixture. The reaction mixture was heated to 120 ºC and 

stirred for 3 h. After cooling to room temperature, the resulting mixture were quenched with water. The 

phases were extracted 

N

N
H

H CF3

F3C
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 Phosphine	 Oxide	 Derivative	 as	 a	
Passivating	Agent	to	Enhance	Perovskite	Solar	
Cells	Performance	
 

 

Defects of metal-halide perovskites detrimentally influence the optoelectronic properties of the thin film and, ultimate-

ly, the photovoltaic performance of perovskite solar cells (PSCs). Especially, defect-mediated non-radiative recombination that 

occurs at the perovskite interface significantly limits the power conversion efficiency (PCE) of PSCs. In this regard, interfacial engi-

neering or surface treatment of perovskites has become a viable strategy for reducing the density of surface defects thereby im-

proving PCE of PSCs. An important method among the surface treatment is to aim to passive under-coordinated Pb2+ defects using 

Lewis bases or electron donation materials. validate significantly increased carrier lifetimes and improved open circuit voltages in 

the devices reduced undercoordinated ions in the perovskite layer. Here, an organic molecule, tris(5-((tetrahydro-2H-pyran-2-

yl)oxy)pentyl)phosphine oxide (THPPO), is synthesized and introduced as a defect passivation agent in PSCs. The P=O terminal 

group of THPPO, a Lewis base, can passivate perovskite surface defects such as under-coordinated Pb2+. We observed significant 

improvements in PL characteristics of films by introducing THPPO and attributed the improvements to defect passivation effect 

which reduced undesirable non-radiative recombination in PSCs. Furthermore, the passivation mechanism of THPPO on under-

coordinated Pb2+ defects was examined by XPS, XRD and 31P-NMR, GIWAXS analysis. Two different device application strategies 

were used to fabricate the passivation molecule, the HTL-free and HTL-based PSCs device configurations. Consequently, improve-

ment of PCEs from 19.87% to 20.70 % and from 5.84% to 13.31% are achieved in n-i-p PSCs and hole transporting layer (HTL)-free 

PSCs, respectively. 

 

 

This chapter is based on published work: ACS Appl. Energy Mater., 2021, 4, 2, 1259–1268, DOI:10.1021/acsaem.0c02472. 

Authors: Albertus Adrian Sutanto, Cansu Igci, Hobeom Kim, Hiroyuki Kanda, Naoyuki Shibayama, Mounir Mensi, Valentin I.E. Queloz, 
Cristina Momblona, Hyung Joong Yun, Henk J. Bolink, Aron J. Huckaba, and Mohammad Khaja Nazeeruddin. In this work I contribut-
ed equally with Albertus Adrian Sutanto as first author, we conceptualized the idea and designed the experiments. Specifically, I 
performed the synthesis and characterization of the passivation molecule. 

 

 

 Introduction	
To date, various defect passivation strategies in PSCs have been reported by using inorganic,177-179 organic molecules,180-183 and 

polymers,184,185 also through additive engineering,186,187 grain-boundary engineering,188 and multi-dimensional engineering,170,189-191 
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which can result in reduced non-radiative charge recombination, efficient charge collection, and thereby improving device perfor-

mance. One of the effects that defect passivation can exert is to reduce the under-coordinated Pb2+ in the perovskite by taking 

advantage of Lewis base materials that have validated the improvement of carrier dynamics and device performance.91,95,115, 192-195 

Among the Lewis base materials, molecules including phosphine oxide such as tri-n-octylphosphine oxide (TOPO), tri-

phenylphosphineoxide (TPPO), and tetraisopropyl methylenediphosphonate (TMPP) have been regarded as promising passivation 

agents due to their electron-donating ability.91,95,196 

In this study, we synthesized a new Lewis base organic molecule containing a phosphine oxide group, ((tetrahydro-2H-pyran-2-

yl)oxy)pentyl)phosphine oxide (THPPO), as a passivating agent on top of a perovskite layer (Figure 5.1a). The P=O group of THPPO 

led to the formation of a chemical bond with under-coordinated Pb2+ on the surface of the perovskite. The perovskite film treated 

with THPPO showed reduced non-radiative carrier recombination and improved PCE of PSCs. We incorporated THPPO in two dif-

ferent types of devices: one is a device with a n-i-p configuration (Figure 5.1b) and the other is a hole-transporting layer (HTL)-free 

device for the development towards simplified and cost-effective PSCs. The introduction of THPPO led to an improvement in PCE 

from 19.87% to 20.70% of the n-i-p devices and 5.84% to 13.31% of the HTL-free devices. 

 

 

Figure 5.1 a) Molecular structure of THPPO. b) device structure of n-i-p PSCs employing fluorine-doped tin oxide (FTO), compact TiO2 (c-TiO2), meso-
porous TiO2 (mp-TiO2), SnO2, perovskite, THPPO as a passivation layer, HTL, and gold electrode. 

 

 Result	and	Discussion	

5.2.1 Design	and	Synthesis	of	THPPO	
In the molecular design of THPPO, the phosphine oxide group that provides a Lewis base was chosen as an active passivation agent 

for perovskites. It was functionalized with a five-carbon alkyl substituent chain to make it soluble in common organic solvents. The 

tetrahydropyranyl ether units were introduced to serve as likely anchors at the interface between perovskite and HTL.197 The syn-

thesis of THPPO began with a carboxylic acid reduction reaction of commercially available 5-bromopentanoic acid by borane-

tetrahydrofuran complex to the corresponding primary alcohol.198 Obtained 5-bromopentan-1-ol was then attached to tetrahydro-

pyran (THP) group in the presence of p-toluenesulfonic acid in dichloromethane to attain tetrahydropyranyl ether functional 

group.199 As a last step 2-((5-bromopentyl)oxy)tetrahydro-2H-pyran with magnesium formed a Grignard reagent, which reacted 

with phosphorous trichloride to furnish alkyl-phosphine intermediate product. Then, the intermediate product was oxidized with 

hydrogen peroxide in dichloromethane with high yield to obtain novel passivation molecule THPPO (Scheme 5.1).200,201 Purification 

of the final compound was performed by column chromatography without the need for high-pressure vacuum distillation. The 
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synthesized product chemical structure was verified by 1H, 13C, and 31P NMR spectroscopy and mass spectroscopy (Appendix D). 

THPPO is soluble in common organic solvents such as tetrahydrofuran (THF), chloroform, toluene, and chlorobenzene, typically 

used for deposition of a passivation layer in PSCs. 

 

 

Scheme 5.1 a) Synthetic route for tris(5-((tetrahydro-2H-pyran-2-yl)oxy)pentyl)phosphine oxide, THPPO. 

 

5.2.2 THPPO	Thin-films	Characteristics		
We deposited THPPO solution dissolved in chlorobenzene with various concentrations (0.005, 0.010, 0.020, and 0.030 M) on top of 

a triple cation-based perovskite layer [(FAPbI3)0.87(MAPbBr3)0.13]0.92(CsPbI3)0.08. Figure 2a shows the steady-state photoluminescence 

(PL) spectra of the control and THPPO-treated perovskite thin films. The films were excited with 550 nm light from the top side of 

the film. Emission spectra of all the films show a peak at 767 nm regardless of the concentration of THPPO while the PL intensity 

was improved by increasing the concentration of THPPO (Figure 5.2a) (experimental details in Appendix D). The improvement of PL 

intensity can be attributed to the passivation effect of THPPO, which can lead to a reduction of the density of trap states in the 

perovskite with enhanced radiative recombination. Meanwhile, the unchanged position of PL emission peak and absorption onset 

implies that the deposition of THPPO did not degrade or modify the crystal structure of underlying perovskite. To gain a better 

understanding of the carrier dynamics of the films, we performed time-resolved PL (TrPL) measurement of the films upon excita-

tion at 480 nm (Figure 5.2b). The TrPL decay curves were fitted to a bi-exponential decay function (Table 5.1). All the THPPO treat-

ed perovskite thin films exhibited significantly prolonged PL lifetimes for the fast and slow components of the PL decay (t1 and t2, 

respectively). For example, the film with 0.030 M THPPO had t1= 19.0 ns and t2= 192.3 ns while the control film had t1=12.6 ns and 

t2 = 96.4 ns indicating that THPPO can effectively reduce the density of traps on the surface of perovskites by passivation. 
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Figure 5.2 a) Steady-state PL spectra (λexc= 550 nm).  b) time-resolved PL spectra (λexc= 480 nm). c) XRD patterns of control perovskite film and 
passivated films with various concentrations of THPPO. 

 

THPPO Concentration 
[M] 

t1 
[ns] 

t2 
[ns] 

Control 12.6 96.4 

0.005 18.0 146.3 
0.010 19.6 184.6 

0.020 19.4 193.4 
0.030 19.9 192.3 

Table 5.1 Bi-exponential decay function, y = y0 + A1 e-x/t1 + A2e-x/t2 fitted PL lifetime curves of perovskite films.  

 

X-ray diffraction (XRD) of the perovskite films showed the typical pattern of triple-cation and mixed-halide perovskites.21 The depo-

sition of THPPO did not cause an additional formation of a new pattern indicating that it did not alter the crystalline structure of 

perovskites (Figure 5.2c). As we used an excessive amount of PbI2 in the perovskite, the pristine film accordingly showed a noticea-

ble peak at 12.7° that can be assigned to the residual PbI2. However, the peak intensity was reduced by the deposition of THPPO. As 

PbI2 is a well-known Lewis acid, the reduction of the PbI2 peak intensity of the THPPO-treated films can be explained by the for-

mation of PbI2·THPPO adduct (Figure 5.2c).202,203  

 

5.2.3 Surface	Characterization	of	THPPO		
The surface morphology of the perovskite films treated with various concentrations of THPPO was observed by scanning electron 

microscopy (SEM) images (Figure 5.3a) (experimental details in Appendix D). The pristine film showed sparsely distributed bright 
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grains that can be attributed to the residual PbI2. Upon the deposition of 0.005 M THPPO, the density of the bright grains de-

creased, and the color became darker as PbI2 was transformed into PbI2·THPPO adduct, which is consistent with the result of 

XRD.202 The use of 0.010 M THPPO decreased the effective area of perovskite grains while increasing its occupation between the 

grains. Therefore, the surface contact area between the perovskite grains and THPPO was significantly increased possibly leading to 

more effective passivation. However, a further increase in the concentration of THPPO resulted in thicker and nonhomogeneous 

coverage on top of the perovskite grains showing a stronger contrast.  

 

 

Figure 5.3 a) SEM images: surface morphology of control perovskite film and films with various concentrations of THPPO.  Core level XPS spectra of 
b) C 1s, c) O 1s, d) P 2p, and e) Pb 4f of control perovskite film and films with various concentrations of THPPO. f) 31P-NMR spectra of 0.01 mmol 
THPPO and THPPO mixed with 0.01 mmol PbI2 in DMSO-d6. 

 

The presence of THPPO on the perovskite surface was characterized by X-ray photoelectron spectroscopy (XPS) (experimental 

details in Appendix D). The C 1s spectrum of the control film exhibited two main peaks at 285.5 and 288.4 eV, which can be at-

tributed to C-C bond and C=O bond, respectively (Figure 5.3b).204 The increase in THPPO concentration resulted in a significant 

increase in the peak intensity of the C-C bond because the deposited THPPO has an increasing number of C-C bonds of three pentyl 

chains with tetrahydropyran ether. The peak of C=O bond at 288.4 eV might originate from the contamination of the perovskite 

upon the exposure to the ambient air during the sample transfer for the measurement.205 The peak at 532.3 eV of the control film 

in the O 1s spectra, can be also attributed to O=C bond formed by the surface oxidation (Figure 5.3c).206,207 The deposition of 

THPPO caused an appearance of an additional peak at 533.1 eV that arose from tetrahydropyran and ether of THPPO showing a 

significant increase in the intensity as increasing the concentration of THPPO.208 In the P 2p spectra, we confirmed a peak that 

originated from the P=O bond of THPPO at 133.7 eV (Figure 5.3d).209,210 

The Pb 4f spectra verified the passivation effect of THPPO (Figure 5.3e). The pristine film showed four prominent peaks at 136.9, 

138.6, 141.8, and 143.4 eV. Pb 4f7/2 and Pb 4f5/2 peaks at 138.6 and 143.4 eV can be attributed to lead halide bonds, while Pb 4f7/2 

and Pb 4f5/2 peaks at 136.9 and 141.8 eV can be attributed to Pb0. It is worth noting that Pb0 peak can arise out of the under-
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coordinated Pb2+, which can act as a non-radiative recombination center leading to degradation of device performance.211,212 Upon 

the deposition of THPPO, the apparent decrease in the intensity of Pb0 was observed and confirmed by the quantitative analysis of 

Pb0 (Table 5.2). The reduction in the Pb0 ratio can be explained by the coordination between the under-coordinated Pb2+ and the 

lone pair electron from Lewis base of THPPO, which resulted in defect passivation.115,213,214 

 

THPPO Concentration 

[M] 

Ratio of Pb0 out of 

the total Pb 

[%] 

Control 10.16 

0.005 5.75 

0.010 5.75 

0.020 6.34 

0.030 6.50 

Table 5.2 Quantitative analysis of Pb 4f spectra presenting the ratio of Pb0 in perovskite films with various concentrations of THPPO. 

 

To further elucidate the interaction between THPPO and the under-coordinated Pb2+ on the perovskite surface, we performed 31P-

NMR spectroscopy (Figure 5.3f). The measurement was carried out by using 0.01 mmol THPPO dissolved in 0.5 mL DMSO-d6 fol-

lowed by the addition of 0.01 mmol PbI2. As the dissociation of PbI2 in the solution can yield the under-coordinated Pb2+, we can 

investigate the underlying mechanism of the passivation by examining its interaction with THPPO. While the phosphorous peak of 

pristine THPPO was at 46.76 ppm, the addition of PbI2 shifted the peak to 48.35 ppm. The downfield shift indicates that the elec-

tron density of the phosphorous nucleus decreases as P=O functional group as a Lewis base donates electrons to Pb2+ triggering the 

passivation effect.91,95,193 

 

5.2.4 GIWAXS	Characterization	of	THPPO		
To investigate the molecular stacking state of THPPO, we carried out grazing-incident wide angle X-ray scattering (GIWAXS) analysis 

(experimental details in Appendix D). The control film had a Debye-Scherrer ring at qz = 1.0 Å-1 which can be attributed to (100) 

crystal planes of the cubic phase of the perovskite (Figure 5.4a).  Upon the deposition of THPPO on top of the perovskite layer, new 

peaks appeared at qz = 0.40 and 0.79 Å-1 that resulted from the out-of-plane orientation of THPPO on the perovskite layer (Figure 

5.4b). Azimuthally integrated intensity profile of the film with THPPO also clearly showed the prominent peak at 0.40 Å-1 having a 

lattice spacing of 15.9Å that corresponds to the size of THPPO simulated by a molecular mechanics force field (Figure 5.4c and 

5.4d). The peak at 0.79 Å-1 can be ascribed to the second diffraction peak of THPPO. We examined the angular dependence of the 

diffraction peak at 0.40 Å-1 to obtain a detailed insight about the molecular stacking state of THPPO (Figure 5.4e). The intensity of 

the peak became prominently high at the low incident angle range below 20° indicating vertically well-aligned THPPO, so-called 

‘edge-on’ stacking. Therefore, the P=O group can effectively interact with the under-coordinated Pb2+ of the perovskite octahedral 

that can lead to the formation of the Lewis adduct, which agrees well with the result of 31P-NMR analysis. The illustration of tbe 

passivation mechanism was shown in Figure 5.4f.  
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Figure 5.4 GIWAXS patterns of a) control perovskite film and b) THPPO-treated perovskite film. c) Molecular modelling of THPPO by molecular 
mechanics force field (MM2, Chem3D) method with the condition of molecular dynamics at 2.0 fs step interval and heating/cooling rate of 1.0 
Kcal/atom/ps at 300 K.d) Azimuthally integrated intensity profile obtained from GIWAXS patterns. e) Angular dependence of the peak intensity at 
0.40 Å-1. f) Cartoon illustration of the proposed passivation mechanism. The concentration of THPPO is 0.030 M. 

 

5.2.5 	Energy	Level	Characterization	of	Layers	
We performed ultraviolet photoelectron spectroscopy (UPS) to examine the energy level alignment of perovskites upon the surface 

modification using THPPO (Figure 5.5a and 5.5b). The control film exhibited -5.70 eV of valence band (VB) energy and the energies 

gradually increased to -5.60 eV, -5.59 eV, and -5.58 eV according to the deposition of 0.005, 0.010, and 0.020 M of THPPO on top of 

the perovskite film, respectively (Figure 5.5c). The positive shift in the VB edge by the THPPO treatment resulted in a favourable 

energetic alignment between perovskite and spiro-OMeTAD or gold electrode, which can facilitate hole transfer between the lay-

ers.  

 

Figure 5.5 Ultraviolet photoelectron spectroscopy (UPS) spectra of control perovskite film and THPPO passivated perovskite films showing a) sec-
ondary cut-off and b) onset. c) Energy level diagram showing the valence band (VB), work function, and conduction band (CB) of the control and 
THPPO-passivated perovskite films. 
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5.2.6 Device	Characteristics	
We employed THPPO as a passivating agent in PSCs without HTL (fluorine-doped tin oxide (FTO)/compact-TiO2 (c-

TiO2)/mesoporous-TiO2 (mp-TiO2)/SnO2/perovskite/THPPO/Au). Various concentrations of THPPO from 0.005 M to 0.030 M were 

applied to find an optimal condition of THPPO treatment in PSCs (experimental details in Appendix D). Cross-sectional SEM images 

showed well-deposited electron transporting layers (compact-TiO2/mesoporous-TiO2/SnO2) and perovskite layer (~500 nm) and top 

Au electrode. However, the THPPO layer was not easily recognized due to its very thin thickness (Figure 5.6).  

 

Figure 5.6 Cross-sectional SEM images of control device and HTL-free devices employing THPPO with various concentrations (FTO/compact 
TiO2/mesoporous TiO2/passivated SnO2/perovskite/THPPO/Au). 

 

All the THPPO-passivated devices showed improved photovoltaic performance compared to the control device (Figure 5.7a) (exper-

imental details in Appendix D). Detailed device parameters were shown at Table 5.3. The best performing device was achieved 

upon the deposition of 0.010 M THPPO having open-circuit voltage (VOC) of 0.866 V, short-circuit current density (JSC) of 23.32 mA 

cm-2, and fill factor (FF) of 0.689, resulting in a PCE of 13.31%. We also measured external quantum efficiency (EQE) of the device 

(Figure 5.7b). The statistical analysis of the 96 HTL-free devices with THPPO passivation layer was performed and the results are 

summarized in Figure 5.7c, d, e and Table 5.4. We statistically confirmed that the improvement of PCE by the THPPO treatment 

mainly resulted from the enhancement in VOC (Figure 5.7d and Table 5.4). The average VOC of the control device was 0.64 V and 

increased to 0.84 V with the use of 0.010 M of THPPO and it saturated with a further increase in the concentration of THPPO. The 

improvement in VOC can be ascribed to the reduced non-radiative recombination owing to the defect passivation effect of THPPO 

that we confirmed by the PL analyses.215 The average JSC and FF of the devices also improved by applying 0.010 M of THPPO from 

22.3 mA cm-2 to 23.1 mA cm-2 and from 0.31 to 0.62, respectively. The improvements can be explained by the reduced density of 

trap states owing to the passivation effect of THPPO. In addition, the favourable energetic band alignment between THPPO and Au 

can lead to the facilitation of charge transfer. However, a further increase in the THPPO concentration degraded both JSC and FF 

because of the insulating nature of THPPO.216 It can hinder efficient charge transfer by increasing series resistance at the interface 

(Figure 5.7e and Table 5.4,). We also fabricated the device to compare THPPO and trioctylphosphine oxide (TOPO), one of the most 

widely used phosphine oxide-based passivation agent.95,196 The device employing 0.010 M TOPO resulted in a lower photovoltaic 

performance with a PCE of 9.36% compared to the device using 0.010 M THPPO (Figure 5.7f). 
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Figure 5.7 Photovoltaic characteristics of control and THPPO-passivated perovskite solar cells. a) Current density-Voltage (J-V) curves, f b) EQE 
spectrum and the integrated JSC of the THPPO-passivated PSC with HTL. Statistics of 96 HTL-free devices for c) PCE, d) open-circuit voltage and e) 
short-circuit current density. f) J-V curve of the best performing HTL-free PSC using 0.010 M of trioctylphosphine oxide (TOPO) as a passivating 
agent. 

 

THPPO  

Concentration 

[M] 

VOC 

[V] 

JSC 

[mA cm-2] 
FF 

PCE 

[%] 

Control 0.610 22.53 0.425 5.84 

0.005 0.804 23.01 0.585 10.83 

0.010 0.866 23.32 0.659 13.31 

0.020 0.847 22.86 0.562 10.87 

0.030 0.764 22.35 0.478 8.16 

Table 5.3 PV parameters of the champions cells of PSCs employing THPPO as a passivation layer with various conditions. 

 

THPPO  

Concentration 

[M] 

VOC 

[V] 

JSC 

[mA cm-2] 
FF 

PCE 

[%] 

Control 0.64 ± 0.08 22.3 ± 0.3 0.31 ± 0.05 4.4 ± 0.9 

0.005 0.80 ± 0.02 23.0 ± 0.1 0.55 ± 0.04 10.1 ± 0.7 

0.010 0.84 ± 0.02 23.1 ± 0.1 0.62 ± 0.02 12.0 ± 0.4 

0.020 0.81 ± 0.05 22.8 ± 0.2 0.49 ± 0.04 9.0 ± 1.0 

0.030 0.80 ± 0.03 21.6 ± 1.1 0.37 ± 0.06 6.4 ± 1.2 

Table 5.4 Average values of PV parameters of 96 PSCs according to various conditions of THPPO. 
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We developed PSCs including spiro-OMeTAD as an HTL, while using the optimized THPPO treatment of 0.010 M with the configura-

tion of FTO/c-TiO2/mp-TiO2/SnO2/perovskite/THPPO/spiro-OMeTAD/Au. Prior to the device fabrication, we performed 31P NMR 

spectroscopy to confirm the well-formed THPPO on top of the perovskite despite the deposition of spiro-OMeTAD that also uses 

chlorobenzene as a solvent (Figure 5.8). While the control device exhibited VOC of 1.064 V, JSC of 23.76 mA cm-2, FF of 0.786, and 

PCE of 19.87%, the device with the THPPO passivation layer showed VOC of 1.108 V, JSC of 24.08 mA cm-2, FF of 0.776, and PCE of 

20.70%. (Figure 5.9a and Table 5.5). We measured EQE spectrum of the device with passivation (Figure 5.9b). Also, we evaluated J-

V hysteresis of the THPPO-passivated device and the control device by measuring them under reverse and forward bias scans. The 

control device showed PCE of 19.85 % and 17.70 % under reverse and forward bias scans, respectively (Figure 5.9d). The calculated 

result in a hysteresis index (HI) is 0.11, defined as 
89:;<=<;></89:?@;AB;C

89:;<=<;><
. Meanwhile, the THPPO-passivated device showed more 

stable J-V hysteresis behaviour having HI of 0.06 resulted from PCE of 20.67 % and 19.43 % under reverse and forward bias scans, 

respectively (Figure 5.9c). The improvement of the J-V characteristics can be attributed to the passivation effect and favourable 

band alignment for charge extraction.  

 

 

Figure 5.8 31P NMR spectra of 0.030M THPPO-treated perovskite films dissolved in DMSO-d6 a) without chlorobenzene washing and b) with chloro-
benzene washing. 
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Figure 5.9 a) J-V curves of n-i-p devices using spiro-OMeTAD as an HTL. b) EQE spectrum and the integrated JSC of the THPPO-passivated PSC with 
spiro-OMeTAD as an HTL. J-V hysteresis characteristics of 

 c) HTL-based PSCs with 0.010M THPPO passivation and d) control device. 

 

THPPO  

Concentration 

[M] 

VOC 

[V] 

JSC 

[mA cm-2] 
FF 

PCE 

[%] 

Control 1.059 ± 0.005 23.8 ± 0.2 0.781 ± 0.007 19.7 ± 0.2 

0.010 1.106 ± 0.002 24.1 ± 0.1 0.768 ± 0.008 20.5 ± 0.2 

Table 5.5 Average values of PV parameters of PSCs employing spiro-OMeTAD as an HTL. 

 

Lastly, we performed stability measurement of the HTL-free devices by storing the devices under dark with relative humidity kept 

below 10 % (Figure 5.10a). A significant improvement of the stability was observed for the THPPO-passivated device that retained 

96 % of its maximum efficiency after 360 hours however, the control device only retained 62 % of its maximum efficiency for the 

same time window. The improvement in the device stability might be correlated with the THPPO’s high decomposition tempera-

ture (Td) of 251 °C obtained from thermogravimetric analysis (Figure 5.10b).  
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Figure 5.10 a) Stability measurement of HTL-free devices without THPPO and with 0.010 M THPPO for 360 h. The devices have been stored under 
dark with relative humidity (RH) below 10%. b) Thermogravimetric analysis (TGA) of THPPO. The high decomposition temperature (Td) of 251 °C was 
determined at the 5 % weight loss of THPPO. 

 

 Conclusion	
In conclusion, we successfully synthesized a new molecule, THPPO, based on phosphine oxide derivative and demonstrated its 

application as a passivating agent in PSCs. We observed significant improvements in PL characteristics of the perovskite films by 

introducing THPPO. It was attributed to defect passivation effect of THPPO, which reduced undesirable non-radiative recombina-

tion at the interface. Various analyses such as XPS, XRD, and 13P-NMR spectroscopy verified the defect passivation effect in which a 

chemical interaction occurs between under-coordinated Pb2+ and P=O functional group of THPPO. It can lead to the formation of 

Lewis adduct based on well-aligned THPPO on top of the perovskite layer. Consequently, PCE of HTL-free device increased from 

5.84 to 13.31% and that of the device with spiro-OMeTAD as an HTL increased from 19.87% to 20.70%. We believe this study pro-

vides insights about an important approach to design a new passivating molecule that can improve the performance of PSCs but 

also sheds light on the understanding of defect passivation mechanism. 

 

 Synthetic	methods	and	Procedures	
       5-bromopentan-1-ol; 1. To a solution of 5-bromopentanoic acid (2 g, 11.0 mmol) in THF (15 mL) borane tetrahy-

drofuran complex solution (1 M, 13 mL, 13 mmol) was added at 0 °C under inert atmosphere. The mixture was stirred at rt for 3 h. 

Then, water/THF mixture (1:1, 20 mL) were added to the resulting mixture to quench reaction. The aqueous layer was extracted 

with diethyl ether (20 mL x 3), then combined organic layers were concentrated to give 1.57 g (9.38 mmol, 85 %) 5-bromopentan-1-

ol 1 as a pale liquid. 1H NMR (400 MHz, CDCl3, δ): 3.66 (t, J = 6.4 Hz, 2H), 3.43 (t, J = 6.7 Hz, 2H), 1.95 – 1.86 (m, 2H), 1.64 – 1.49 (m, 

4H, -CH2). 13C NMR (100 MHz, CDCl3, δ): 62.55, 33.74, 32.51, 31.77, 23.45. HRMS (ESI) m/z: [M+] calcd for C5H11OBr, 166.00, found, 

165.99.  

 2-((5-bromopentyl)oxy)tetrahydro-2H-pyran; 2. A solution of the 5-bromopentan-1-ol 1 (1.2 g, 7.18 mmol), 3,4-

dihydro-2H-pyran (1.0 mL, 10.9 mmol) and p-toluenesulfonic acid mono hydrate (13.6 mg, 0.07 mmol) in dichloromethane (10 mL) 

was stirred at rt for 3 h. After addition of diethyl ether (12 mL), washed with saturated NaHCO3(aq) (15 mL) and brine solution (15 

mL). The combined organic layers were dried with Na2SO4, filtered and concentrated under reduced pressure. The resulting residue 

was purified by silica gel column chromatography (1:9 EtOAc:hexane) to yield 2 (1.4 g, 5.60 mmol, 78 %) as a colourless oil. 1H NMR 

(400 MHz, CDCl3, δ): 4.59 (dd, J = 4.6, 2.7 Hz, 1H), 3.91 – 3.85 (m, 1H), 3.77 (dt, J = 9.7, 6.5 Hz, 1H), 3.55 – 3.49 (m, 1H), 3.48 – 3.38 

(a) (b)

HO Br

O BrO
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(m, 3H), 1.96 – 1.49 (m, 12H). 13C NMR (100 MHz, CDCl3, δ): 98.93, 67.24, 62.40, 33.76, 32.64, 30.76, 28.90, 25.49, 25.01, 19.69. 

HRMS (ESI) m/z: [M+] calcd for C10H19BrO2, 250.05, found, 250.06.  

  

mixture was stirred at rt for 2 h, then, it was cooled to 0 °C and a solution of PCl3 (0.08 mL, 0.96 mmol) in THF (1 mL) was added 

over 10 min. After the mixture was stirred at rt overnight, saturated aqueous NH4Cl (2 mL) was added. The solvent was removed 

under reduced pressure. The crude product was dissolved in dichloromethane (10 mL) and H2O2 (0.2 mL, 30% (w/w) in H2O) was 

added. The solution was stirred for 1h, and 10 mL of water was added. Then, the phases extracted with DCM and sat. NaCO3 solu-

tion. The solvent was removed in vacuo and the residue was purified by silica gel column chromatography (1:9 MeOH:DCM) to yield 

to yield THPPO as a yellow oil (1.58 g, 59% yield). 1H NMR (400 MHz, CDCl3, δ): 4.57 (t, J = 3.7 Hz, 3H), 3.87 (ddd, J = 10.9, 7.3, 3.4 

Hz, 3H), 3.76 (dt, J = 9.6, 6.6 Hz, 3H), 3.51 (ddd, J = 10.7, 5.7, 3.3 Hz, 3H), 3.40 (dt, J = 9.6, 6.3 Hz, 3H), 1.88 – 1.79 (m, 3H), 1.76 – 

1.45 (m, 39H). 13C NMR (100 MHz, CDCl3, δ): 98.98, 67.25, 62.49, 30.77, 29.34, 27.92, 27.56, 25.47, 21.64, 19.75. 31P NMR (300 

MHz, CDCl3, δ): 46.76. HRMS (ESI) m/z: [M+Na]+ calcd for C30H57O7P, 583.37, found, 583.38.  

 

P

O

OO
O

O

O

O tris(5-((tetrahydro-2H-pyran-2-yl)oxy)pentyl)phosphine oxide; THPPO. Magnesium (0.19 g, 7.94 

mmol) and dry THF (4 mL) were placed under inert atmosphere and 0.5 mL a solution of the total 

amount of 2-((5-bromopentyl)oxy)tetrahydro-2H-pyran 2 (1.2 g, 4.78 mmol) in THF (4 mL) were 

added followed by few drops of 1,2-dibromoethane. The mixture was cooled to 0 °C and remaining 

portion of the 2-((5-bromopentyl)oxy)tetrahydro-2H-pyran was added dropwise. The reaction 

mixture was stirred at rt for 2 h, then, it was cooled to 0 °C and
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 Conclusion	
The focus of this thesis is the development of novel small-molecule organic materials for perovskite solar cells. Specifi-

cally, most of the work described in the thesis has focused on the design and molecular engineering of various low molecular 

weight hole transport materials. In addition, an interfacial layer was developed at the interface of the perovskite/hole transport 

material with the Lewis base passivation molecule. The main goal was to reveal the key roles of the synthesized novel organic ma-

terials in determining the performance and stability of PSC devices through structural, chemical, optical, and photovoltaic analyses. 

Thus, these organic materials applied to perovskite solar devices have been extensively researched to provide a clear understand-

ing of how the working mechanism of organic materials can be tuned to improve the photovoltaic performance and long-term 

stability of the devices.  

• In the second chapter, I have designed and synthesized three novel small-molecule HTMs with donor–π-bridge–acceptor 

(D–π–A) design principle. Triazatruxene-based donor units were functionalized with terthiophene conjugated arms as π 

unit, then differentiated into CI-B1, CI-B2 and CI-B3 HTMs by linking different strong electron-accepting units. HTMs were 

obtained from six linear steps synthetic effort with simple and inexpensive starting materials. I mainly investigated the 

role of strong acceptors such as 1,3-indandione, N-ethyl rhodanine, and dicyanovinylene N-ethyl rhodanine on these 

HTMs for the application of dopant-free perovskite solar cells. Research on HTMs through photophysical and electro-

chemical experiments showed that the molecules' HOMO and LUMO energy levels well-align with the energy levels of 

perovskite material. Moreover, GIWAXS results revealed that all three HTMs undergo π-π stacking interaction, although 

CI-B1 and CI-B2 are packed in random orientation, especially CI-B3 molecules are packed in favor of a well-ordered edge-

stacking fashion. In parallel, when the hole extraction ability of the HTMs were investigated, CI-B3 was exhibited to have 

higher conductivity and hole mobility. CI-B1, CI-B2 and CI-B3 HTMs without any chemical additives or doping were applied 

on triple cation perovskite composition Cs0.1(MA0.15FA0.85)0.9Pb(I0.85Br0.15)3 (MA: CH3NH3+, FA: NH=CHNH3+) in n-i-p archi-

tecture of PSCs. The PSC with HTM CI-B3 showed an impressive power conversion efficiency of 17.54% with a small hyste-

resis and improved long-term stability. According to MMP tracking results, 88% of its original PCE was maintained after 

1000 h of illumination, while device containing doped spiro-OMeTAD rapidly dropped to 70% of its initial value. 

• In the third chapter, I have expanded the use of donor–π-bridge–acceptor (D–π–A) based dopant-free HTM for all-

inorganic perovskite solar cells. I designed and synthesized novel HTM CI-TTIN-2F with triazatruxene-based donor unit 

and terthiophene conjugated arm and functionalized with a strong electron-withdrawing acceptor unit, 2-(5,6-difluoro-3-

oxo-2,3-dihydro-1H-inden-1-ylidene)malononitrile (IN-2F). CI-TTIN-2F molecule were examined to understand its charac-

teristics in optoelectronics. It showed good thermal stability, good hydrophobic property with the help of fluorine atoms, 

an additional NIR absorption for ultra-strong intermolecular charge transfer, and narrow optical bandgap. The HOMO 

level of CI-TTIN-2F found well aligned with the valence band energy level of the CsPbI3 inorganic perovskite. Moreover, 

GIWAXS results revealed that CI-TTIN-2F possess multiple orientations in films, besides face-on orientation in π-π stack-

ing, it also has edge-on stacking that supports charge transfer. We further investigated the HTM/inorganic perovskite in-

terfaces with molecular dynamics calculations to reveal passivation effect of the molecule by the presence of various het-
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eroatoms. According to MD simulations results, it was understood that CI-TTIN-2F can interact with Pb on the perovskite 

surface with different types of contacts. Specifically, the CN groups of the acceptor units, the F atoms of the acceptor and 

the lone pairs electrons on sulfur atoms of the π-bridges can interact with the Pb2+ cations of the surface. In light of this 

information, we applied dopant-free and hydrophobic CI-TTIN-2F HTM on the all-inorganic CsPbI3 PSCs to able to improve 

undesirable phase transition of CsPbI3 in ambient. As a result, all-inorganic CsPbI3 PSCs with dopant-free CI-TTIN-2F HTM 

demonstrate a high PCE of 15.9%, along with 86% efficiency retention after 1000 hours under ambient conditions. In par-

ticular, the largest all-inorganic perovskite solar module was fabricated using the CI-TTIN-2F HTM, and exhibited an effi-

ciency of 11.0% with an area of 27 cm2. 

• In chapter 4, I have designed and synthesized three benzodipyrrole-based organic small-molecules with substituted 4-

methoxyphenyl (CB-1), 3-fluorophenyl (CB-2), and 3-trifluoromethylphenyl (CB-3). The synthesis was completed in a 

straightforward seven-step effort, conducting with simple and inexpensive materials. When the electrochemical, optical, 

thermal, electronic, and optoelectronic properties of the HTMs were characterized, it was concluded that they have pla-

nar structural geometry, good thermal stability, well aligned HOMO levels with the valence band energy level of the typi-

cal lead iodide-based perovskites, as well as good charge transport and hole collection properties. We further investigat-

ed the HTM/inorganic perovskite interfaces with PL characteristics and MD simulations to reveal passivation effect of the 

molecule on the perovskite surface. For CB-2 and CB-3 molecules, both suppressed PL quenching, retarded PL decay of 

the films and MD simulations showed the fluorinated aryl units present in these molecules efficiently contribute to defect 

passivation. In addition, the molecular planarity of CB-2 was confirmed by the simulation and the calculation of small di-

hedral angle between the BDP unit and the 3-fluorophenyl of CB-2, which can lead to the intermolecular π–π interaction 

and thus facilitate the hole extraction. CB-1, CB-2 and CB-3 HTMs were applied on triple cation perovskite composition 

(FAPbI3)0.87(MAPbBr3)0.13]0.92(CsPbI3)0.08 in n-i-p architecture of PSCs. Among them, the PSC using CB-2 achieved the high-

est PCE of 18.23% with improved VOC and FF, while the devices using CB-1 and CB-3 exhibit a lower PCE of 16.78% and 

16.74%, respectively. The lack of passivation effect of CB-1 HTM and the inferior hole-transporting capability and non-

planar molecular configuration of CB-3 HTM were found to be possible causes of poor performance in PSCs. Moreover, 

the molecular hydrophobicity of the fluorinated HTMs enabled the devices to demonstrate excellent long-term storage 

stability in the air without encapsulation and showed no degradation of their PCEs over 6 months. 

• In chapter 5, I have designed and synthesized THPPO, a novel phosphine oxide derivative molecule obtained in a facile 3-

step synthetic route. In the molecular design of THPPO, the phosphine oxide group that provides a Lewis base was chosen 

as an active passivation agent for perovskites. It was functionalized with a five-carbon alkyl substituent chain to make it 

soluble in common organic solvents. The tetrahydropyranyl unit was combined with the ether group as effective anchors 

at the interface between perovskite and HTL. Design principle was targeting to passivate the defect on the surface of the 

perovskite layer, especially the undercoordinated Pb2+ sites. With the integration of THPPO passivation layer on top of the 

perovskite layer, PL characteristics of films showed significant improvements due to the defect passivation effect by form-

ing Lewis adduct, which reduces undesirable non-radiative recombination in PSCs. Furthermore, we validated interaction 

between under-coordinated Pb2+ and P=O functional Lewis base of THPPO by XPS, XRD and 13P-NMR spectroscopy. More-

over, THPPO integrated perovskite films demonstrated a positive shift in the energy level alignment compared to the pris-

tine film, facilitating hole transfer between the layers. Hence, two different device application strategies were used to 

fabricate the passivation molecule, the HTL-free and HTL-based PSCs device configurations. The HTL-free devices have 

confirmed a significant increase in PCE from 5.84% to 13.31% with the help of the passivation effect and improved energy 

level alignment. Further, THPPO boosted the device’s PCE from 19.87% to 20.70% when combining the device with spiro-
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OMeTAD as an HTM in n-i-p configuration. Also, a significant improvement of the stability was observed for the THPPO-

passivated device that retained 96 % of its maximum efficiency after 360 hours. 

Summarizing, I have extensively investigated small molecule organic materials for perovskite solar cell application and 

the reasons behind the improving photovoltaic performance and stability of PSCs. I designed and synthesized different HTM series 

and p-type passivation molecule throughout the thesis aiming to gain a basic understanding of the requirements of organic materi-

als and lead to further improvement of photovoltaic performance. I believe my thesis paves the way for providing a fundamental 

understanding of the relationships between the molecular structure and performance of organic materials in operating devices. 

With the ultimate goal of commercialization of PSCs, research on applications of organic materials should increase so that it is 

possible to obtain high-performance, stable and low-cost PSCs. I hope that the well-performing materials presented in my thesis 

will provide further motivation for the development of new materials and contribute to the acquisition of PSCs for commercial 

application. 
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Figure A.1. MALDI-TOF-MS spectra in wide and narrow mass ranges of CI-B1.  
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Figure A.2. MALDI-TOF-MS spectra in wide and narrow mass ranges of CI-B2.  
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Figure A.3. MALDI-TOF-MS spectra in wide and narrow mass ranges of CI-B3.  

 

 

Figure A.4. XTOF discharge transients in thin layers of a) C1-B2 and b) C1-B3. 
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Experimental	Methods	
 

2D GIWAXS measurements  

The 2-dimensional grazing incidence wide-angle X-ray scattering (2D GIWAXS) has been measured at an incident angle of 0.12° 

through a Huber diffractometer and photon energy of 12.39 keV (1.0 Å) by using synchrotron radiation at beamline BL19B2 of 

SPring-8 with PILATUS 300K 2D X-ray detectors.   

PL Measurements 

Time-resolved photoluminescence was measured by a time-correlated single photon counting system (Nanofinder 30). The wave-

length for excitation was 480 nm. The wavelength for the detector was 791－797 nm. Figure shows the comparison of the PL spec-

tra between the bare perovskite and that containing a thin layer of the HTMs. The TIPL spectra have been registered upon excitation 

at 450 nm. TRPL measurements were performed of the perovskite/HTM bilayer deposited on non-conductive glass to target exclu-

sively the interfacial behaviour. A two-component exponential decay model was used to obtain the emission lifetimes of the thin 

films in the nanosecond regime, both deposited in exactly the same conditions as those used in the device stack. The bare perovskite 

layer, monitored as a reference, showed the longest charge carrier lifetime, which was significantly reduced when the HTMs were 

employed. 

Conductivity measurement 

The characterization conductivity of hole transporting materials can be reliably carried out using the organic field-effect transistor 

(OFET) configuration. The OFET substrates were purchased from Fraunhofer IPMS. It is containing 4 x 4 transistors of different 

channel length, 2.5 μm, 5 μm, 10 μm and 20 μm. Conductivity measurements were carried out on the 2.5 μm channel. The channel 

width was 10 mm and the channel height were 40 nm. The gate capacity is 15nF and the probe station used to characterize the 

transistors is a home-built setup located inside an Argon filled glovebox. The conductivity was calculated from linear fit (Ohm’s 

law). The sample preparation consists in 10min oxygen plasma cleaning of the substrates and subsequent film deposition inside 

0.015 м tetrachloroethane solution. The spin coating parameters were 1500 rpm for 10sec and the films were heated at 50°C for 

10min before the measurements. The measurement was performed without use of any further additives for spiro-OmeTAD and CI-

B HTMs. Lateral thin-film conductivity of CI-B1, CI-B2 and CI-B3 was determined to be 7.98 x 10-8, 5.33 x 10-7 and 9.60 x 10-7 S cm-1, 

respectively. In the absence of the additives, conductivity of spiro-OMeTAD was determined to be 1.07 x 10-6 S cm-1. 

Solar cell fabrication  

Solar cell devices were fabricated onto conductive FTO glass substrates (Nippon Sheet Glass) They were cleaned sequentially by 

sonication in a 2 % Hellmanex solution, deionization water, acetone and ethanol for 30 min, respectively, followed by a 15 min UV-

ozone exposure. A 30 nm thick TiO2 compact layer was deposited by spray pyrolysis from a precursor solution of diluted titanium 

diisopropoxide bis(acetylacetonate) (TAA) in ethanol at 450 °C. A 150 nm thick mesoporous TiO2 layer was obtained by spin coating 

using a commercially available 30 NR-D titanium dioxide paste from Dyesol diluted in ethanol (ratio 1:9 by weight).  The substrates 

were then sintered at 500 °C for 30 min. After cooling down the substrates, a Li-doping of the mesoporous TiO2 is done by spin 

coating 50 μL of a solution of lithium tris(bis(trifluoromethylsulfonyl)imide) (Li-TFSI) in acetonitrile (20 mg/mL) onto the mesopo-

rous layer at 3000 rpm for 10 s, followed by sintering at 500 °C for 30 min. The mixed perovskite precursor solution was prepared 

by dissolving Perovskite precursor solution was prepared by mixing CsI (0.11 M), FAI (1.07 M), PbI2 (1.23 M), MABr (0.19M) and 

PbBr2 (0.19 M) in an anhydrous solvent 1:4 mixture of DMSO/DMF. The perovskite precursor solution was spin coated at 2000 rpm 
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for 10 s, followed by 6000 rpm for 30 s. Trifluorotoluene (110 μl) was dropped on the spinning substrate at the 10 s in the second 

step. The films were annealed at 100 °C for 60 min in the glove box. The hole-transporting material, consisting of 0.015 м CI-B1, CI-

B2 and CI-B3 in tetrachloroethane at 70°C, was spin-coated on the top of the perovskite layer with a spin speed of 4000 rpm. As 

reference, the devices using spiro-OMeTAD as HTM were prepared consisting of 0.06 м spiro-OMeTAD, 0.03 м LiTFSI, 0.2 м TBP, 

and 0.002 м of tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine) cobalt(III) tris(bis(trifluoromethyl sulfonyl)imide) (FK209) in chloroben-

zene, were spin-coated dynamically onto the perovskite layers at 4000 rpm for 25 s. The gold electrodes were deposited by thermal 

evaporation of 70 nm gold using a shadow mask under high vacuum conditions. 

Photovoltaic Characterization 

The current–voltage curves were measured under an AM 1.5 simulated light source connected to a source meter (Keithley 2400). 

The light intensity was calibrated with an NREL- certified KG5 filtered Si reference diode. J–V curves were obtained at a scan rate of 

50 mV s−1. The devices were measured by using a black mask with an active area of 0.16 cm2. The IPCE spectra were measured by 

using a commercially available instrument (ORIEL, IQE 200B).  
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Appendix	B:	Supporting	Information	of	Chapter	3	
 

 

Figure B.1. MALDI-TOF-MS spectra in wide and narrow mass ranges of CI-TTIN-2F. 

 

Experimental	Methods	
 

Device Fabrication 

The TiO2 compact layer was firstly deposited on clean FTO substrates by spray pyrolysis from a precursor solution of diluted titani-

um diisopropoxide bis(acetylacetonate) (TAA) in isopropanol at 450 °C. The 0.6 M CsPbI3 precursor solution was prepared by dis-

solving stoichiometric CsI and DMAPbI3 with a 1:1 molar ratio in DMF. The precursor solution was spun onto the room-temperature 

(RT) substrates at 1000 rpm for 10 s with a ramping rate of 500 rpm·s-1 and subsequently at 2500 rpm for 30 s with a ramping rate 

of 1000 rpm·s-1. After spin-coated, the substrates were transferred onto a hotplate with 180°C for 25 min to obtain uniform CsPbI3 

films. Dopant-free hole transport materials (HTMs) with the concentration of 15 mg/mL (CI-TTIN-2F in tetrachloroethane or spiro-

OMeTAD in chlorobenzene) were subsequently spin-coated at 2000 rpm for 20 s. For comparison, a conventional spiro-OMeTAD 

with dopants which prepared by dissolving 75 mg spiro-OMeTAD in chlorobenzene solution with 32 μL TBP, 20 μL Li-
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TFSI/acetonitrile (1.8 M), and 8 μL FK209/acetonitrile (1 M), was spun to the perovskite substrates at 3500 rpm for 20 s. Finally, the 

devices were finished by the evaporation of 70 nm Au electrode. For module fabrication, 6.5 cm × 7 cm FTO substrates were pat-

terned by laser with nine sub-cells connected in series. The P1 lines were patterned on FTO substrates first with a width of 50 μm. 

The film deposition processes were the same with the small solar cells. Then the laser scribing was performed twice before (P2, 500 

μm) and after (P3, 200 μm) gold evaporation to complete the module fabrication. 

Device characterization 

The J-V characteristics of the photovoltaic devices were measured in ambient air with RH ~30% under an AM 1.5 simulated light 

source connected to a source meter (Keithley 2400), calibrated by an NREL- certified KG5 filtered Si reference diode. A black metal 

mask defined the device area as 0.16 cm2. EQE was characterized by an Enli Technology EQE measurement system with a dual 

xenon/quartz halogen light source. Steady-state PL and TRPL were performed by Edinburgh FLS-980 fluorescence spectrometer 

(Edinburgh Instruments, UK). Confocal PL intensity maps were recorded with a laser confocal Raman spectrometer (Princeton In-

struments, Acton Standard Series SP-2558) and a 485 nm laser (PicoQuant LDH-P-C-485, 0.4 mW with a 1% optical density filter) 

using a home-built confocal microscope. The EIS was performed with an SP-200 potentiostat (BioLogic) in the dark condition with 

bias of 0.8 V. The thermal admittance spectroscopy was conducted at a frequency range of 1 Hz to 1 MHz at a temperature of 300 

K. The GIWAXS was measured through a Huber diffractometer and photon energy of 12.39 keV (1.0 Å) at a fixed incident angle on 

the order of 0.12° through a Huber diffractometer by using synchrotron radiation at beamline BL19B2 of SPring-8 with PILATUS 

300K 2D X-ray detectors. Cyclic voltammetry (CV) was measured with a Biologie SP-200 cyclic voltammeter with a standard three-

electrode configuration. Thermogravimetric analysis (TGA) data were collected using TGA 4000 from PerkinElmer. MS were record-

ed on 6530 Accurate-Mass Q-TOF LC/MS (Agilent Technologies) using electrospray ionization (ESI) and atmospheric pressure pho-

toionization (APPI) techniques or Axima-CFR plus (Shimadzu) using matrix-assisted laser desorption/ionization (MALDI) technique. 

Computational details 

All simulations are performed within the density functional theory using CP2K code, employing localized atomic DZVP-MOLOPT 

basis sets, auxiliary plane wave basis set with 600 Ry cut-off for interfaces, and 450 Ry for isolated molecules and Goedecker-Teter-

Hutter pseudopotentials for the description of the core region. The interaction of the HTM was modelled with PbI2-terminated 

perovskite surface, obtained from the bulk structure of the tetragonal β-CsPbI3 phase having the space group P4/mbm, as reported 

by Marronnier et al. For this purpose, Born-Oppenheimer molecular dynamics simulations of the CI-TTIN-2F molecule deposited on 

top of perovskite slab were performed employing the Perdew-Burke-Ernzerhof (PBE) density functional with Grimme’s dispersion 

correction. The molecule was allowed to freely relax on top of the perovskite surface at the constant temperature of 300 K, main-

tained by the velocity rescaling algorithm. PBE-D3, B3LYP, HSE06 and PBE0 density functionals were benchmarked to describe the 

electronic structure of isolated HTM molecules. Auxiliary density matrix method (ADMM) was used for the calculations with the 

hybrid or range-separated functionals. The structures were visualized with VESTA and VMD programs. 
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Appendix	C:	Supporting	Information	of	Chapter	4	
 

 

Figure C.1. 1H NMR spectrum of CB-1 recorded in CDCl3. 

 

 

Figure C.2. 13C NMR spectrum of CB-1 recorded in CDCl3. 
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Figure C. 3. 1H NMR spectrum of CB-2 recorded in CDCl3. 

 

 

Figure C.4. 13C NMR spectrum of CB-2 recorded in CDCl3. 
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Figure C. 5. 1H NMR spectrum of CB-3 recorded in CDCl3. 

 

 

Figure C. 6. 13C NMR spectrum of CB-3 recorded in CDCl3. 
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Figure C. 7. MALDI-TOF-MS spectra in wide and narrow mass ranges of CB-1. 
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Figure C. 8. MALDI-TOF-MS spectra in wide and narrow mass ranges of CB-2. 
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Figure C. 9. MALDI-TOF-MS spectra in wide and narrow mass ranges of CB-3. 

 

 
Figure C. 9. XTOF transients for the (a) CB-1, (b) CB-2 and (c) CB-3 samples. Arrow marks a transit time of holes. 
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Figure C. 10. The integral XTOF measurements in (a) CB-1, (b) CB-2 and (c) CB-3 samples for charge transport. 

 

Experimental	Methods	
 

Perovskite thin-films and solar cells fabrication 

FTO glass substrates were cleaned with acetone and isopropyl alcohol (IPA) to use as a conducting electrode. On the FTO glass 

substrates, a compact TiO2 layer was deposited by spray pyrolysis using titanium diisopropoxide bis(acetylacetonate) (Sigma-

Aldrich) dissolved in isopropanol (1: 15 in volume), which was followed by thermal annealing at 450 °C for 30 min. A mesoporous 

TiO2 layer was deposited on top of the compact TiO2 layer using a diluted TiO2 paste (Greatcell Solar 30 NR-D) in ethanol (1: 9 in 

volume). The solution was spin-coated at 5000 rpm for 20 s followed by sintering at 500 °C for 30 min. On the mesoporous TiO2 

layer, a SnO2 layer was formed by spin-coating 0.1 M SnCl4 solution (Acros) dissolved in water and subsequent annealing at 190 °C 

for 1 h. To deposit perovskite, the substrates were transferred into a glove box. The perovskite precursor solution was prepared by 

mixing FAI (1.04 M), PbI2 (1.19 M), MABr (0.16 M), PbBr2 (0.16 M), and CsI (0.10 M) in a mixed solvent of DMF: DMSO (78: 22 in 

volume). The solution was spin-coated at 2000 rpm for 10 s followed by 5000 rpm for 30 s. During the high rpm step of the spin-

coating, 125 µL of ethyl acetate was dropped on the substrate. The films were annealed at 100 °C for 60 min. After cooling down 

the substrates, HTMs were deposited on top of the perovskite layer. 20 mM of CB series and 63 mM of spiro-OMeTAD were pre-

pared by using chlorobenzene as a solvent. The HTMs were doped with Li-bis (trifluoromethanesulphonyl) imide, FK 209 Co(III) TFSI 

and 4-tert-butylpyridine at the ratio of 0.53 : 0.055 : 0.0033 in molar concentration compared to that of both CBs or spiro-OMeTAD. 

The devices were completed with 70 nm-thick gold electrodes by thermal evaporation. 

Device characterization 

Current density-Voltage (J-V) characteristics were measured under 1-sun AM 1.5G illumination generated by xenon lamp solar 

simulator (450 W, Oriel Sol3A, AAA class). The light intensity was calibrated using a Si reference equipped with an IR-cut-off (KG5) 

filter prior to the measurement. The active area of 0.16 cm2 was defined by a black metal mask with the aperture of 4x4 mm. The J-

V curves were scanned under the scan rate of 50 mV/s with 2 s pre-illumination time. During the J-V scan, an external voltage bias 

was applied and the current response was recorded with a digital source meter (Keithley 2400). The incident photon to current 

conversion efficiency (IPCE) of the solar cells devices was measured IQE200B (Oriel).  

Photoluminescence (PL) 

PL spectra of the perovskite thin-films were acquired using Fluorolog, Horiba Jobin Yvon fluorescence spectrometer upon excitation 

at 625 nm for the steady-state PL measurement and 635 nm for the transient PL measurement. 

Scanning electron microscopy (SEM) 
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 The top-view and cross-section images were obtained using FEI Teneo scanning electron microscope. The measurements were 

performed under the accelerating voltage of 2-3kV. In lens detector and Everhart-Thornley detector were used to acquire the cross-

section and top-view images, respectively. 

Lateral conductivity 

 Conductivity measurement of BDP-based HTMs and spiro-OMeTAD were carried out using the organic field-effect transistor (OFET) 

configuration with two-contact electrical conductivity set-up. The OFET substrates were purchased from Fraunhofer IPMS. The 

substrates were prepared first washing with acetone and ethanol then with 20 min oxygen plasma cleaning. BDP-based HTMs and 

spiro-OMeTAD were deposited from a chlorobenzene solution (20 mM and 63 mM, respectively) chemically doped with FK-209, Li-

TFSI, t-BP as additives by spin-coating (at 4000 rpm for 30 s). Conductivity measurements were carried out on the 2.5 μm channel 

by sweeping from -10 to 10 V (source-drain voltage) at a scan rate of 1 V s-1 with a Keithley 2612A. The data was recorded with the 

KickStart software program. The channel width and height are 10 mm and 40 nm, respectively, and the gate capacity is 15nF.  

Hole-drift mobility 

The xerographic time-of-flight (XTOF) technique was used to characterize charge transport in the films of CB-1, CB-2, CB-3 trans-

porting materials (HTM). Samples are prepared under drop casting technique on Al coated glass plates using CB as solvent, sample 

thickness was 0.54–1.2 µm. The corona charging used to create electric fields in the HTM layer. Charge carriers were generated at 

the layer surface by illumination with pulses of nitrogen laser (pulse duration was 1 ns, wavelength 337 nm). The layer surface 

potential decrease as a result of pulse illumination was about 5 % of initial potential and so was ensured small charge mode in XTOF 

measurement. The capacitance probe deposited over the sample and connected to the wide frequency band electrometer meas-

ured the speed of the surface potential decrease dU/dt, which is equivalent to a current in widely known TOF technique. The transit 

time tt was determined by the kink on the curve of the dU/dt transient in double logarithmic plot and investigated materials are 

characterized by dispersive hole transport. The drift mobility was calculated by the formula µ0=d2/U0tt, where d is the layer thick-

ness and U0 is the surface potential at the moment of illumination. 

Water contact angle 

Water contact angle on the top of thin layers of BDP-based HTMs was measured using the KRUSS DSA100 optical contact angle 

instrument. Measurements were conducted using the sessile drop program with 0.5 mm needle size. Drops of water at a rate of 

0.01 mL/min and a volume of 12 µL were created. Substrates were prepared by spin coating 20 mM HTM solutions onto perovskite 

layers. The image was recorded 1 second after the interaction of the water drop with the HTM layer. 

Computational details 

 All calculations are performed within the Density Functional Theory (DFT), as implemented in CP2K code. The atomic DZVP-

MOLOPT atomic basis set, auxiliary plane wave basis set with 450 Ry cut-off for the isolated molecules and 600 Ry for interfaces, as 

well as Goedecker-Teter-Hutter (GTH) pseudopotentials have been employed in the calculations. The interactions at the interface 

have been studied using Perdew-Burke-Ernzerhof (PBE) density functional including Grimme’s dispersion correction, required for 

the description of non-covalent interactions at the interface. To ensure the consistency of the description, the bulk perovskite cell 

parameters corresponding to stoichiometry ([FAPbI3]0.87[MAPbBr3]0.13)0.92(CsPbI3)0.08 and atomic positions were optimized at PBE-

D3 level of theory as well. The energy and spatial distribution of frontier molecular orbitals of CB-1, CB-2 and CB-3 was analyzed 

using PBE-D3, B3LYP and PBE0 density functionals. To accelerate hybrid functional calculations, auxiliary density matrix method 

(ADMM) is used. Structures were visualized with VESTA and VMD codes.  
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Appendix	D:	Supporting	Information	of	Chapter	5	
 

 

 

Figure D. 1. ESI-QTOF-MS spectra in wide and narrow mass ranges of THPPO.  

 



Appedices 

130 

 

 

Figure D. 2. 1H, 13C and 31P NMR (CDCl3) spectrum of THPPO. 
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Experimental	Methods	
 

Perovskite thin-films and solar cells fabrication 

Fluorine-doped tin oxide coated glass (FTO, Nippon Sheet Glass) was used as the conducting electrode. Prior to each use, FTO glass 

was patterned by chemical etching using Zn powder and aqueous HCl solution (3.0 M), then it was cleaned with detergent (Hel-

manex), deionized water, acetone, and isopropanol in an ultrasonic bath. A 30 nm-thick compact-TiO2 layer was used as the elec-

tron transporting material and deposited on top of FTO glass via spray pyrolysis of titanium diisopropoxide bis(acetylacetonate) 

(Sigma Aldrich, diluted to 1:15 v/v in isopropanol) at 450°C. A 100 nm-thick mesoporous TiO2 layer was then deposited by spin 

coating the ethanolic solution (1:8 v/v) of TiO2 paste (GreatCellSolar, 30NR-D) at 5000 rpm for 20 s, followed by heating at 10 min 

and sintering at 500 °C for 20 min. A 20 nm-thick passivating tin oxide was spin coated on top of mesoporous TiO2 layer by dissolv-

ing tin (IV) chloride (Acros) solution (12 µL in 988 µL water) at 3000 rpm for 30 s, followed by annealing at 100 °C for 10 min and 

190 °C for 1 h. UV-ozone treatment was carried out for 15 minutes before perovskite layer deposition. A triple cation-based perov-

skite precursor solution [(FAPbI3)0.87(MAPbBr3)0.13]0.92(CsPbI3)0.08 with a concentration of 1.3 M was prepared by mixing FAI 

(GreatCellSolar), MABr (GreatCellSolar), CsI (ABCR), PbI2 (TCI), and PbBr2 (TCI) in DMF and DMSO (0.78:0.22 v/v).  An excess concen-

tration of PbI2 was used in the precursor solution (PbI2: FAI= 1.05:1). The perovskite solution was then deposited on top of the 

prepared substrates at 2000 rpm for 12 s and 5000 rpm for 30 s. Chlorobenzene was dropped at 15 s before the end of the spin 

coating process. Perovskite film was annealed inside the glovebox for 60 minutes. A various concentration of THPPO solution 

(0.005, 0.010, 0.020, and 0.030 M) in chlorobenzene was deposited on top of the perovskite films at 4000 rpm for 30 s. For the HTL-

based device, 2,2ʹ,7,7ʹ-tetrakis-(N,N-di-p-methoxyphenyl-amine)-9,9ʹ-spirobifluorene (spiro-OMeTAD) is incorporated as the HTL. 

spiro-OMeTAD (Merck) with the concentration of 0.06 M was dissolved chlorobenzene. For 1 mL solution, it is doped with 18.57 µL 

of Li-bis (trifluoromethanesulphonyl) imide (Aldrich) from the stock solution (196 mg in 379 µL acetonitrile), 13.69 µL of FK 209 Co 

(III) TFSI (GreatCellSolar) from the stock solution (99 mg in 263 µL acetonitrile), and 31.28 µL of 4-tert-butylpyridine (Sigma-Aldrich). 

For a complete PSC device, a 70 nm-thick gold counter electrode was deposited by physical vapor deposition under high vacuum 

condition. 

Device characterization 

The current density-voltage (J-V) characteristics were measured under xenon lamp solar simulator (450 W, Oriel Sol3A, AAA class). 

The light intensity was calibrated to 1 sun illumination by using a Si reference equipped with an IR-cut-off (KG5) filter. The J-V 

curves then recorded with a digital source meter (Keithley 2400) by applying an external voltage bias and measuring the current 

response. The active area was defined by using a black metal mask with the aperture of 0.16 cm2. The J-V curves were scanned 

under the rate of 50 mV/s without any preconditioning. External quantum efficiency (EQE) spectra were recorded using IQE200B 

(Oriel). Long-term stability test was carried out under continuous 1 sun illumination and maximum power point (MPP) tracking with 

LED lamps in an inert (Ar) atmosphere without any encapsulation. 

Thin-films characterization 

UV-VIS absorption: The absorption spectra of the thin films were measured using an ultraviolet, visible, near-infrared spectropho-

tometer (PerkinElmer Lambda 950S).  
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Photoluminescence: Steady-state photoluminescence spectra of the perovskite thin films were measured using Fluorolog3-22 

spectrofluorometer by exciting the films at 550 nm. Transient photoluminescence spectra were measured and recorded by a time-

correlated single photon counting system (Nanofinder 30) at the excitation wavelength of 480 nm. The detection wavelength was 

set on 763-770 nm. 

X-ray Diffraction (XRD): XRD measurements were performed on Bruker D8 Advance diffractometer and non-monochromated Cu Kα 

radiation at the ambient atmosphere and temperature. 

Scanning Electron Microscopy (SEM): Cross-section and top surface SEM images were recorded by in-lens detector of FEI Teneo 

scanning electron microscope at the accelerating voltage of 3 kV and 5 kV.   

Grazing incidence wide angle X-ray scattering (GIWAXS) measurements: GIWAXS measurements were performed at SPring-8 on 

beamline BL19B2. The X-ray irradiation with an energy of 12.39 keV (λ = 1 Å) was used on the sample at a fixed incident angle on 

the order of 0.12° through a Huber diffractometer. A two-dimensional image detector (Pilatus 300K) were used to record the 2D- 

GIWAXS patterns. 

Ultraviolet photoelectron spectroscopy (UPS) measurements: The ultraviolet photoelectron spectroscopy (UPS) were measured 

using He-I source (hν = 21.22 eV) (AXIS Nova, Kratos Analytical Ltd., UK) in order to determine the valence band energy and Fermi-

level. Gold (Au) which is in electrical contact with the sample is used as a reference for the Fermi-level of the samples. 

X-ray photoelectron spectroscopy (XPS): The X-ray photoelectron spectroscopy (XPS) measurements were performed using Ver-

saProbe II (Physical Electronics Inc) with a monochromator and Al-Kα source of 1486.6 eV. The spectrum was referenced using the 

C-C bound component of the adventitious carbon. 
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