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Abstract 
 

 

Perovskite solar cells (PSCs) based on metal halide materials have become the rising star 

in the photovoltaic (PV) field since the first discovery in 2009. A remarkable advance in this 

technology has been demonstrated by reaching a certified power conversion efficiency (PCE) of 

over 25%, closing the gap with the well-established silicon-based PV. However, the instability 

under the operation condition hinders the commercialization of PSCs. In order to overcome 

this issue, interface engineering has been proposed as a solution not only to solve the stability 

issue but also to improve the PV performance. Thus, the works presented in this thesis are 

mainly focused on the interfacial design of PSCs and the investigation of the processes therein 

which could control the device lifetime as well as the PV performance.  

A two-dimensional (2D)/three-dimensional (3D) interface has been demonstrated as an 

effective strategy to realize stable and efficient PSCs. Nevertheless, the fundamental 

understanding of the 2D/3D interface in determining the stability and performance of PSCs is 

still vague. Hence, I designed 2D/3D perovskite interfaces based on the 

thiophenealkylammonium halide cations as the building block for the 2D perovskite. The 

evolution of the 2D to quasi-2D perovskite phase was observed during the aging process. Only 

2D/3D interface incorporating 2-thiopheneethylammonium iodide (2-TEAI) maintained the 

initial 2D phase. Further, in-situ grazing incidence wide-angle X-ray scattering (GIWAXS) 

experiments were performed to probe the structural evolution of the 2D/3D interface under 

thermal stress. This study confirmed that regardless of the 2D phase evolution, the 2D layer 

serves as a protecting layer for the 3D perovskite underneath. 

Following up this work, three analogous 2-thiophenemethylammonium cations with 

different halides (2-TMAX, X: Cl, Br, I) were incorporated in the 2D/3D interface. 2-TMAI and 

2-TMABr 2D/3D interfaces showed a transition to the p-n junction, while 2-TMACl 2D/3D 

exhibited a slight energetic mismatch. The favorable energy level alignment, especially in the 

case of 2-TMABr 2D/3D, is beneficial for hole extraction and electron blocking. Thus, 

eliminating the interfacial recombination by yielding zero interfacial loss and high open-circuit 

voltage with a PCE approaching 21%.  

In addition, a Lewis base containing a phosphine oxide group, tris(5-((tetrahydro-2H-

pyran-2-yl)oxy)pentyl)phosphine oxide (THPPO), has been employed at the interface. THPPO 

effectively passivated the undercoordinated Pb2+ defect by forming a coordinate bond, 

enhancing the photoluminescence (PL) intensity and carrier lifetime. Therefore, improved PCEs 
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of 13.31% and 20.70% were achieved in hole-transporting layer (HTL)-free and n-i-p structured 

PSCs, respectively. 

Finally, new hole-transporting materials (HTMs) have been explored due to their 

important roles in preventing charge accumulation and recombination at the interface as well 

as in maintaining device stability. Carbazole and thiophene-based HTMs functionalized with 

triphenylamine groups were chosen due to their facile and low-cost synthesis. Car[2,3] and BT-

4D demonstrated the best PV performance among the carbazole and thiophene series with 

maximum PCE of 19.23% and 19.34%, respectively. Remarkably, the BT-4D-based device 

exhibited excellent long-term stability by maintaining 98% of its initial PCE after 1186 h of 

continuous illumination. 

 

Keywords 

Photovoltaic, perovskite solar cells, interface, recombination, passivation, stability, 2D 

perovskite, 3D perovskite, Lewis base, hole-transporting materials. 
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Resumé 
 

 

Les cellules solaires pérovskites (PSC) basées sur des matériaux d'halogénure métallique 

sont devenues l'étoile montante dans le domaine du photovoltaïque (PV) depuis leur première 

découverte en 2009. Une avancée remarquable de cette technologie a été démontrée en 

atteignant un rendement de conversion de puissance certifié (PCE) de plus de 25 %, comblant 

ainsi l'écart avec le PV au silicium bien établi. Cependant, l'instabilité dans les conditions de 

fonctionnement entrave la commercialisation des PSC. Afin de surmonter ce problème, 

l'ingénierie d'interface a été proposée comme une solution non seulement pour résoudre le 

problème de stabilité mais aussi pour améliorer la performance du PV. Ainsi, les travaux 

présentés dans cette thèse sont principalement axés sur la conception interfaciale des PSCs et 

l'étude des processus qui pourraient contrôler la durée de vie du dispositif ainsi que la 

performance du PV.  

Une interface bidimensionnelle (2D)/tridimensionnelle (3D) a été démontrée comme 

une stratégie efficace pour réaliser des PSCs stables et efficaces. Néanmoins, la compréhension 

fondamentale de l'interface 2D/3D dans la détermination de la stabilité et de la performance 

des PSCs est encore vague. J'ai donc conçu des interfaces de pérovskite 2D/3D basées sur les 

cations d'halogénure de thiophènealkylammonium comme élément constitutif de la pérovskite 

2D. L'évolution de la phase pérovskite 2D à quasi-2D a été observée pendant le processus de 

vieillissement. Seule l'interface 2D/3D incorporant l'iodure de 2-thiophèneéthylammonium (2-

TEAI) a maintenu la phase 2D initiale. De plus, des expériences in situ de diffusion de rayons X 

à grand angle en incidence rasante (GIWAXS) ont été réalisées pour étudier l'évolution 

structurelle de l'interface 2D/3D sous contrainte thermique. Cette étude a confirmé 

qu'indépendamment de l'évolution de la phase 2D, la couche 2D sert de couche protectrice pour 

la pérovskite 3D sous-jacente. 

Suite à ce travail, trois cations 2-thiophenemethylammonium analogues avec différents 

halogénures (2-TMAX, X : Cl, Br, I) ont été incorporés dans l'interface 2D/3D. Les interfaces 

2D/3D 2-TMAI et 2-TMABr ont montré une transition vers la jonction p-n, tandis que l'interface 

2D/3D 2-TMACl a montré un léger décalage énergétique. L'alignement favorable des niveaux 

d'énergie, en particulier dans le cas de 2-TMABr 2D/3D, est bénéfique pour l'extraction des trous 

et le blocage des électrons. Ainsi, la recombinaison interfaciale est éliminée, ce qui permet 

d'obtenir une perte interfaciale nulle et une tension en circuit ouvert élevée avec un PCE proche 

de 21 %.  
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De plus, une base de Lewis contenant un groupe oxyde de phosphine, l'oxyde de tris(5-

((tétrahydro-2H-pyran-2-yl)oxy)pentyl)phosphine (THPPO), a été employée à l'interface. Le 

THPPO a efficacement passivé le défaut Pb2+ sous-coordonné en formant une liaison de 

coordination, améliorant l'intensité de la photoluminescence (PL) et la durée de vie des porteurs. 

Par conséquent, des PCE améliorés de 13,31 % et 20,70 % ont été obtenus dans les PSC sans 

couche de transport de trous (HTL) et à structure n-i-p, respectivement. 

Enfin, de nouveaux matériaux de transport de trous (HTM) ont été explorés en raison 

de leur rôle important dans la prévention de l'accumulation et de la recombinaison des charges 

à l'interface ainsi que dans le maintien de la stabilité du dispositif. Les HTM à base de carbazole 

et de thiophène fonctionnalisés avec des groupes triphénylamine ont été choisis en raison de 

leur synthèse facile et peu coûteuse. Car[2,3] et BT-4D ont démontré la meilleure performance 

PV parmi les séries de carbazole et de thiophène avec un PCE maximum de 19,23% et 19,34%, 

respectivement. De manière remarquable, le dispositif à base de BT-4D a montré une excellente 

stabilité à long terme en conservant 98% de son PCE initial après 1186 h d'illumination continue. 

 

Mots clés 

Photovoltaïque, cellules solaires en pérovskite, interface, recombinaison, passivation, stabilité, 

pérovskite 2D, pérovskite 3D, base de Lewis, matériaux de transport de trous. 
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Symbols and Abbreviations 
 

 

 

°C degree Celcius 

<𝜏> average lifetime 

⍺ field dependence parameter 

2-MP 2-mercaptopyridine 

2-TEAI 2-thiopheneethylammonium iodide 

2-TMABr 2-thiophenemethylammonium bromide 

2-TMACl 2-thiophenemethylammonium chloride 

2-TMAI 2-thiophenemethylammonium iodide 

2D two-dimensional 

3-TMAI 3-thiophenemethylammonium iodide 

3D three-dimensional 

5-AVAI 5-ammoniumvaleric acid iodide 

5FBzAI perfluorobenzylammonium iodide 

Å angstrom 

AFM atomic force microscopy 

AL active layer 

ALD atomic layer deposition 

AM air mass 

AMP (aminomethyl)piperidinium 

AMPY (aminomethyl)-pyridinium 

APPI atmospheric pressure photoionization 

ASTM American Society for Testing and Materials 

AU arbritary unit 

AVA ammonium valeric acid 

BA butylammonium 

BABr n-butylammonium bromide 

BAI butylammonium iodide  

BDA 1,4-butanediamine 

BIPV building integrated photovoltaic 

c-TiO2 compact-TiO2 
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C60 fullerene 

CAI cyclopropylammonium iodide 

CB conduction band 

CBM conduction band minimum 

CIGS cadmium indium gallium selenide 

cm centimeter 

CV cyclic voltammetry 

D4TBP D-4-tert-butylphenylalanine 

DAI dodecylammonium iodide 

DCM dichloromethane 

DFT density functional theory 

DJ Dion-Jacobson 

DMF dimethylformamide 

DMSO dimethyl sulfoxide 

DPV differential pulse voltammetry 

E electric field 

Eb electron binding energy 

Eg band gap 

EPA Environmental Protection Agency 

EQE external quantum efficiency 

ESI electrospray ionization 

ETL electron-transporting layer 

ETM electron-transporting material 

EU European Union 

eV electronvolt 

EVA poly(ethylene-co-vinyl acetate) 

FA formamidinium 

FAI formamidinium iodide 

FEA pentafluorophenylethylammonium 

FF fill factor 

FPEAI 2-(4-fluorophenyl)ethyl ammonium iodide 

fs femtosecond 

FS forward scan 

FTO fluorine-doped tin oxide 
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GGA generalized gradient approximation 

GID grazing incidence diffraction 

GIWAXS grazing incidence wide-angle X-ray scattering 

GWh gigawatt-hour 

h Planck constant 

h hour 

HA hexylammonium 

HABr n-hexylammonium bromide 

HAD 1,6-hexamethylenediamine 

HI hysteresis index 

HOMO highest occupied molecular orbital 

HRMS high resolution mass spectrometry 

HTAB n-hexyltrimethylammonium bromide 

HTL hole-transporting layer 

HTM hole-transporting material 

Hz hertz 

i-BA  isobutylammonium 

I-V current-voltage 

IC60BA indene-C60 bisadduct 

IDIC indacenodithiophene end-capped with 1,1-dicyanomethylene-3-

indanone  

IEA International Energy Agency 

IEC International Electrotechnical Commission 

Iin incident power 

IP ionization potential 

IPA isopropanol 

IPCE incident photon-to-electron conversion efficiency 

IPFB iodopentafluorobenzene 

Iph photocurrent 

ISOS International Summit on Organic PV Stability 

ITO indium-doped tin oxide 

J-V current density-voltage 

J0 saturation current density  

Jph photogenerated current density 
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JSC short-circuit current density 

K Kelvin 

kB Boltzmann constant 

KPFM Kelvin-prove force microscopy 

kV kilovolt 

L liter 

Li-TFSI Li-bis(trifluoromethanesulphonyl) imide 

LUMO lowest unoccupied molecular orbital 

M molar 

m meter 

MA methylammonium 

mA milliampere 

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 

MOF metal organic framework 

mp-TiO2 mesoporous-TiO2 

MPP maximum power point 

MPPT maximum power point tra king 

MS mass spectrometry 

mV millivolt 

mW milliwatt 

n number of the inorganic layer in 2D or quasi-2D perovskite 

n-BA n-butyl ammonium 

n-BAI n-butyl ammonium iodide 

NC nanocrystal 

nF nanofarad 
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nJ nanojoule 

nm nanometer 

NMA naphtylmethylammonium 

NMR nuclear magnetic resonance 

NS nanosheet 

ns nanosecond 

NW nanowire 

OABr n-octylammonium bromide 

OAI octylammonium iodide 

ODA 1,8- octanediamine 

OFET organic field effect transistor 

OPV organic photovoltaic 

P3HT poly(3-hexylthiophene) 

PA pentylammonium 

PBE Perdew-Burke-Ernzerhof  

PCBM phenyl-C61-butyric acid methyl ester 

PCE power conversion efficiency 

PDA 1,3-propane-diamine 

PDMA phenylenedimethanammonium  

PEA phenylethylammonium 

PEAI phenylethylammonium iodide 

PeDA 1,5-pentamethylenediamine 

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

PL photoluminescence 

PLQE photoluminescence quantum efficiency 

PLQY photoluminescence quantum yield 

PMA  phenylmethylammonium 

Pmax maximum power 

PMMA poly(methyl methacrylate) 

ppm part per million 

PS polystyrene 

ps picosecond 

PSC perovskite solar cell 

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

PVD physical vapor deposition 

PVDF-TrFE polyvinylidene-trifluoroethylene 

PVP polyvinylpyrrolidone 

PWh petawatt-hour 

q elementary charge 

QD quantum dot 

QFLS quasi-Fermi level splitting 

QTOF quadrupole time-of-flight 

qxy scattering observed in the plane of the substrate 

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

r radius 

R large organic cation 

RH relative humidity 

RP Ruddlesden-Popper 

rpm rotation per minute 

RS reverse scan 

s second 

S siemens 

SBA spiro bisacridine 

SD standard deviation 

SEM scanning electron microscopy 

SFM scanning force microscopy 

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

STC standard test condition 

T temperature 

t time 

TA transient absorption 

tBP 4-tert-butylpyridine 

Tc crystallization temperature 

TCO transparent conducting oxide 

Td decomposition temperature 

tG Goldschmidt tolerance factor 

TGA thermogravimetric analysis 
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THF tetrahydrofuran 

THP tetrahydropyran 

THPPO tris(5-((tetrahydro-2H-pyran-2-yl)oxy)pentyl)phosphine oxide 

Tm melting temperature 

TMPP tetraisopropyl methylenediphosphonate 

TOPO tri-n-octylphosphine oxide  

TPA tryphenylamone 

TPPO triphenylphosphineoxide 

TrPL transient photoluminescence 

TWh terrawatt-hour 

U surface potential 

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 

WBH wide bandgap halide 

WHO World Health Organization 

XPS X-ray photoelectron spectroscopy 

XRD X-ray diffraction 

XTOF xerographic time-of-flight 

θ diffraction angle 

λ wavelength 

µ mobility 

µ0 mobility at zero field strength 

µg microgram 

µL microliter 

µm micrometer 
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µs microsecond 

Φph photon flux 

Ψph,λ spectral photon flow incident on the solar cell 
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Chapter 1: Introduction 
 

The ever-increasing energy consumption has become a critical issue in the society 

globally. The International Energy Agency (IEA) reported the total electrical energy 

consumption for 2018 reaching 24738.9 TWh with an expected continuous growth for the 

upcoming years.1 Fossil-based fuels, such as coal, oil, and gas, are still dominating as the source 

of the electrical generation up to date.2 However, the use of fossil-based fuels raises a lot of 

concerns in the society, mainly due to their negative impact to the environment, especially the 

generation of greenhouse gasses which contribute significantly on the climate change.2 

Consequently, there is an urgent need in implementing a carbon-neutral energy source as an 

alternative to the fossil-based fuels. 

As one of the most environmentally friendly energy sources with an abundant 

availability on the planet, solar energy plays a very promising role for a clean energy conversion. 

The total global technical potential of solar energy is estimated to be 613 PWh per year.3 This 

amount surpasses the current demand of the electrical energy, nevertheless, according to the 

data reported by IEA only 554382 GWh was utilized for electricity generation in 2018.4 The 

tremendous availability of solar energy opens the possibility to solve energy crisis and provide 

a carbon-neutral energy. Photovoltaic (PV) technology or solar cell is one of the most promising 

candidates among the other technologies which allows a direct and clean conversion of sunlight 

to electricity. 

PV technology itself is not a new technology, it has been existing around us for decades. 

Since the first PV cell based on silicon was demonstrated by Daryl M. Chapin, Calvin S. Fuller 

and Gerald L. Pearson back in 1954, scientists together with industries have been refining the 

technology extensively which enables us to harvest the energy from sun reliably and efficiently.5 

Nowadays, we can enjoy an efficient PV cell with the power conversion efficiency (PCE) of 26.7% 

for mono-crystalline (in heterojunction structure) and 22.3% for multi-crystalline silicon wafer-

based technology which is over 4 times higher compared to 6% on the first discovery.5, 6 So far, 

PV market has always been dominated by silicon wafer-based solar cell with a total production 

share of 95%.7 Apart from the superior reliability and efficiency of silicon-based solar cell, it 

requires highly pure silicon crystals as a very slight presence 0f impurities will cause a 

deleterious effect on its performance.8 Additionally, the fabrication of silicon solar cells involves 

an energy-intensive process.8 

Many other PV technologies have emerged following the success of crystalline silicon 

solar cells. Thin-film solar cells, also commonly known as the second-generation PV, are 
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developed as alternatives to the crystalline silicon technology. These solar cells are fabricated 

from films that are much thinner than the wafers that constitute the crystalline silicon solar 

cells.9 Thin-film PV technologies can be classified as III-V technology (e.g., GaAs, GaP, InP, InAs, 

and complex alloys from III-V materials), chalcogenide solar cells (e.g., cadmium indium 

gallium selenide (CIGS) and CdTe), and thin-film silicon solar cells. The thin-film solar cells 

were initially proposed as a solution for low-cost PV technology in comparison with the 

crystalline silicon solar cells. However, the recent decline of the crystalline silicon wafer’s price 

makes the solar cells based on thin-films becoming less viable economically.9  

The urge of developing PV technologies with low-cost materials drives a lot of efforts in 

finding new materials which are economically feasible. Organic materials as well as hybrid 

organic-inorganic materials have risen as the center of attention in PV technology recently 

because of their potential for realizing a low-cost PV. The solar cells technologies based on such 

materials are named as the third generation PV. In the earlier development stage of these PV 

technologies, organic solar cells and dye-sensitized solar cells were extensively investigated, 

however, less attention is given nowadays due to their low efficiency and also low stability. In 

2009, hybrid organic-inorganic perovskite made its debut in the photovoltaic field. The first 

solar cell using the organic-inorganic perovskite material as the light absorber demonstrated a 

low power conversion efficiency of 3.8% due to the use of a liquid electrode which accelerated 

the perovskite degradation.10 One of the major breakthroughs in the perovskite solar cells (PSCs) 

was achieved by replacing the liquid electrolyte using a solid-state organic hole-transporting 

material (HTM), namely 2,2,7,7-tetrakis(N,N-di-p-methoxyphenylamine)-9,9-spirobifluorene 

(spiro-OMeTAD).11, 12 Nowadays, a maximum PCE exceeding 25% has been attained in a 

laboratory-scale device, making the PSCs technology is on par with the silicon-based solar cells 

which are currently the market leader in the photovoltaic industry.6 

In addition to their high photovoltaic performance, organic-inorganic perovskites have 

demonstrated many advantages for photovoltaic applications in comparison with the other 

materials. First, PSCs can be fabricated by various deposition processes, such as solution process 

(e.g., spin-coating, spray-coating, slot-die coating, blade coating and inkjet printing) and 

sublimation process by physical vapor deposition (PVD).13, 14 These versatilities in the PSCs 

fabrication processes open a promising route for large-scale industrial production. Second, the 

facile fabrication methods of perovskite will further enable the deposition of the perovskite 

thin-films on different types of substrates, such as on the flexible substrate for the utilization in 

wearable devices.15, 16 Last, semitransparent perovskite thin-films can be produced in different 

colors by tuning their chemical composition while maintaining decent PCE values which allows 
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for possible application in the building integrated PV (BIPV), such as the installation for 

windows, roofs as well as building facades.17-19 

 

1.1 Perovskite Materials 

1.1.1 Three-dimensional (3D) Perovskite 

Three-dimensional (3D) perovskite materials in general are written according to the 

chemical formula of ABX3, where A and B are cations with different sizes, and X is an anion 

(Figure 1.1). More specifically for photovoltaic application, A is a small monovalent organic or 

inorganic cation (for instance, methylammonium (MA+), formamidinium (FA+), or Cs+), B is a 

divalent metal cation, such as Pb2+ or Sn2+, and X is a halide anion (for example Cl−, Br−, or I−). 

The 3D perovskite structure forms a cubic crystal structure which consists of the corner-sharing 

[BX6]4− octahedra as illustrated in Figure 1.1 . For this reason, the A cation should be small 

enough to fit in the perovskite lattice in order to maintain the cubic structure of the 3D 

perovskite.20 The limit of the A cation size in the ABX3 perovskite structure is expressed semi-

empirically in the Goldschmidt tolerance factor (tG) as follow: 

 𝑡! =
(𝑟" + 𝑟#)

√2	(𝑟$ + 𝑟#	)
 (1.1) 

where r is the ionic radius. The cubic structure is preserved when the t value is between 0.9−1.0, 

while a distorted perovskite structure is obtained when the tG value is between 0.80−0.89.21 This 

requirement narrows the A cation size into 2.6 Å.20 Among the A-site cations used in the 

perovskite for photovoltaic application, perovskites based on FA, MA, and cesium (Cs) fall 

within the tolerance factor range as in FAPbI3 (tG ~ 1), MAPbI3 (tG ~ 0.9) and CsPbI3 (tG ~ 0.8), 

respectively.22 

 
Figure 1.1 Schematic illustration of 3D perovskite structure. 

3D perovskite materials have demonstrated excellent optical and electrical properties 

for their use in the PV devices. Some of the most remarkable properties of 3D perovskite include 

high extinction coefficients,23 panchromatic absorption,24, 25 long carrier diffusion length,26, 27 
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tunable band gap,28, 29 and high carrier mobility.30-32 High photovoltaic performance of PSCs can 

be achieved owing to those notable properties of 3D perovskites. Furthermore, 3D perovskites 

exhibit a high defect tolerance which allows a high open-circuit voltage (VOC) despite being 

fabricated using a solution process.33 However, one of the major bottlenecks in scaling-up and 

commercializing the PSCs based on the 3D perovskites is the poor stability of 3D perovskites 

under the operating condition. For instance, MA-based perovskite which has been the pioneer 

of highly efficient PSCs suffers from its high instability (i.e MAPbX3 decomposes to gaseous 

methylamine and hydrogen iodide) and its degradation under heat or moisture.34 On the other 

hand, FAPbI3 exhibits a higher thermal stability in comparison with MAPbI3, along with the 

lower band gap, and longer carrier lifetime. However, it forms a non-photoactive yellow δ-phase 

at room temperature instead of the desired photoactive black α-phase perovskite.35, 36 Besides, 

FAPbI3 perovskite demonstrates a poor stability towards humidity and solvents.35, 36 Thus, many 

efforts have been explored in order to stabilize the performance of 3D perovskites, such as 

compositional engineering,37, 38 interfacial engineering,39-42 and device encapsulation using a 

moisture-resistant layer.43-45 

 

1.1.2 Low-dimensional Perovskite 

Low-dimensional perovskite, particularly two-dimensional (2D) perovskite is another 

class of perovskite material which is also known as a layered perovskite. It consists of a single 

or multiple inorganic layers separated by organic spacers and held together by Coulombic forces 

(Figure 1.2). To form 2D perovskite, a large organic cation (R) is required in the perovskite 

structure which will serve as the spacer between the inorganic layers.20 Empirically, 2D 

perovskites have a general formula of R2An-1BnX3n+1 where n denotes the number of the inorganic 

layer separated by R cations as the organic spacers. When n=1, a pure 2D perovskite phase (R2BX4) 

is obtained where a single inorganic layer is separated by the organic layer (Figure 1.2). On the 

other hand, a quasi-2D perovskite phase is assembled when there are multiple organic layers 

(n>1) spaced by the organic layers as shown in Figure 1.2. 

The addition of the bulky R cation in the 2D perovskite structure enables the use of the 

cations which are previously restricted in the 3D perovskite due to the Goldschmidt tolerance 

factor limitation. Thus, a wide range selection of cations is now available for designing new 2D 

perovskite materials with the desired properties. Various cations, both aliphatic or aromatic 

ammonium salts, have been investigated for the 2D perovskite, such as n-butylammonium (n-

BA+), isobutylammonium (i-BA+), hexylammonium (HA+), ammonium valeric acid (AVA+), 
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phenylmethylammonium (PMA+), phenylethylammonium (PEA+), and 

naphtylmethylammonium (NMA+).20 

 

 
Figure 1.2 Schematic illustration of the low-dimensional perovskite structures. 

The structures of 2D perovskite are further classified into Ruddlesden-Popper (RP) and 

Dion-Jacobson (DJ) phases. The RP perovskites are conceptually derived by cutting the 3D 

perovskite structure into slabs or inorganic layers with different thicknesses in <100> direction 

(Figure 1.3a).46 Each inorganic layer is then sandwiched between bilayers of the bulky R cations. 

The inclusion of monovalent R cations forms RP perovskites, such as BA+, pentylammonium 

(PA+), HA+ and PEA+.47-49 The RP phase has demonstrated a remarkable thickness (n number) 

control ability which is essential for tuning the optoelectronic properties of the 2D perovskite. 

So far, most of the 2D perovskites studied and reported in PSCs are based on the RP phase. 

Similar to RP phase, DJ phase is also obtained by cutting the 3D perovskite structure along with 

<100> direction and shares the same general formula of R2An-1BnX3n+1. However, the inorganic 

slabs of the DJ phase stack exactly on top of each other as illustrated in Figure 1.3b. The use of 

divalent R cations will form DJ perovskites, such as 3- and 4-(aminomethyl)piperidinium (3- 

and 4-AMP+), 3- and 4-(aminomethyl)-pyridinium  (3- and 4-AMPY+), 1,4-

phenylenedimethanammonium (PDMA+), 1,3-propane-diamine (PDA), 1,4-butanediamine 

(BDA), 1,5-pentamethylenediamine (PeDA), 1,6-hexamethylenediamine (HDA), and 1,8-

octanediamine (ODA).50 Recently, DJ perovskites have attracted more attention for 

photovoltaic applications due to the improved stability and higher conductivity because of the 

use of divalent cations. 
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Figure 1.3 Schematic comparison between (a) Ruddlesden-Popper (RP) and (b) Dion-Jacobson 

(DJ) phase. 

2D perovskites have some noticeable differences in the optoelectronic properties 

compared to the 3D counterpart. 2D perovskites exhibit narrower absorption range due to their 

large bandgap.47, 51 The bandgap of 2D perovskites can be tuned by changing the number of 

inorganic layers (n). By the increasing n values, the bandgap of 2D perovskite will be reduced.47, 

51 Moreover, 2D perovskites show a large exciton binding energy, reaching hundreds of meV, 

which is caused by the mismatch of dielectric constant between the inorganic and organic layer. 
47, 51-55 The exciton binding energy is decreased by increasing the number of inorganic layer (n). 

These flexible and tunable characteristics of 2D perovskite open the possibility to modify the 

optoelectronic properties for the device application. Additionally, 2D perovskites with 1 ≤ n ≤ 2 

show a quantum confinement effect owing to their strong excitonic behavior. 56, 57 This property 

further contributes to the high photoluminescence (PL) yield of 2D perovskites which might be 

suitable for light-emitting device application.56, 57 However, the lower n number 2D perovskites 

(1 ≤ n ≤ 2) exhibit high exciton binding energy as well as high bandgap, making them less suitable 

for photovoltaic applications.20 

The most distinctive property of 2D perovskites is their superior resistance to the 

moisture. In respect to the 3D perovskite, 2D perovskites have higher stability against moisture 

due to the hydrophobic nature of the bulky R cation in the crystal structure.47, 58 Further, 2D 

perovskites exhibit a dense packing and highly-oriented arrangement which decreases the 

density of the grain boundary, hence preventing a direct contact between moisture and 

perovskite surface.47, 58 The exceptional hydrophobicity of 2D perovskites is very beneficial for 

the device longevity in PSCs. For instance, (PEA)2(MA)2Pb3I10-based perovskite films (n=3) have 

demonstrated an excellent structural stability under the exposure of 52% relative humidity (RH) 

for 46 days.49 However, a low PCE of 4.73% was achieved when it was incorporated in the solar 
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cells. Kanatzidis and co-workers have investigated quasi-2D perovskite materials based on 

(BA)2(MA)2Pb3I10 (n=3) which showed a remarkable moisture resistance by showing no sign of 

PbI2 formation as the product of the degraded perovskite after 2 months exposure under 40% 

RH. Nonetheless, the PSCs fabricated using (BA)2(MA)2Pb3I10 suffered from a poor PCE of 

4.02%.51 Some efforts, such as cation engineering and device engineering have been done to 

push the performance of the PSCs based on the low-dimensional perovskite. Improvements in 

the PV performance were indeed achieved by manipulating the number of inorganic layers and 

replacing the cation, for instance, BA with n=4 (PCE = 12.51%),59 PEA with n=5 (PCE = 14.5%),60 

2-thiophenemetylammonium with n=3 (PCE = 15.42%),61 benzylammonium with n=9 (PCE = 

17.4%),62 and 3-bromobenzylammonium with 3 < n < 4 (PCE = 18.2%).63 Unfortunately, these 

values are still far below from the state-of-art 3D perovskite performance.  

 

1.2 Perovskite Solar Cells 

1.2.1 Working Principles of PSCs 

The working mechanism of PSCs is basically driven by three main processes: (1) charge 

generation, (2) charge separation, and (3) charge transportation and collection. Figure 1.4 

illustrates the working principle of PSCs. 

 

  
Figure 1.4 Schematic energy level diagram showing the working principles of PSCs. 
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1.2.1.1 Charge generation 

In the first step, the charges are generated by the light harvester upon the exposure to 

light source. The light harvester must be able to absorb the incoming light in order to produce 

the photogenerated charges. Thus, the absorption coefficient of the perovskite materials as the 

light harvester plays an important role in this step. From the previous studies, perovskite 

materials have demonstrated a remarkable absorption coefficient.23 In addition to the 

absorption coefficient, the band gap (Eg) of the perovskite is very essential for the charge 

generation process. Eg of the perovskite determines the energy of photons that can be absorbed 

since a semiconductor can only absorb photons with the energy equal to or higher than its Eg. 

Photons with the energy higher than Eg will further excite the electrons to the energy level 

higher than the conduction band (CB) of perovskite and these electrons will relax back to the 

CB quickly by releasing the excess energy in the form of heat. The range of the wavelength that 

can be absorbed by the perovskite is also attributed to the Eg. 

In spite of charge generation process, there are recombination processes that occur in 

the light harvester which can further affect the solar cells performance.9, 64 There are four main 

types of recombination processes commonly found in PSCs: 

1. Radiative recombination 

 
Figure 1.5 Schematic illustration of radiative recombination. 

Radiative recombination process principally takes place in direct bandgap 

semiconductor. For this reason, radiative recombination is often mentioned as 

direct or band-to-band recombination. During the radiative recombination process, 

the excited electron in the CB will combine with the hole in the valence band (VB) 

as illustrated in Figure 1.5. As a result, the recombined hole and electron will release 

a photon with the energy equal to the bandgap of the semiconductor.64 For a very 

high-quality direct bandgap semiconductor (for example GaAs), the radiative 

recombination of the carriers will determine the limit of the solar cell efficiency.64 

However, most of the solar cells are further limited by the non-radiative 
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recombination processes, such as defect or trap assisted recombination and Auger 

recombination (vide infra). 

2. Defect or trap assisted recombination 

 
Figure 1.6 Schematic illustration of defect or trap assisted recombination for (a) 

donor type and (b) acceptor type trap.  

Defect or trap assisted recombination is also called as the Shockley-Read-Hall 

(SRH) recombination, which is named after William B. Shockley, William T. Read, 

and Robert N. Hall who found the recombination theory back in 1952.9 Defect 

assisted recombination is a non-radiative process in which the recombination of 

electrons and holes does not happen directly from bandgap to bandgap. This 

recombination is mainly caused by impurities or lattice defects in the semiconductor 

which leads to the formation of new recombination centers within the bandgap (ET) 

which are often referred as trap states.9  

Recombination centers or trap states could be differentiated into two types: 

donor type and acceptor type. Donor-type recombination center can trap a hole 

followed by electron capture from the CB, while acceptor-type recombination center 

can trap an electron followed by hole capture from the VB (Figure 1.6). These 

recombination centers result in non-radiative recombination and the excess energy 

is released as phonons (lattice vibration). Defect assisted recombination generally 

involves four step processes: r1 is the electron capture from the CB, r2 is the electron 

emission from the CB, r3 is the hole capture from the VB, and r4 is the hole emission 

from the VB.9 
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3. Auger recombination 

 
Figure 1.7 Schematic illustration of Auger recombination involving (a) two electrons 

and (b) two holes. 

Auger recombination is a non-radiative process where the energy and 

momentum of the recombining hole and electron are transferred to another electron 

or hole.9 Compared to the radiative and defect assisted recombination where two 

particles (an electron and a hole) participate in the process, Auger recombination 

involves three particles. If the third particle is an electron, it will be excited to the 

higher level of the CB followed by a relaxation process to the CB by transferring its 

energy in phonons and finally thermal energy (Figure 1.7a). Meanwhile, if the third 

particle is a hole, it will be excited to the lower level of VB followed by a rise back to 

the VB by transferring the energy in phonons (Figure 1.7b).9 Auger recombination 

generally occurs in the semiconductor with indirect bandgap where the direct 

bandgap to bandgap recombination is very limited or not possible.9 For 

semiconductors with indirect bandgap, Auger recombination is the dominant 

recombination process and it becomes the efficiency-limiting factor in high purity 

Si and Ge solar cells.64 

4. Surface, interface, and grain boundary recombination 

 
Figure 1.8 Schematic illustration of surface recombination. 
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The three recombination mechanisms discussed previously are classified as the 

bulk recombination processes which occur inside the bulk of the semiconductor. 

However, surface defect such as dangling bonds and absorbed impurity on the 

surface of the material could create a high density of trap states (Figure 1.8).9, 64 Also, 

the interfaces between two different layer of semiconductors and the high-angle 

grain boundary in the polycrystalline materials could serve as the recombination 

centers.64 These kinds of defects will induce the recombination similar to SRH 

process.  

 

1.2.1.2 Charge separation 

 The photogenerated charges need to be separated into electrons (negative charges) and 

holes (positive charges) before they can be extracted and collected. The photogenerated charges 

can present in the form of excitons or free carriers depending on the permittivity of the materials. 

In order to generate free electron and holes that will contribute to the photocurrent, the 

photogenerated charges need to overcome the exciton binding energy (Eb). Low Eb values (lower 

than thermal energy at room temperature of 26 meV) are preferred in PV for an efficient charges 

dissociation to obtain free carriers. For instance, the studies on MAPbI3 perovskite show that 

the Eb values of this class of material vary from 2 meV to 75 meV at room temperature.65 The Eb 

values of MAPbI3 is influenced by the grain size, where the single crystals MAPbI3 exhibit the 

highest Eb values.66 

 

1.2.1.3 Charge transportation and collection 

 After the photogenerated charges are separated into free carriers, electrons and holes 

will move within the semiconductor. In PSCs, charge selective contact are used to direct 

electrons and holes to the respective electrodes (anode and cathode). There are two types of 

charge selective contact which are commonly used in PSCs: electron-transporting layer (ETL) 

and hole-transporting layer (HTL). As the name suggests, ETL selectively transports the 

electrons and blocks the hole, while HTL selectively transports the hole and blocks the electron. 

In the device application, the perovskite layer is generally sandwiched between the ETL and the 

HTL.  

The energy level alignment between the perovskite and charge selective contact is one 

of the most important parameters to ensure the charge transportation. For ETL, the lower 

occupied molecular orbital (LUMO) of the ETL must be deeper than the conduction band (CB) 

of perovskite to assure the electron extraction, while the higher occupied molecular orbital 
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(HOMO) of the ETL should be low enough so that the holes could not be transported to the 

ETL. For HTL, the HOMO of the HTL must be higher than the valence band (VB) of the 

perovskite to ensure the hole extraction, while the LUMO of the HTL should be high enough to 

block the electron transfer. The other important parameters for the ETL and HTL are the charge 

mobility and the conductivity of the materials. The electron or hole mobility is defined as how 

fast the electron or hole can be transported through the selective contact layer, while the 

conductivity of the materials is characterized as the product of the number of charges and the 

mobility. After the electron and holes are transported through the ETL and HTL, they are 

collected in the corresponding electrodes. 

 

1.2.2 Device Architectures in PSCs  

In the solar cells, perovskite layer is generally sandwiched between the charge selective 

contacts (ETL and HTL) and the electrodes. There are two main types of PSCs device 

architecture depending on how the ETL and HTL are in contact with the perovskite and 

electrode: normal (n-i-p) structure and inverted (p-i-n) structure. The schematic illustration of 

the PSCs architectures is displayed in Figure 1.9. 

 
Figure 1.9 Schematic illustration of PSCs device architectures: (a) normal mesoscopic structure, 

(b) normal planar structure, and (c) inverted structure. 

 

1.2.2.1 Normal (n-i-p) structure 

In the normal structure, the perovskite is sandwiched between ETL and HTL in which 

the ETL is in contact with the front transparent conducting oxide (TCO) electrode, such as 

fluorine-doped tin oxide (FTO) or indium-doped tin oxide (ITO), and the HTL is in contact with 

the back-metal electrode, such as gold (Au) or silver (Ag). Since in the normal structure the 

light needs to propagate through the ETL first before reaching the perovskite layer, a 

transparent n-type semiconductor, such as TiO2 and SnO2, is commonly used as the ETL. 

Further, there are two different configurations of the normal structure: mesoscopic and planar 

configuration. Mesoscopic-configured PSCs employ a mesoscopic layer of nanoparticles, for 
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example TiO2 nanoparticles, as a scaffold on the ETL side. The mesoscopic TiO2 layer could 

improve the electron collection on the ETL and relieve the PSCs from the hysteresis effect.67, 68 

This mesoscopic structure is actually derived from the dye-sensitized solar cells (DSSCs) 

configuration. On the contrary, the mesoscopic layer is absent in the normal PSCs structure 

with planar configuration allowing a simpler device architecture. 

 

1.2.2.2 Inverted (p-i-n) structure 

In the inverted PSCs structure, the contact of the charge selective layer (ETL and HTL) 

with the electrodes are configured in the opposite way of the normal structure. The HTL is in 

contact with the front transparent conducting electrode, while the ETL is in contact with the 

back-metal electrode. A transparent p-type semiconductor, such as NiOx, poly[bis(4-

phenyl)(2,4,6-trimethylphenyl)amine] (PTAA), or poly(3,4-ethylenedioxythiophene) 

polystyrene sulfonate (PEDOT:PSS), is usually coated on top of the TCO to allow the light reach 

the perovskite layer without any major loss.69 Inverted structure gives more flexibility in the 

device application since most of the charge selective layers used could be processed using low 

temperature which opens more diverse application of PSCs, for instance the development of 

PSCs on flexible substrates. 

 

1.2.2.3 Other configurations 

Apart from the widely used normal and inverted type PSCs, there are some other 

modified device structures based on these two conventional configurations. The modifications 

are commonly carried out in order to simplify the device architecture towards a cost-effective 

fabrication process. For instance, HTL-free PSCs has been demonstrated with the PCE of over 

15% by passivating perovskite-gold electrode interface.42 Similarly, ETL-free PSCs combined 

with interface engineering technique has been reported with the PCE of over 21%.70 Another 

breakthrough in the engineering of the device structure is the use carbon-based materials to 

replace the costly metal back-electrode.71 Despite the lower material cost, carbon-based material 

can be easily deposited through the solution processing methods, such as printing and doctor 

blading which further ease the fabrication process.71  
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1.2.3 PSCs Characterizations 

1.2.3.1 Current density-voltage (J-V) characteristics 

 
Figure 1.10 J-V characteristic of solar cells under dark and light illumination. 

The photovoltaic parameters of PSCs are determined from the J-V characteristics of the 

device measured under illumination. To obtain reliable J-V characteristics, the solar cells 

measurement must be carried out under the standard test conditions (STC), which means the 

total irradiance of the light source should be calibrated to 1000 W/m2. Additionally, the 

spectrum of the light source should match with the air mass (AM) 1.5 spectrum. The AM1.5 

spectrum is defined as the spectrum of the solar irradiance when the surface facing the Sun is 

tilted at 37° to the horizontal plane.9 Moreover, the temperature of the solar cells should be kept 

under the standard room temperature (25°C) during the measurement.9 

The main parameters in the J-V characterization include the short-circuit current 

density (JSC), the open circuit voltage (VOC), the fill factor (FF), and the maximum power (Pmax). 

The JSC is described as the current density flowing through the external circuit when both 

electrodes are short circuited. A mask with a fixed aperture is normally used to determine the 

illuminated area so that an accurate JSC value could be obtained under the STC. Next, the VOC is 

defined as the voltage when there is no current flowing through the external circuit. Basically, 

VOC indicates the maximum voltage that can be reached in the solar cells. The VOC value depends 

on the photogenerated current density (Jph) and the saturation current density (J0) which can be 

derived from the following equation: 

 𝑉%& =	
𝑘$𝑇
𝑞
	𝑙𝑛 3

𝐽'(
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5 (1.2) 
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where kB is the Boltzmann constant, T is the temperature, and q is the elementary charge.9 Jph 

commonly shows a small variation. However, the J0 value might vary by orders of magnitude 

since it is affected by the recombination process happening in the solar cells. 

The FF is denoted as the ratio between the maximum power (Pmax) generated by the 

solar cells and the product of VOC and JSC as expressed in the equation below: 

 𝐹𝐹 = 	
𝑃*+,
𝑉%& 	𝐽-&

=	
𝑉*''	𝐽*''
𝑉%& 	𝐽-&

 (1.3) 

where Vmpp and Jmpp indicate the voltage and current density at the maximum power point 

(MPP).9 MPP is defined as the point on the J-V characteristics where the solar cells show the 

maximum power output. Finally, we can calculate the power conversion efficiency (PCE) of the 

solar cells based on the parameters mentioned above. PCE value is obtained from the ratio 

between the maximum power generated by the solar cells and the incident power (Iin): 

 𝑃𝐶𝐸 = 	
𝑃*+,
𝐼./	

= 	
𝑉%& 	𝐽-& 	𝐹𝐹

𝐼./
 (1.4) 

where under STC, Iin is the incident light with AM1.5 spectrum characteristic and irradiance of 

1000 W/m2.9 

 

1.2.3.2 External Quantum Efficiency (EQE) 

The external quantum efficiency (EQE) is the number of incident photons that are 

converted into hole-electron pairs in the light harvester and successfully collected on the 

electrodes. The EQE is usually expressed as a function of the wavelength (λ) and measured by 

illuminating the solar cells with monochromatic light with a specific wavelength of λ and 

recording the photocurrent (Iph) response from the solar cells. Thus, the EQE value can be 

derived from the following equation: 

 
𝐸𝑄𝐸	(𝜆) = 	

𝐼'((𝜆)
𝑞	Ψ'(,1

 (1.5) 

where q is the elementary charge and Ψph,λ is the spectral photon flow incident on the solar 

cells.9 The photon flow value is obtained by measuring the EQE of a calibrated reference photo 

diode under the same light source. The EQE spectrum can be evaluated to understand the 

optical and electrical losses due to the parasitic absorption and recombination. 

 The EQE spectrum also could be used to calculate the JSC of the solar cells provided the 

measurement is carried out under short circuit condition. Generally, the calculation of the JSC 

value from EQE spectrum is carried out to verify the JSC value obtained from the J-V 

measurement. The JSC of the solar cells is calculated by integrating the EQE values in respect to 
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the photon flux (Φph) of AM1.5 spectrum across all the corresponding wavelength as expressed 

in the following equation:9 

 
𝐽-& =	−𝑞? 𝐸𝑄𝐸(𝜆)	Φ'(,1

"23.5	𝑑𝜆
1!

1"
 (1.6) 

 

1.3 Limiting Factors in Perovskite Solar Cells 

Although a high PCE comparable to the existing commercially available PV technology 

(such as Si-based PV) has been achieved in the PSCs, most of the highly performing PSCs only 

can be found in a laboratory scale. They are generally fabricated and tested under a strictly 

controlled environment, for instance in an inert atmosphere. This controlled environment 

undeniably differs from the actual operation condition, raising some critical issues related to 

the device durability, the environmental impact, and ultimately the commercialization process. 

The major limiting factors which can hinder the real-world application of PSCs include: 

 

1.3.1 Toxicity 

All of the highly efficient PSCs are fabricated using lead (Pb)-based perovskite materials 

as the light harvesting layer. The Pb content in the perovskite materials bring up serious 

toxicological and ecological issues as Pb itself is harmful for human health and environment. 

Pb poisoning could cause severe disease, such as anemia, hypertension, kidney damage, and 

neurological disorder. Further, Pb exposure in children and pregnant women could induce a 

serious intellectual retardation and behavioral problems.72 The presence of more than 5 µg/dL 

of lead in the blood is categorized as lead poisoning.73 The European Union (EU) has recently 

tighten the limit of the maximum Pb content in the drinking water to 5 µg/L.74 The new 

regulation is half of the standard recommended by the World Health Organization (WHO), 

indicating that Pb toxicity is a very serious concern for the society. Additionally, lead iodide salt 

(PbI2), the main chemical constituting the lead halide perovskite material, is highly soluble in 

water. Thus, increasing the risk of Pb leaching from the perovskite solar panel caused by the 

rainwater in case there is any leakage or breakage in the solar panel. 

The dangerous contamination risk due to Pb poisoning urges the researcher to explore 

lead-free perovskite materials. Tin (Sn)-based perovskites are one of the most lead-free 

perovskite materials widely used in PSCs because of their similar properties to Pb-based 

perovskite and their potential in achieving high PV performance.75 Different composition has 

been explored for Sn-based perovskite, for example, methylammonium tin iodide (MASnI3), 

formamidinium tin iodide (FASnI3), and cesium tin iodide (CsSnI3). However, Sn-based 
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perovskites are generally very susceptible to the ambient air exposure, inducing the oxidation 

of Sn2+ to Sn4+. Low dimensional perovskites have been introduced in order to suppress the 

degradation of Sn-based perovskites.76 So far, the highest reported PCE for tin-based perovskite 

is 10.6%.77 In fact, the precursor of Sn-based perovskite, SnI2, is more toxic than PbI2 due to 

increased acidification by the formation of HI.78 However, the immediate decomposition of Sn2+ 

to Sn4+ which later converted to SnO2 makes Sn-based perovskites less toxic than the Pb-based 

analogues.75, 78 In addition, lead-free perovskites based on germanium (Ge),79, 80 bismuth (Bi),81, 

82 indium (In),83, 84 antimony (Sb),85, 86 and silver (Ag)87, 88 are tested for PSCs. Nonetheless, their 

PV performances are still inferior compared to the Sn-based PSCs. 

Recently, a “safe-by-design” approach for developing legally and ethically responsible 

PSCs has been proposed to minimalize the Pb contamination risk. For instance, metal organic 

frameworks (MOFs) have become one of the viable options due to their capability in adsorbing 

Pb in the polluted water.89, 90 Huckaba et al. reported the use of a porous MOF scaffold 

combined with a polymeric binding agent to sequester the lead from the aqueous solutions 

containing decomposed PSCs. The treated water was then exhibited a low lead contain below 

the lead threshold determined by environmental protection agency (EPA) for the drinking 

water.89 Besides, Wu et al. incorporated a 2D conjugated thiol-containing MOF directly in the 

perovskite-metal electrode interface. The leaching test on the PSCs demonstrated that the MOF 

can adsorb over 80% of the leaked Pb by forming water-insoluble solids.90 The encapsulation of 

PSCs using a self-healing polymer-based material has also been studied to reduce the lead 

leakage from the damaged perovskite solar module.91 The combination of these “safe-by-design” 

approach should be integrated to make PSCs more environmentally safe and sustainable for the 

real-world application. 

 

1.3.2 Stability 

Long-term stability is a very important key to be considered parallel to the PCE in order 

to provide an economically feasible PV technology. To date, the benchmark of the solar modules’ 

lifetime is mainly based on the silicon-based modules. The existing silicon-based solar modules 

have the average lifetime expectancy of 20-25 years. The industrial standards of stability testing 

procedure are currently based on the International Electrotechnical Commission (IEC) 

standards: IEC 61215. Some of the important tests according to IEC 61215 include outdoor 

exposure test, hot-spot endurance test, UV preconditioning, thermal cycling test, wet leakage 

current test, static mechanical load test, and hail test.92 However, industrial testing procedure 

generally imposes a stricter standard than IEC 61215. For instance, to ensure a minimum 25 years 
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module lifetime of silicon-based solar panel, it needs to pass 500 thermal cycles in comparison 

with the 200 thermal cycles in IEC 61215.92 

IEC 61215 standard has been adopted for testing the durability of PSCs under the 

operating condition.20 Additionally, EIC 61646 standard for testing thin-film PVs has been 

implemented for PSCs. According to EIC 61646 standard, the testing should be carried out on 

the solar cells at 85°C under continuous 1-sun illumination. The solar cells must not exhibit 

more than 20% efficiency depletion over 1000 h to pass the test. This accelerated testing 

condition simulates 25 years equivalent of 1-sun illumination over 54,750 h with the assumption 

of 6 h of full sunlight intensity exposure every day.20 Besides, modified stability testing standard 

for organic photovoltaic (OPV) based on International Summit on Organic PV Stability (ISOS) 

protocols has been recently proposed to standardize the stability measurement of PSCs.93  

To fulfill the aforementioned stability testing procedures, it is noteworthy to understand 

the origin of PSCs instability. Primarily, the stability of PSCs is determined by both extrinsic and 

intrinsic factors. The extrinsic factors are mainly influenced by the environmental condition, 

such as the presence of moisture and oxygen. Encapsulation has been proposed as an immediate 

solution to overcome the instability due to the contact with the ambient air.94 The intrinsic 

factors in PSCs stability are commonly related to the stability of the perovskite layer itself, the 

stability of the charge-transporting layers (ETL or HTL), the interface between the perovskite 

and the adjacent layer, and electrode degradation.94 However, the intrinsic instability of one or 

more components in PSCs, such as the hygroscopicity, thermal instability, photo instability, and 

ion migration can induce an accelerated device degradation when it is further triggered by the 

extrinsic factors.94, 95 The detailed discussion on the PSCs stability against various extrinsic and 

intrinsic factors is explained as follow. 

 

1.3.2.1 Thermal Stability 

PSCs should demonstrate an excellent thermal stability because the operating 

temperature of the solar cells in the field may reach over 85°C or even a very low temperature 

of -40°C, depending on the location.96, 97 MAPbI3 perovskite has been reported to decompose 

into gaseous methylamine (MA) and hydroiodic acid (HI), leaving only PbI2 in the thin-film 

upon a heat stress at 85°C even under an inert N2 atmosphere.98 A further interaction with the 

moisture or ambient air will further accelerate the degradation process. The low thermal 

stability of MAPbI3 makes this material less suitable for long-term operation at elevated 

temperature. Thus, in a quest for finding a more thermally stable perovskite materials, a less 

volatile cation is introduced in the perovskite structure to replace MA+.  
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A heavier and bigger FA+ cation was then incorporated in the perovskite structure as 

FAPbI3. Eperon et al. reported that FAPbI3 demonstrated an improved thermal stability 

compared to MAPbI3, upon heating at 150°C in air for 1 h.99 Further, FAPbI3 exhibits a low 

bandgap of 1.47V, enabling a broader absorption range which is beneficial in enhancing the PV 

performance.35 However, the photoactive black phase of ⍺-FAPbI3 is obtained at the 

temperature of 150−185°C and this black phase is not stable at room temperature.36, 100 The ⍺-

FAPbI3 phase will immediately change to the non-photoactive yellow phase of δ-FAPbI3 at room 

temperature.36, 100 Compositional engineering has been proposed as an effective solution to 

overcome the instability of ⍺-FAPbI3 at room temperature. The incorporation of multiple 

cations in the A site of perovskite structure have successfully improved the stability of ⍺-FAPbI3 

phase at room temperature. Various combination of cations ranging from double cation (FA 

and MA),101 triple cation (FA, MA, and Cs),38 to quadruple cation (FA, MA, Cs, and Rb)37 have 

been validated in improving not only the stability but also the PV performance of PSCs.  

Furthermore, all inorganic perovskites, such as CsPbI3 and CsPbBr3, are reported to have 

a good thermal stability.102, 103 However, similar to the FAPbI3 counterpart, the photoactive black 

phase of those perovskites is only stable at high temperature. For instance, CsPbI3 only exhibits 

the black phase (α-CsPbI3) at temperature of above 310°C while the yellow phase (γ-CsPbI3) is 

observed at room temperature.104 Many different efforts have been made to stabilize the black 

phase of α-CsPbI3 at room temperature, including solvent-additives engineering, alloying-

element doping, and 2D nanocrystal engineering.104 

 

1.3.2.2 Moisture Stability 

The presence of moisture in the ambient air is undeniably one of the external factors 

that has the biggest implication on the PSCs’ long-term stability. In principle, water can 

infiltrate to the perovskite lattice and disrupting the integrity of the perovskite structure.105-107 

The penetration of water molecules induces the formation of hydrated perovskite phases which 

will further dissolve the organic species, followed by the evaporation of the volatile species and 

finally decomposing the perovskite structure into PbI2.96 Various studies have been carried out 

to unveil the perovskite degradation mechanism due to moisture. So far, extensive 

investigations on the MAPbI3 decomposition upon exposure to the moisture have been reported.  

The decomposition of MAPbI3 perovskite due to the moisture at the macroscopic level 

is simply indicated by the color change of the film from dark brown to yellow. Yang et al. 

investigated the moisture-induced degradation kinetics of the MAPbI3 films by exposing them 

under the atmosphere with different relative humidity (RH) values.106 A total decomposition 



 

 48 

was observed when the film was kept under high RH atmosphere (80-100%) for 6 days. However, 

only a minimal degradation was noticed after several days of contact with the lower RH ambient 

air of 20%.106 The UV-Visible (UV-Vis) absorption of the perovskite film were monitored using 

in situ experimental setup during the exposure under humidity. The absorption spectral 

features at higher-energy (< 500 nm) exhibited a continuous and fast decrease when the film 

was kept under the humid air.106 The absorption onset at 760 nm which corresponded to the 

bandgap of the MAPbI3 perovskite was steadily became less visible showing the similar spectral 

features of PbI2.106 Further, Yang et al. demonstrated that under high RH condition the 

perovskite evolved to the intermediate phase before it was fully decomposed to PbI2 from 

grazing-incidence wide-angle x-ray scattering (GIWAXS) results.106 

Leguy et al. performed a more detailed study on the formation of the intermediate phase 

during the degradation of MAPbI3.105 They proposed that MAPbI3 turned into a colorless 

intermediate film which was found to be the monohydrate phase (MAPbI3.H2O) before finally 

leaving only PbI2 behind.105 This phase is reversible upon drying of the film. However, 

irreversible decomposition will occur upon the long exposure of the film in the significantly 

humid environment where the grains have been fully converted into monohydrate phase.105 

Despite the structural disintegration, the contact between moisture and MAPbI3 perovskite film 

also causes morphological changes. Scanning force microscopy (SFM) and atomic force 

microscopy (AFM) analyses reveal the increase in the surface roughness and the decrease in the 

grain size.105, 108 It is important to note that these morphological degradations are irreversible 

upon the drying of the film.  

Additionally, moisture contamination affects the photophysical properties and the 

charge carrier dynamic of the perovskite film. Song et al. monitored the evolution of the 

perovskite films under nitrogen gas containing 80% RH of water vapor using 

photoluminescence (PL) study.109 During initial contact with the moisture, water molecules 

form hydrogen bonds with the uncoordinated bonds on the perovskite surface and grain 

boundary of the MAPbI3 film. Here, the water molecules act as passivating agent to the surface 

traps of the perovskite resulting in the improvement of both PL intensity and carrier lifetime. 

As the RH value increases, the water molecules build up on the surface creating a continuous 

layer. The water layer on the perovskite surface delocalizes the electron and increases the free 

electron density by 6 orders of magnitude (from ~1014 to ~1020 cm-3) in period of 4 to 50 min. The 

large electron density on the surface then increases the non-radiative recombination rate and 

decreases the PL intensity. Further, the presence of the water on the surface also induces n-type 

doping which creates a donor energy level within the bandgap. Once the water vapor saturates 
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on the perovskite crystal surface, the monohydrate perovskite phase is formed. Due to its large 

bandgap of 3.1 eV, the monohydrate phase passivates the surface which results in the 

enhancement of PL intensity. While a certain amount of moisture is beneficial for the defect 

passivation, an excessive amount of water vapor gives negative impact to the perovskite stability. 

As the water penetrated into the bulk, the decomposition process begins. At this stage, MAPbI3 

becomes photo-inactive which is observed by the absence in the photogenerated carrier and 

complete loss in the PL intensity. 

Although cation engineering can improve the thermal stability of the perovskite, it may 

behave differently under the moisture. For instance, FAPbI3 have demonstrated a better thermal 

stability at high temperature compared to MAPbI3 as discussed in the previous section. However, 

FAPbI3 does not exhibit a better moisture stability than MAPbI3. The presence of moisture will 

induce the destabilization of the black phase and accelerate the formation of the yellow δ-

phase.96 The incorporation of Cs in the FAPbI3 perovskite have demonstrated the enhancement 

in the moisture stability. For instance, the incorporation of 10% Cs+ in FAPbI3 perovskite 

exhibited a stable black phase absorption spectra after 4h exposure to the 85% RH at room 

temperature.110 Further, Wang et al. implemented mixed-cation and mixed-halide perovskite 

with the composition of FA0.83Cs0.17Pb(I0.6Br0.4)3 in the solar cells.111 The devices showed an 

improved stability in PCE after 650h continuous 1-sun illumination even under the ambient 

condition, compared MAPbI3 device which only survived for less than 100 h.111 Despite the 

enhancement in the stability against moisture, multiple-cation perovskite, such as triple-cation 

perovskite (FA, MA, and Cs), shows an analogous degradation mechanism to MAPbI3. The 

presence of hydrate water on the surface leads to a recrystallization process and formation of a 

more uniform perovskite with less impurities, resulting in the improvement of device 

performance.112 On the other hand, the existence of bulk water will trigger the decomposition 

pathway.112 

Furthermore, the presence of the moisture does not only deteriorate the perovskite layer, 

but also the hole-transporting layer (HTL). Most of the organic HTMs, such as spiro-OMeTAD, 

need to be doped in order to improve their hole transporting capability (hole mobility and 

conductivity).113, 114 Li-bis(trifluoromethanesulphonyl) imide (Li-TFSI) is widely used as a dopant 

in HTM, however, it is hygroscopic in nature.113 Upon the exposure to the moisture, the water 

molecules will interact with Li-TFSI resulting the formation of pinholes in the HTL which 

further degrade the photovoltaic performance of PSCs.113-115  
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1.3.2.3 Photo Stability 

As mentioned in Section 1.2.2, titanium dioxide (TiO2), either in a compact or 

mesoscopic form, is widely used as an ETL to achieve highly-efficient electron extraction in a 

normal (n-i-p) structure PSCs. However, TiO2 is also well-known as a photocatalyst for the 

oxidation of water to produce OH radical as well as for the oxidation of other organic 

materials.116 The photocatalytic activity of TiO2 could induce the degradation of perovskite 

material under UV light exposure.117 Ito et al. has reported a PCE deterioration of MAPbI3-based 

PSC under a continuous light illumination for 12 h due to the TiO2 photocatalytic activity.117 The 

decomposition mainly took place at the TiO2 and MAPbI3 interface, where MAPbI3 was 

degraded to gaseous MA (CH3NH2) and HI. Only PbI2 remained in the device, causing a major 

PV performance degradation.117  

Further, Leitjen et al. carried out a further investigation on the correlation of TiO2 and 

device stability under UV-light illumination.118 They proposed that there are many oxygen 

vacancies especially at the surface of TiO2 which will act as deep electron-donating sites. These 

electrons could interact with the oxygen molecules from the atmosphere resulting in the oxygen 

adsorption to the vacancy sites. When the electron-hole pairs are generated in the presence of 

UV light, the electron at the oxygen adsorption sites will recombine with the hole in valence 

band by desorbing the oxygen. On the other hand, the electrons generated in the perovskite 

will go to the conduction band of TiO2 or to the deeper surface trap. Then, the remaining free-

electron in TiO2 will recombine with the holes in spiro-OMeTAD side. Al2O3 nanoparticles were 

then used to replace TiO2 resulting and improved long-term stability for 1000 h at 40°C.118 

Recently, the incorporation of bilayer ETLs by coating SnO2 layer on top of compact TiO2 layer 

have successfully demonstrated an enhanced long-term device stability under UV light 

illumination.119  

In addition to the influence of UV light exposure, the photoinduced degradation of 

perovskite film have been studied under the white light illumination. The initial evidence of the 

MAPbI3 decomposition under white light illumination in vacuum is marked by the color change 

of the film from black to gray.120 MAPbI3-xClx and MAPbBr3-xClx also suffered from the similar 

photoinduced degradation process upon under white light illumination in an ultra-high vacuum 

condition.121 The UV-vis absorption spectra revealed that the absorption onset at 760 nm was 

diminished, followed by a significant drop of absorbance between 400-600 nm upon exposure 

to the white light.120-122 This effect becomes less noticeable when MA+ is replaced with other 

cations, such as FA+ or Cs+. 
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Besides, the long-term exposure under white light could induce the rupture of the 

perovskite structure. Tang et al. have studied the effect of the illumination on the perovskite 

structure using in situ XRD.120 PbI2 and metallic Pb were observed on the MAPbI3 films after a 

prolongated exposure of white light condition under high vacuum condition.120 Moreover, Yang 

et al. also demonstrated the decomposition of perovskite into PbI2 and metallic Pb using various 

mixed cations and mixed halides perovskites, such as MAPb(I0.83Br0.17)3, FA0.83MA0.17Pb(I0.83Br0.17)3, 

and Cs0.1(FA0.83MA0.17)0.9Pb(I0.83Br0.17)3.123 Additionally, under the operation condition, the 

sunlight exposure will gradually increase the device temperature which will induce a further 

thermal degradation of PSC as explained in section 1.3.2.1. 

 

1.3.3 Cost 

One of the most important factors in realizing a commercially feasible PSCs is the 

material costs. In spite of the low materials cost of the perovskite layer, the cost for the hole-

transporting materials (HTMs) could be the major bottleneck for the production cost. First, the 

HTM used to generate highly efficient PSCs is generally based on spiro-OMeTAD or PTAA 

which is very expensive.124-126 For instance, a high purity of spiro-OMeTAD is required to achieve 

a high PCE. However, the tedious purification processes are required to obtain a highly pure 

spiro-OMeTAD which has a major drawback: a high synthetic cost.127-129 Thus, many alternative 

HTMs synthetized with low-cost starting materials and shorter synthetic steps are explored to 

find a low-cost yet efficient HTM. A further detailed discussion on the alternative HTMs will be 

continued in Chapter 6 of this thesis. 

Additionally, the material used for the metal electrodes could contribute to the higher 

cost of PSCs. To deliver a highly efficient PCE, an expensive metal, gold, is commonly used as 

the metal electrode in PSCs due to its excellent electrical conductivity, appropriate work 

function, and superior long-term stability in comparison with the other metals.130 There are 

some less expensive metals with high conductivity which can be used as an alternative of gold, 

such as silver (Ag),110, 131 aluminum (Al),132, 133 chromium (Cr),134 and copper (Cu).135 However, 

some of these materials have exhibited reduced stability compared to gold.130 For instance, Ag 

and Al could interact with perovskite forming the metal halides.118, 136-138 The formation of metal 

halides is accelerated at high temperature and applied electric field. These metal halides species, 

such as silver iodide, are resistive in nature, hindering the charge transfer from the adjacent 

layer. Moreover, the formation of the metal halides will induce an iodide deficiency in the 

perovskite layer.96 Many attempts on replacing the metal electrode with carbon-based electrode 
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also have been done to achieve both low material cost and stable device performance.71 PSCs 

employing the carbon-based electrode has demonstrated a promising PCE of 19.2%.139 

 

1.3.4 Towards Shockley-Queisser Limit 

Shockley-Queisser limit is defined as the maximum PCE could be attained by a single 

junction solar cell for a specific light illumination spectrum.140 The calculation of the Shockley-

Quisser limit was formulated for the first time on p-n junction solar cells by William Shockley 

and Hans-Joachim Queisser in 1951.141 Several assumptions were made in order to define the 

maximum PCE of solar cells. First, the only recombination pathway existed on an ideal solar cell 

is the radiative recombination, determining the upper limit of the minority carrier lifetime.142 

Second, only the photons with the energy higher than the band gap of the semiconductor will 

be converted into electron-hole pairs with 100% quantum efficiency, while the photon with 

energy lower than the band gap will not be converted. The detailed band gap-dependent 

maximum PCE limit of a single junction solar cells under the standard AM1.5G illumination 

(ASTM G173-03) at 25°C is summarized in Figure 1.11.140  

 
Figure 1.11 Shockley-Queisser limit of solar cells with different band gap operated under 

illumination of AM1.5G spectrum (ASTM G173-03) at 25°C. The figure is plotted based on the 

tabulated data from reference.140 
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Based on the data in Figure 1.11, perovskite materials, such as FAPbI3 and MAPbI3 with 

the band gap of ~1.4–1.5 eV,143, 144 should be able to reach the maximum PCE of over 31% 

theoretically. Although PSCs have demonstrated a very high PCE of over 25% in the laboratory 

scale for the past decade, this value is still below the theoretical limits. Non-radiative 

recombination process caused by the defect or trap sites in the perovskite is one of the limiting 

factors in approaching the Shockley-Queisser limit. These defects present both in the bulk and 

at the interface of perovskites.145 Many factors could induce the formation of the defect sites, 

such as impurities, point defects (e.g., vacancy and interstitial defects in the crystal lattice), and 

dangling bonds on the surface or grain boundary.146-149 

Defect passivation has been proposed as a solution to suppress non-radiative 

recombination. Many attempts have been done to passivate the defect sites. For instance, 

interface passivation has recently become popular technique to improve the photovoltaic 

performance of PSCs.149, 150 This interface passivation could be achieved by introducing an 

interlayer between perovskite and the adjacent layer, such as ETL or HTL.149 Various materials 

have been explored for the interface passivation including small organic molecules, polymers, 

and graded perovskite interfaces.149 A further discussion on the interface passivation will be 

presented on Chapter 2 of this thesis. 

 

1.4 Motivation and strategy 

PSCs have taken the research in the photovoltaic domain into the next level. A 

promising advance in PSCs’ photovoltaics performance has been demonstrated for the last ten 

years. However, the limiting factors discussed in Section 1.3 are the main hindrance for the 

commercialization. Thus, it is essential to integrate the development of PSCs by taking those 

critical issues into account. By keeping this idea in mind, I focus the works in my thesis to 

address some of those issues, specifically interface and stability. First, the interface between 

perovskite and HTL are very crucial in determining the photovoltaic performance. The presence 

of the defects on the perovskite’s surface results in the formation of the trap state, triggering 

non-radiative recombination process which is detrimental for the photovoltaic performance. 

Interfacial engineering by introducing an interlayer between perovskite and HTL has been seen 

as a viable strategy to passivate those defects. Interestingly, the material properties of that 

interlayer could be tuned in a such way that it acts as a barrier, protecting the perovskite layer 

underneath from the external factor (such as moisture) and improving the long-term device 

stability. Second, the stability issue also could be tackled by a smart molecular design of the 

HTM without compromising the photovoltaic performance. 
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In the next four chapters of this thesis, extensive and comprehensive investigation on 

the interface will be presented. Based on the literature search and analyses on various interfacial 

engineering techniques, I started my investigation on the hybrid multidimensional perovskite 

structure by incorporating a thin layer of 2D perovskite on top of 3D perovskite. The 2D/3D 

bilayer structure is chosen because of its ability in passivating the interface and enhancing the 

device longevity. Firstly, thiophene cations family as the building block for the 2D perovskite 

were studied by varying the alkyl length and position on the thiophene core. The effect of the 

2D perovskite incorporation on the PV performance and the long term-stability under the 

storage in the ambient atmosphere were thoroughly investigated. Secondly, the stability 

investigation on the 2D/3D perovskite bilayer were performed using various in situ structural 

and optical characterizations. Thirdly, a comprehensive study on the surface passivation of 

2D/3D perovskite was performed. Owing to the tunability properties of the 2D perovskite, I 

carefully evaluate the energetic landscape of 2D/3D perovskite interface by modifying the 

halides on the thiophene cations. Different degree of passivation effect could be achieved by 

simply tuning the energy level alignment between 2D/3D perovskite interface. Additionally, a 

passivation strategy using an organic molecule incorporating Lewis base by targeting a specific 

defect sites was explored. 

After realizing the stability and performance improvement of PSCs by means of 

interfacial engineering, I am motivated to further explore the photovoltaic performance and 

stability aspect from another point of view. In this case, HTM used in PSCs also holds a crucial 

role in determining the device’s long-term stability as well as in extracting the hole at the surface 

of perovskite, thus, preventing the nonradiative losses. So far, spiro-OMeTAD still serves as the 

state-of-art HTM for producing highly efficient PSCs. As explained in Section 1.3, the use of 

spiro-OMeTAD in PSCs limits the application of PSCs due to its instability and high-cost. Herein, 

I implement novel molecules based on the thiophene and carbazole molecules as HTMs in PSCs. 

Those molecules could be obtained with a simple synthetic steps and purification, resulting in 

a much lower cost compared to spiro-OMeTAD. The energy level alignment and hole-

transporting properties are carefully tuned to enable the efficient hole transport. More 

importantly, the HTMs based on the thiophene and carbazole molecules have successfully 

demonstrate a superior long-term stability under continuous 1-sun illumination in comparison 

with spiro-OMeTAD as the benchmark, without sacrificing the PV performance. These results 

highlight the importance of the molecular design of HTMs in improving the stability of PSCs. 
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Chapter 2: Photovoltaic Performance and Stability 
Improvement of PSCs by Interface Engineering 
 

 

2.1 The Importance of Interface Engineering in PSCs 

 Interface has always been the crucial factor in improving the performance of solar cells. 

Since the Si-based solar cells era, interface engineering has been implemented as one of the 

most important techniques in boosting the photovoltaic performance.151 The concept of 

interface engineering also applies the same for PSCs. Moreover, PSCs are constructed of 

multilayer stacking, specifically there are minimum of 5 layers in the normal (n-i-p) configured 

device structure (see Chapter 1, Section 1.2.2.1). As a consequence, four major interfaces between 

each layer are formed within the device (i.e., transparent conducting oxide (TCO) electrode/ 

ETL/perovskite/HTL/metal electrode). Any imperfection on each layer’s surface as well as on 

the contact between two layers could lead to the formation of defects acting as the non-radiative 

recombination center which is detrimental for the photovoltaic performance. Interface 

engineering has been considered as a viable solution to relieve the negative effect of the surface 

defect in PSCs by introducing a new interlayer between two surfaces.149, 152 Moreover, when the 

interlayer is introduced on top of perovskite surface, it could provide the first encapsulation of 

the perovskite layer to the ambient atmosphere. Thus, the ideal interfacial layer is not only 

designed to mitigate the non-radiative recombination caused by the defect but also to enhance 

the device stability. In this thesis, the discussion about interface engineering will be limited to 

the perovskite/HTL interface in the n-i-p configured device structure. The roles of the interface 

engineering to improve the performance and stability of PSCs are further discussed in Section 

2.1.1 and 2.1.2 of this chapter. 

 

2.1.1 Photovoltaic Performance Improvement 

Perovskite layer is commonly fabricated using solution process at low temperature, 

forming a polycrystalline perovskite film. As a result, various types of defects are generated in 

the perovskite layer. The common defects found in perovskite include vacancy (halide or Pb-

site vacancy), interstitial (interstitial halide or Pb-site), antisite substitution of halide and Pb, 

dangling bonds, and grain boundary (Figure 2.1).145, 149 These defects act as trap sites, inducing 

non-radiative recombination process which is harmful for PSCs’ performance. For instance, the 

open-circuit voltage (VOC) in the device is theoretically determined by the quasi-Fermi level 

splitting (QFLS) value of the perovskite absorber.153 However, the recombination pathway in the 
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perovskite layer restrains the VOC value of the PSCs below the radiative limit.153 Despite the fact 

that perovskites have shown a high defect tolerance compared to the other light-harvesting 

materials, elimination of the defect by passivation technique is still critical for improving the 

device operation and performance.150 

 

 
Figure 2.1 Schematic illustration of the possible defects in the perovskite lattice: (a) non-

defective lattice, (b) B-site vacancy, (c) X-site vacancy, (d) B-X antisite substitution, (e) 

interstitial of A, (f) interstitial of X, (g) dangling bonds, (h) grain boundary. 

Interface between perovskite and the adjacent layer has been considered as one part in 

the device which is most prone for the defect formation.154 This stems true, especially for the 

perovskite layer deposited by the spin-coating process, because a discontinued crystal structure 

is formed at the surface.149 Interface itself holds a very important role in the interfacial charges 

dynamics (such as charge separation, charge injection, charge collection, and charge 

recombination) following the charge generation process which happens in the perovskite 

layer.152 In particular, for the n-i-p configured PSCs, the device is fabricated from bottom (glass-

TCO side) to top (metal electrode side) which means the top surface of the perovskite will be in 

contact directly with the HTL after the perovskite layer deposition. The presence of the defects 

at the perovskite/HTL interface will directly influence the hole extraction process which could 

increase the series resistance in the device resulting in reduced JSC and FF values.149 Additionally, 
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the defects present at the interface are mostly deep-level defects which give larger contribution 

to the non-radiative recombination losses in comparison with the shallow-level defect in the 

bulk.152 Thus, it is necessary to suppress the interfacial defects by engineering of the 

perovskite/HTL interface in order to boost the performance of PSC.  

Passivation is the common term used in the solar cells for any technique used to 

eliminate non-radiative recombination centers by passivating the defect. Passivation technique 

actually has been implemented since the development of Si-based solar cells. In PSCs, 

passivation strategy by interface engineering also has been demonstrated as one of the effective 

methods to reduce the interfacial losses. Researchers have explored a diverse range of materials 

for the interface passivation, for example, excess PbI2, organic ammonium salts, Lewis base, 

Lewis acid, organic molecules with improved hydrophobicity, wide bandgap materials, and low-

dimensional perovskites.149, 150, 152 Since different types of defects could present at the interface, 

each passivating agent should be carefully designed to target specific type of defect. A more 

detailed discussion on the various interface engineering techniques will be presented in Section 

2.2. 

 

2.1.2 Stability Improvement 

The presence of defect at the interface is not only detrimental for the photovoltaic 

performance but it also has a negative impact on the stability of PSCs. The degradation process 

of the perovskite layer has been reported to be started from the grain boundary and interface.152 

Besides, the interaction between perovskite and the adjacent layer contributes to the device 

stability. Moreover, defects could trigger the unwanted kinetic process, such as ion or molecule 

migration, which is not desirable for the device longevity.152 This process will induce the 

accumulation of ions or charges at the interface which is very disadvantageous for both 

photovoltaic performance and device stability of PSCs.152 Hence, passivating those defects is an 

essential solution to enhance the device performance and stability. 

On the other hand, extrinsic factor, such as moisture from the ambient air, also takes 

part in the degradation process of the perovskite layer. Recently, interface engineering has been 

also extensively used to provide a permeation barrier by depositing a thin hydrophobic layer on 

top of perovskite. However, these materials are generally resistive in nature, making the use of 

both passivation layer and moisture resistive layer less desirable to obtain high photovoltaic 

performance. Thus, the idea of creating an interfacial layer with the dual functions as 

permeation barrier and passivating agent has attracted a lot of interests in the field. The 

materials for interface passivation are then started to be developed to have additional 
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hydrophobic property in order to tackle both the defect and stability issues. Hydrophobic 

organic molecules and low-dimensional perovskite are among the best candidates to provide 

both functions.149 

 

2.2 Interface Engineering Techniques  

Various interface passivation strategies have been explored to target specific defects at 

the interface, such as grain boundaries, lattice vacancies, as well as dangling bonds on the 

perovskite’s surface. Nowadays, the ultimate goal of the interface modification has been shifted 

not only for defect passivation purpose, but also for the stability improvement. Various interface 

engineering techniques for PSCs are summarized below. 

 

2.2.1 Excess PbI2 

During the early stage of PSCs discovery, the existence of PbI2 phase in the perovskite 

film is only considered as the byproduct of the decomposed film which has a negative impact 

on the PSCs.155 In 2014, Wang and coworkers studied the carrier dynamics of the perovskite film 

with different content of PbI2 using femtosecond transient absorption (fs-TA) technique.156 They 

demonstrated the passivation effect of PbI2 by observing that the film with more PbI2 content 

exhibited slower relaxation rate than the one with less PbI2 content. 156 The slower dynamics 

indicates the reduction of the trapped charges at the grain boundary of the perovskite due to 

PbI2 passivation.156 Further, Chen et al. evaluated the passivation characteristic of PbI2 from the 

energetic point of view.157 The ultraviolet photoelectron spectroscopy (UPS) reveals that the 

conduction band minimum (CBM) and valence band maximum (VBM) of PbI2 are −3.45 and 

−5.75 eV, respectively, while the CBM and VBM for CH3NH3PbI3 perovskite are −3.93 and −5.43 

eV, respectively.157 The larger bandgap of PbI2 (2.3 eV) in comparison with CH3NH3PbI3 (1.5 eV) 

provides an energy barrier by blocking the carrier transport in the trap states and routing it to 

the less defective channels present in the film.157 Additionally, scanning electron microscopy 

technique (SEM) and scanning kelvin probe microscopy analyses show that PbI2 is generally 

located at the grain edge, confirming its effectiveness in passivating the defects in the grain 

boundary.157 

Many studies are then focused on the precise control of PbI2 content in the perovskite 

film to optimize the passivation effect from PbI2. Roldán-Carmona et al. used a non-

stoichiometric ratio of PbI2: CH3NH3PbI3 in the perovskite precursor solution.158 The final PbI2 

content in the thin-film is determined by incorporating excess concentration of PbI2.158 The 

presence of PbI2 in the precursor solution improved the crystallinity of the perovskite film, 
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resulting in large and homogeneous grain formation.158 Higher photoluminescence (PL) 

intensity and slower PL decay of the non-stoichiometric perovskite film indicate the reduction 

in the trap-assisted recombination due to the improvement of the perovskite grain.158 The 

advantageous effect of PbI2 incorporation to suppress the non-radiative recombination has been 

also reported in more complex mixed-cation and mixed-halide perovskite compositions, such 

as MA0.17FA0.83Pb(I0.83Br0.17)3 and Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3.38, 159 Further, Jiang et al. 

controlled the excess PbI2 content in the planar PSC using a sequential-deposition technique.160 

A high PCE of 21% and improvement in the device stability were obtained by incorporating a 

moderate amount of PbI2 contents.160 However, an excessive amount of PbI2 in the perovskite 

film will degrade the device’s PCE as well as stability due to the accumulation of the electron in 

the interface.160 Additionally, double-side PbI2 passivation on both front- and back-side of 

perovskite layer also has been demonstrated to further improve the device performance with a 

stabilized PCE of 22%.161 

 

2.2.2 Alkylammonium halide 

Alkylammonium halide salts are also popular materials used for surface passivation. 

This class of materials target both the anion and cation defects on the perovskite surface.149 

Additionally, alkylammonium halide salts create hydrogen or ionic bond with the defective sites, 

enhancing the passivation effect.149 Despite the common usage in the perovskite precursor 

solution, short linear alkylammonium halides salts, such as methylammonium iodide (MAI) 

and methylammonium bromide (MABr), also could serve as passivating agents. For instance, 

Son et al. identified that the incorporation of excess MAI in the perovskite precursor formed a 

thin-layer around the grain boundary, reducing the hysteresis effect.162 Further, Hawash and co-

workers confirm the roles of a very thin MAI layer between perovskite and HTL in improving 

the energy level alignment which finally increases the PCE of PSCs.163 The UPS and X-ray 

photoelectron spectroscopy (XPS) results reveal that MAI dissociates at the interface and the 

dissociated species tune the interfacial energy level, optimizing the energetic at the 

perovskite/HTL interface.163 MAI also could be deposited on top of FAPbI3 perovskite which 

improves the absorption at longer wavelength due to the formation of a thin-layer of MAPbI3.164 

In addition, Zhang et al. demonstrated grain boundary passivation by a post-treatment of 

FAPbI3 film using MABr due to MA+ and Br- exchange from MABr with FA+ and I- from FAPbI3.165 

Although photovoltaic improvement is achieved by incorporating short linear alkylammonium 

halide salts, the modified perovskite layer is still vulnerable to the moisture degradation. Long 

chain or bulky ammonium halide salts with improved hydrophobicity are then proposed to 
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improve the stability. The use of large ammonium halide salts will induce the formation of low-

dimensional (2D or quasi-2D) perovskite which will be explained further in Section 2.2.6. 

 

2.2.3 Lewis acid and base 

Lewis acids and bases are the other class of materials that could be used to passivate 

specific type of defects on the perovskite surface. Lewis acid is defined as a molecule or an ion 

that receives a pair of electrons, while Lewis base is described as a molecule or an ion that 

donates a pair of electrons.149 Both Lewis acid and base could form a covalent bonds by sharing 

the electron pairs resulting in acid-base complex.149 Therefore, Lewis acid is capable of 

passivating the defect sites containing lone pairs of electrons, such as halide anions (I- and Pb-

I antisite defect).149, 150 Meanwhile, Lewis base passivation targets the electron-deficient defects, 

such as undercoordinated Pb2+.149, 150 The covalent bonds formed between Lewis acid/base and 

the defects will eliminate the traps sites originating from the undercoordinated ions, thus, 

reducing the non-radiative recombination centers and enhancing the photovoltaic performance 

of PSCs. 

Abate et al. demonstrated the use of a Lewis acid, iodopentafluorobenzene (IPFB), for 

passivating the undercoordinated iodine anions on the perovskite surface.166 They discovered 

that the presence of the iodine anions on the surface serves as hole traps which further induces 

the charges accumulation at the perovskite/HTL interfaces and leads to the faster non-radiative 

recombination.166 IPFB passivates those defects by forming bonds from the undercoordinated 

halides anions as well as screening the electrostatic charge caused by the iodine anions.166 As a 

result, a PCE improvement from 13% to 15% could be achieved.166 Besides, fullerene (C60) and its 

derivatives are also widely used as Lewis acid passivating agents in addition to their common 

application as ETLs due to the excellent electron transporting properties.149, 167, 168 For instance, 

Shao and co-workers introduced a thin layer of phenyl-C61-butyric acid methyl ester (PCBM) in 

the planar structured PSCs to passivate the defects caused by iodine anions.169 The deposition 

of PCBM on top of perovskite layers effectively decreases the trap density by two orders of 

magnitude and suppresses the hysteresis effect.169 Moreover, Liang et al. investigated three 

different fullerene derivatives: C60, PCBM, and indene-C60 bisadduct (IC60BA).170 From this 

comparison, C60 showed the best interface passivation effect among the other fullerene 

derivatives.170 

Lewis base passivating agents are generally characterized by the presence of atoms with 

lone pair electrons in the molecular structure, such as nitrogen,171, 172 sulfur,171, 173 oxygen,174-177 and 

phosphorous.176, 177 Noel et al. demonstrated for the first time the Lewis base passivation by 
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incorporating thiophene and pyridine on top of perovskite surface.171 The sulfur and nitrogen 

atom in thiophene and pyridine, respectively, contain lone pair of electrons which could form 

coordinate covalent bond with the undercoordinated Pb2+ defects.171 By treating the perovskite 

surface with thiophene and pyridine, the non-radiative recombination has been reduced 

significantly, indicated from the improvement on the carriers lifetime by approximately an 

order of magnitude.171 Consequently, the PCEs were successfully improved from 13% to 15.3% 

and 16.5% for the PSCs incorporating thiophene and pyridine, respectively.171 Further, Wen et 

al. developed a thiophene-based Lewis base, namely 3-hexylthiophene, which is not only 

boosting the device’s PCE to 19.9%, but also significantly enhance the device stability by 

showing less than 20% degradation of its initial PCE upon 700 h of exposure in the ambient 

air.178 In 2016, deQuilettes et al. reported the Lewis base containing phosphine oxide group, 

specifically tri-n-octylphosphine oxide (TOPO).176 The perovskite thin-film coated with TOPO 

exhibited extended photoluminescence (PL) lifetime of 8.82 ± 0.03 µs as well as an outstanding 

PL quantum efficiency (PLQE) of 35 ± 1% owing to the Lewis base treatment.176 The fluorescence 

imaging analysis reveals that the large PL improvement was located mostly at the grain 

boundaries.176  

More complex Lewis base molecules are then developed to further optimize the 

passivation effect. Molecules with multiple functional groups are designed to benefit from the 

synergetic passivation effect compared to the one containing a single functional group. Lin et 

al. incorporated a thin layer of π-conjugated Lewis base, particularly indacenodithiophene end-

capped with 1,1-dicyanomethylene-3-indanone (IDIC).179 Both O and N atom from the carbonyl 

and cyano group of IDIC effectively passivate the undercoordinated Pb2+ of MAPbI3 

perovskite.179 Further, Zhang et al. explored a bidentate molecule, 2-mercaptopyridine (2-MP), 

containing sulfhydryl and pyridine leading to the bidentate anchoring to the undercoordinated 

Pb2+ sites.180 As a result, a strong bonding between 2-MP and the undercoordinated Pb2+ was 

obtained which also improved the moisture stability by preventing the water molecules to reach 

the perovskite surface due to the strong bidentate anchoring.180 In addition, Yang et al. designed 

a new molecule, namely D-4-tert-butylphenylalanine (D4TBP), which contains three different 

functional groups: 4-tert-butylphenyl, amine, and carboxyl.181 A significant passivation effect 

was observed by showing a small VOC loss of 0.34 V in respect to the optical bandgap of the 

perovskite (1.57 eV).181 

Another important breakthrough in the Lewis acid/base passivation technique is by 

designing a molecule containing both Lewis acid and base. The obtained zwitterion molecules 

have demonstrated a more synergetic passivation effect on both positively and negatively 
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charged defects.149 Zheng and co-workers explored a series of choline-based molecules.182 They 

discovered that L-α-phosphatidylcholine which had phosphate group (−PO4
−) and quaternary 

ammonium group (−N(CH3)3+) exhibited an improved passivation effect due to the passivation 

of two different types of defect: undercoordinated Pb2+ and Pb-I antisite. Consequently, a VOC 

loss of 0.39 V was obtained in the p-i-n configured PSCs.182  

 

2.2.4 Hydrophobic organic layer 

Perovskite degradation due to the contact with moisture has raised the concern to 

improve the hydrophobicity of the perovskite layer by mean of interface engineering in order 

to improve the stability of PSCs. The hydrophobic organic molecules have been considered as a 

solution to the stability issue by sandwiching them between perovskite and charge transporting 

layer. Functionalization of the hydrophobic organic molecules with certain functional groups, 

such as carbonyl and fluorine, could lead to the defect passivation in addition to the moisture 

resistance enhancement. Since these materials are generally insulating in nature, only a very 

thin layer must be applied in the device to avoid the obstruction of the charge transfer process. 

The widely used hydrophobic materials for this purpose are based on long chain polymer 

structures, such as polyvinylpyrrolidone (PVP),103 poly(methyl methacrylate) (PMMA),183 and 

poly(ethylene-co-vinyl acetate) (EVA).184 Li et al. introduced PVP as an interface passivation on 

top of CsPbI3 perovskite.103 The interaction between the perovskite surface and the lone pairs of 

electrons originating from oxygen and nitrogen of the acylamino group in PVP did not only 

reduce the nonradiative recombination indicated by the long diffusion length, but also stabilize 

the stability of CsPbI3’s cubic phase.103 The stability of the PSC passivated with PVP was also 

enhanced by retaining 75% of its initial efficiency after keeping the cells under ambient 

atmosphere with 45-55% RH for 500 h.103 Further, Zuo et al. used a sequential deposition process 

by spin-coating PVP and MAI blend on top of PbI2 film.185 As a result, a pinhole-free MAPbI3 

film passivated with PVP mainly on the surface and grain boundary was obtained.185 PSCs 

incorporating PVP exhibited high photovoltaic performance (PCE = 20.2% with VOC = 1.16 V) as 

well as outstanding stability by retaining 85% of its initial efficiency after 2500 h under RH 

between 25 to 40%.185 

Peng and co-workers demonstrated the use of PMMA film for defects passivation in 

PSCs.183 They employed PMMA layers on both ETL/perovskite and perovskite/HTL interface. A 

high VOC of 1.22V was successfully attained by using this strategy, indicating the reduction of 

the nonradiative recombination pathway which was also supported with the improvement of 

PL intensity.183 The passivation effect originated from the carbonyl group present in PMMA, 
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triggering a Lewis base passivation with the undercoordinated Pb2+.183 It is worth nothing that 

an ultra-thin layer of PMMA was used to minimize the series resistance which could have 

impact on the device’s FF.183 Moreover, Huang et al. investigated another interfacial layer based 

on the EVA to provide a moisture barrier as well as to passivate the surface defects in the flexible 

p-i-n configured PSCs.184 The increase in PL intensity and lifetime of EVA-treated perovskite 

film verified the defect passivation effect.184 Additionally, the water contact angle tests revealed 

that perovskite film coated with EVA showed a higher contact angle than the control film 

indicating the improved hydrophobicity of the perovskite surface upon EVA deposition.184 On 

the other hand, Wang et al. employed various insulating polymers including Teflon, polystyrene 

(PS), and polyvinylidene-trifluoroethylene copolymer (PVDF-TrFE).186 They found that the 

charges are transported through the insulating polymer layer by a tunneling process.186 Thus, 

the thickness of the insulating polymer layer is essential to be kept as thin as possible to ensure 

an efficient charge transfer. 

 

2.2.5 Wide bandgap materials 

Surface passivation technique using wide bandgap materials have been widely used in 

Si-based solar cells.149 For instance, SiO2, SiN, and amorphous silicon are employed as 

passivation layers in Si-based solar cells due to their wider bandgap in comparison with 

silicon.149 Inspired from this technique, wide bandgap materials are also applied in PSCs for 

passivation purpose. In PSCs, wide bandgap passivating agents ranging from inorganic oxides, 

wide bandgap perovskites, quantum dots (QDs), nanocrystals (NC), nanowires (NW) to 

nanosheets (NSs) have been reported.149, 152 

Koushik et al. used atomic layer deposition (ALD) method to deposit an ultra-thin wide 

bandgap inorganic oxide on top of perovskite layer, particularly Al2O3.187 A 1 nm-thick Al2O3 

layer was introduced in order to allow the hole transport through tunneling.187 The PSCs 

passivated with Al2O3 layer exhibited enhanced photovoltaic performance (mainly the VOC) and 

reduced hysteresis effect.187 The introduction of Al2O3 layer in PSCs also provide an extra barrier 

to the moisture, leading to the significant improvement in the long-term stability by 

maintaining 70% of the initial PCE after 70 days exposure in the humid environment with RH 

of 40-70%, while the control device only retained 12% of its initial PCE.187 Meanwhile, Bai and 

co-workers developed a new method by encapsulating the perovskite grains inside oligomeric 

silica matrix in a core-shell geometry.188 Defects at the perovskite surface and grain boundaries 

were suppressed considerably in accordance with the improvement of PL lifetime and reduction 

of trap density.188 Consequently, a high PCE of 21.5% was achieved for inverted PSCs structure 



 

 64 

with an improved VOC of 1.15 V.188 The device treated with oligomeric silica demonstrated a very 

stable performance by retaining 80% of its initial efficiency after 5200 h of light exposure with 

UV irradiation.188 

Perovskite material itself also could be utilized for the interface passivation. Thanks to 

its bandgap tunability,28, 29 graded perovskite interface with wider bandgap than the main 

perovskite light-harvesting layer could be employed between the perovskite layer and HTM. 

There are four types of heterojunction that could be formed, depending on the energy alignment 

of between two layers.189 Figure 2.2 shows the schematic illustration of the energy diagram of 

perovskite and the HTM layer. In type I heterointerface (Figure 2.2a), the valence band of the 

graded perovskite allows holes extraction to the HTM while blocking the electron transfer to 

the HTM, thus reducing nonradiative recombination.149, 152 Meanwhile, type IV heterointerface 

(Figure 2.2d) effectively prevents the electron transfer from perovskite to HTM and allows holes 

to transport through the interface by tunneling.152, 189 On the other hand, the energetic landscape 

of type II and III heterointerface (Figure 2.2b and c) result in the hole and electron 

recombination.189 

 

 
Figure 2.2 Schematic energy level diagram of possible heterointerface formed between 

perovskite and HTM: (a) type I, (b) type II, (c) type III, and (d) type IV. 
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Cho et al. introduced a thin layer of wide bandgap FAPbBr3-xIx perovskite on top of the 

(FAPbI3)0.85(MAPbBr3)0.15 main perovskite layer.190 The wide bandgap perovskite was grown in 

situ by reacting FABr with the excess PbI2 on the surface of the main perovskite layer using 

solution process.190 The formed wide bandgap perovskite layer effectively prevented the electron 

passage to the adjacent HTL leading to the reduction of the charge recombination at the 

interface.190 Similarly, Ruan and co-workers grew a wide bandgap MAPbBr3-xIx perovskite on top 

of MAPbI3 layer.191 In this case, they formed the wide bandgap layer by exposing the deposited 

MAPbI3 film under MABr vapor.191 Energetical barrier favoring electron blocking between the 

MAPbI3 layer and the HTL was obtained using this method.191 As a result, the electron lifetime 

was increased by 10 times compared to the control sample due to the less nonradiative 

recombination process.191 

Multigraded perovskite heterojunction also could be realized by employing the 

perovskite NCs.192 Li et al. designed MAPbI3-based PSCs with CsPbBrxI3−x graded perovskite 

interface.192 They demonstrated a precise energy level alignment by finely tuning the VB and CB 

which was achieved by varying the Br:I ratio of the CsPbBrxI3−x NCs (x=0, 0.3, 0.7, 1).192 The 4-

graded interfaces consisting CsPbI3/CsPbBr0.3I2.7/CsPbBr0.7I2.3 were applied in the solar cells, 

enabling an efficient holes extraction while blocking the electrons backflow, resulting 40% of 

PCE improvement in HTL-free PSCs.192 Further, Cha et al. introduced graded MAPbBr3-xIx QDs 

layer on top of MAPbI3 film.193 To tune the energy level alignment, the perovskite QDs were 

synthesized using three different Br:I ratio with the composition of MAPbBr3, MAPbBr1.2I1.8, and 

MAPbBr0.9I2.1.193 They discovered that MAPbBr0.9I2.1 QDs interface exhibited a favorable VB 

alignment with MAPbI3 leading to the best photovoltaic improvement.193 Contrarily, MAPbBr3 

and MAPbBr1.2I1.8 QDs showed a poor performance due to the mismatch between the VB of the 

QDs films and MAPbI3 film.193 

In addition, perovskite NWs has been incorporated in PSCs to modify the electronic 

states of the perovskite surface. Zhang et al. synthesized CsPbBr3 NWs with highly uniform 

shape and size.194 Then, the CsPbBr3 perovskite NWs colloidal suspension in chlorobenzene was 

dropped on top of the spin-coated MAPbI3 solution.194 Upon the annealing process, the dropped 

NWs slowly diffused into the MAPbI3 films forming a gradient of CsPbBr3 concentration across 

the thickness where the top of the film being CsPbBr3 rich.194 Moreover, CsPbBr3 NWs formed 

interconnected network, resulting a uniform surface coverage.194 Improved PL lifetime and 

higher surface potential across the surface showed by Kelvin-prove force microscopy (KPFM) 

revealed the defect passivation induced by this graded perovskite structure.194 It is worth 

mentioning that CsPbBr3 NCs with nanocubes morphology was also tested for comparison 
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purpose, however, the inhomogeneous distribution of the NCs was observed due to the 

aggregation of NCs upon dropping process on top of MAPbI3 precursor.194 On the other hand, 

Zhang et al. combined both perovskite NSs and QDs to construct graded perovskite interfaces.195 

All inorganic CsPbBrI2 perovskite was fabricated in bulk-nanosheet-quantum dots 

configuration.195 The graded interfaces composed of CsPbBrI2 perovskite materials with 

different dimensionality (3D-2D-0D) promoted the hole extraction process with reduced 

nonradiative recombination losses, resulting in the high VOC and FF of 1.19V and 80.5%, 

respectively.195 Finally, an improvement of PCE from 10.38% to 12.39% was achieved in 

comparison with the control device fabricated without any graded interface.195 

 

2.2.6 Low dimensional perovskite 

Interface engineering using low dimensional perovskite has attracted a lot of attention 

in this field lately. Nowadays, most of the reported high-performance PSCs are implementing 

this technique in their devices. There are several important reasons that make this technique 

popular. First, the use of bulky or large organic cations could improve the stability against 

moisture due to the hydrophobicity.47, 58 Second, the possibility of incorporating bulky organic 

cations relaxes the previous limitation imposed by the Goldschmidt tolerance factor, opening 

the vast library of various organic cations to be used for low dimensional perovskites (Figure 

2.3).20 Third, low dimensional perovskites are characterized by their wide bandgap.47, 51 Thus, 

the defect passivation effect could be achieved by employing a graded 2D/3D perovskite 

structure, analogous to the passivation using wide bandgap materials as explained in Section 

2.2.5.  

In the 2D/3D perovskite stacking, 3D perovskite serves as the main light harvesting layer, 

while 2D perovskite is grown on top as a capping layer. As 2D perovskites exhibit lower 

conductivity and mobility due to their insulating nature in comparison to the 3D perovskite,196, 

197 it is important to deposit a thin layer of 2D on top of 3D perovskite in order to prevent the 

increased resistance in the charge transfer process. 2D/3D perovskite bilayer is commonly 

fabricated by in situ growth using a two-step deposition process.198 In the first step, the 3D 

perovskite film is deposited on the prepared substrate followed by thermal annealing process. 

Then, the solution containing the bulky organic cation are spin-coated on top of the 3D 

perovskite film. The bulky organic cation is typically dissolved in isopropanol (IPA) or 

chloroform due to their low solubility to the 3D layer underneath.198, 199 In situ formation of 2D 

perovskite is controlled by incorporating an excess PbI2 content in the 3D perovskite layer which 
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will react with the large cation deposited in the second step. Finally, the 2D perovskite 

conversion is achieved by performing a thermal annealing process. 

Ma et al. applied the two-step method to fabricate 2D/3D perovskite stacking.200 A 3D 

perovskite MAPbIxCl3−x film with the excess PbI2 concentration (PbI2 : MAI = 1.4 : 1.3) was 

deposited in the first step.200 Then, cyclopropylammonium iodide (CAI) solution in IPA was 

introduced in the second step. After a thermal annealing of the film at 100°C for 20 min, CAI 

reacted with the excess PbI2 on the surface forming 2D perovskite with the composition of 

CA2PbI4.200 The conversion of excess PbI2 phase and CAI to CA2PbI4 was confirmed by the 

disappearance of PbI2 reflection in the XRD spectra when a higher concentration of CAI was 

introduced.200 The PL spectra revealed that the incorporation of 2D layer improved the PL 

intensity, indicating the reduction in the nonradiative recombination.200 Further, they found 

that the deposition of 10 mg/L CAI exhibited the best photovoltaic performance without causing 

any hindrance in the charge extraction.200 The PSC employing MAPbIxCl3−x/CA2PbI4 

demonstrated a PCE of 13% with an enhanced stability against moisture by maintaining 54% of 

its initial PCE after exposure under 63±5% humidity for 220 h.200  

 
Figure 2.3 Several bulky organic cations used for 2D perovskites: (a) butylammonium, (b) 

isobutylammonium, (c) hexylammonium, (d) octylammonium, (e) dodecylammonium, (f) 

phenylethylammonium, (g) 2-(4-fluorophenyl)ethylammonium, (h) pentafluorobenzyl-

ammonium, and (h) pentafluorophenylethylammonium. 
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Moreover, Yao et al. developed 2D/3D perovskite composite consisting of 

MAPbI3/(PEI)2PbI4 (PEI = polyethylenimine).201 An improved PCE of 15% with a minimal loss 

upon 14 days exposure to the air with 50% humidity was achieved by incorporating 2% of 

(PEI)2PbI4.201 Similarly, 5-ammoniumvaleric acid iodide (5-AVAI) was employed to grow an 

ultrathin layer of (5-AVA)2PbI4 2D perovskite on top of (FAPbI3)0.88(CsPbBr3)0.12 using two-step 

method.202 The incorporation of 2D interlayer enhance the charge extraction efficiency at the 

interface due to the reduced recombination loss which was evidenced by the less hysteresis 

effect in the J-V curve.202 Furthermore, the passivation effect was also indicated by the 

improvement of carrier lifetime, increasing the PCE from 13.72% (3D layer) to 16.75% (2D/3D 

bilayer).202 The unencapsulated device demonstrated an exceptional long-term stability by 

conserving 98% of the initial PCE after 63 days exposure under the moisture (RH = 10%) in the 

dark.202 

To further improve the photovoltaic performance, Cho et al. selectively grew (PEA)2PbI4 

perovskite layer on top of Cs0.1FA0.74MA0.13PbI2.48Br0.39 3D perovskite by carefully controlling the 

ratio of excess PbI2 and PEAI in the precursor solutions.198 PEAI solution with concentration of 

10 mg/mL was designed to match the excess PbI2 content (PbI2 : FAI = 1.05:1) in the 3D 

perovskite.198 By dynamically spin-coating PEAI solution dissolved in IPA at the second step, an 

in situ reaction between PEAI and the excess PbI2 on the surface occurred, forming a thin 

capping layer of (PEA)2PbI4 2D perovskite. The XRD analysis showed that the excess PbI2 was 

fully consumed after the annealing process indicating the successful conversion to (PEA)2PbI4 

perovskite which was observed by the appearance of a new reflection at low angle (5.44°).198 

Additionally, the incorporation of 2D perovskite eliminated the presence δ-phase of the 3D 

perovskite.198 The formation of a distinct 2D perovskite on top of 3D perovskite was supported 

by the appearance of an emission peak at 508 nm when the film was excited from the top side 

(2D perovskite side).198 Further, the UPS analyses demonstrated that (PEA)2PbI4 perovskite 

formed a favorable energetic alignment with the 3D perovskite, where the VB allowed for an 

efficient hole transfer and the CB effectively blocked the electron backflow to the HTM layer.198 

As a result, the nonradiative recombination was significantly decreased in agreement with the 

lower recombination resistance derived from the impedance spectroscopy analysis.198 The 

device fabricated using this 2D/3D perovskite stacking yielded a high VOC and PCE of 1.15V and 

20.75%, respectively.198 Importantly, the 2D/3D device demonstrated a remarkable stability 

performance by retaining 85% of its initial PCE after keeping 800 h in continuous illumination 

at 50°C.198 
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Various linear alkylammonium cations with different alkyl length are also explored as 

the precursor of the 2D perovskite capping layer in the bilayer stacking. Gharibzadeh et al. 

reported Cs0.17FA0.83Pb(I0.6Br0.4)3 3D perovskite treated with n-butylammonium bromide (BABr) 

on top resulting in the formation of a 45 nm-thick 2D perovskite layer.203 Consequently, a very 

significant improvement in the carrier lifetime was observed after the deposition of the 2D 

perovskite layer, indicating the effective passivation effect by reducing the nonradiative 

recombination.203 An exceptionally high VOC of 1.31 V was obtained by incorporating BABr-based 

2D perovskite.203 This outstanding achievement in the VOC approached more than 90% of the 

theoretical limit determined by Shockley-Queisser limit.203 Meanwhile, Liu et al. incorporated 

isobutylammonium iodide (i-BAI) to grow a quasi 2D perovskite with the composition of (i-

BA)2FAPb2I7 (n=2) on top of FAPbI3 perovskite.40 The slower PL decay of i-BAI post-treated film 

by more than one order magnitude suggested the diminution of the trap density in the 

interface.40 Notably, the formation of (i-BA)2FAPb2I7 at the surface successfully suppressed the 

formation of the yellow phase of FAPbI3 which further enhanced the long-term device stability 

under heat and continuous light exposure.40	

Further, Yoo et al. compared three cations with different alkyl chains, such as BABr, n-

hexylammonium bromide (HABr), and n-octylammonium bromide (OABr).199 The post-treated 

(FAPbI3)0.92(MAPbBr3)0.08 3D perovskite showed the PCE from 21.7% to 23.2%, 23.2%, and 23.1%  

when 2D perovskite incorporating BABr, HABr, and OABr were deposited on top, 

respectively.199 The increase of the alkyl length from butyl to octyl improved the VOC from 1.14 V 

to 1.17V.199 These results were proportional with the PL lifetime indicating that the longer alkyl 

chain exhibited a better passivation effect at the interface and GBs.199 Additionally, they 

proposed that chloroform could be used to dissolve the alkylammonium salts due to its lower 

solubility towards FAI in comparison with IPA, minimizing the dissolution of FAI on the 3D 

perovskite surface.199 Remarkably, the optimized PSC showed the stabilized VOC of 1.19V, 

resulting only 340 mV of VOC loss.199 The 2D/3D perovskite composite also demonstrated an 

excellent structural stability confirmed with XRD analysis by maintaining the perovskite phase 

after exposure to 90% RH for 8 days, while the 3D control film was completely degraded.199 The 

operational stability was also tested by keeping the device under continuous illumination. The 

2D/3D-based device retained 85% of the initial efficiency after 500h.199 

In addition, a bulky organic cation with longer alkyl chain, such as dodecylammonium 

iodide (DAI) was examined.42 Butylammonium iodide (BAI) and octylammonium iodide (OAI) 

were also compared to evaluate the trend between the three cations in the devices.42 In general, 

the hydrophobicity and the electron blocking ability are improved with the increasing alkyl 
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length. Kim et al. demonstrated that the difference in the device performance between OAI and 

DAI was very small.42  Although DAI-based 2D/3D PSCs showed the highest VOC of 1.13V, the 

highest PCE was achieved by employing OAI due to the slightly higher JSC and FF.42 However, 

the 2D/3D PSCs employing DAI still exhibited the best long-time stability under both elevated 

temperature and humid environment.42 Thus, it is important to choose the appropriate cations 

to obtain the best compromise between the device photovoltaic performance and stability. 

More recently, bulky organic cations functionalized with fluorine atoms have received 

many attentions due to the improved hydrophobicity. Fluorine could easily form hydrogen 

bonds with water molecules due to its high electronegativity.149 As a result, a protective layer 

against moisture is built on the interface when the molecule is deposited on top of perovskite 

layer.149 To improve the hydrophobicity of PEAI, 2-(4-fluorophenyl)ethyl ammonium iodide 

(FPEAI) was designed as the 2D-forming cation.204 (FPEA)2PbI4 2D perovskite was grown in situ 

on top of Cs/FA/MA triple cation perovskite. The formed 2D/3D perovskite combination 

exhibited a reduced nonradiative recombination, achieving PCE of 20.54% when it was applied 

in the device.204 As expected, the presence of fluorine atom in FPEAI was indeed boosting the 

long-term device stability in comparison with PEAI by retaining 99% of the device’s original 

PCE after 864 h storage in dark condition with a controlled RH between 10-30%.204  

Moreover, Paek et al. compared FPEAI with a more hydrophobic cation, namely 

perfluorobenzylammonium iodide (5FBzAI) which contain 5 fluorine atoms in the structure.205 

The presence of 5 fluorine atoms and a reduced length of 5FBzBAI compared to FPEAI enabled 

a strong interaction between the 2D and 3D perovskite via halogen bond, inducing a highly in-

plane crystal orientation.205 As a result, enhanced passivation effect was achieved by gaining 60 

mV of VOC which was two times larger than the VOC improvement obtained by incorporating 

FPEAI.205 The 5FBzAI-modified perovskite also showed higher hydrophobicity which was 

indicated by the higher water contact angle value.205 Finally, the PSC employing 5FBzAI retained 

86% of its initial PCE after 1100h exposure under continuous illumination outperforming the 

FPEAI-based device.205 

A 2D perovskite capping layer employing pentafluorophenylethylammonium (FEA) 

cation was also investigated in the 2D/3D PSCs.206 The perfluorinated benzene unit in FEA 

structure was expected to provide a highly hydrophobic interfacial layer on top of 3D perovskite. 

The 2D/3D PSCs employing FEA cation demonstrated an impressive stability by retaining 90% 

of the initial PCE in a humid environment (RH=40%) after 1000 h under continuous 

illumination without any encapsulation.206 Besides, the presence of five fluorine atoms in the 

benzene ring improved the electronic properties in the 2D layer by facilitating the hole-
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extraction process and preventing the ion migration at the perovskite/HTM interface.206 

Thereby, the interfacial nonradiative recombination was reduced to a great extent, resulting in 

a high PCE of 22%.206  

On the other hand, Cho et al. introduced a self-assembled fluorinated cation as the 

building block of the low dimensional perovskite.207 In this case, a highly fluorinated saturated 

molecules in the form of iodide salt, (CF3)3CO(CH2)3NH3I (A43), was designed in order to benefit 

from the improved hydrophobicity from the fluorine atoms as well as the tendency of this 

molecule to self-assemble forming a highly ordered structure.207 The incorporation of A43 in the 

PSCs demonstrated an improved stability, especially by reducing the initial burn-in loss during 

the first 100 h of operation.207 Further, a synergistic effect due to the interaction between 

interfacial layer and HTMs was explored. Jung et al. spin-coated a large organic cation, namely 

n-hexyltrimethylammonium bromide (HTAB) to form a thin layer of wide bandgap halide 

(WBH) perovskite on top of (FAPbI3)0.95(MAPbBr3)0.05 films.208 A formation of low dimensional 

perovskite phase was confirmed by the appearance of a low angle reflection (5.4°) in the XRD 

spectrum.208 The incorporation of the WBH layer did not only suppress the nonradiative 

recombination at the interface, but also promote the interdigitation of the alkyl chain of poly(3-

hexylthiophene) (P3HT) with the analogous alkyl chain of HTAB via van der Waals 

interactions.208 The self-assembled P3HT structure on top of WBH significantly improve the 

film morphology as well as the hole mobility by 4 orders of magnitude.208 Therefore, a huge 

improvement of PCE from 15.8% to 22.8% was achieved primarily due to the increase in VOC and 

FF.208 The device exhibited a superior long-term stability against moisture by maintaining 80% 

of its initial PCE under 85% RH for 1008 h.208 

Double-side passivation technique by employing a low dimensional perovskite both on 

the ETL/perovskite and perovskite/HTL interfaces was also tested in PSCs. Mahmud and co-

workers introduced ultrathin BAI-based 2D perovskite layers (~20 nm) between both 

PMMA:PCBM/ perovskite and perovskite/spiro-OMeTAD interface.209 PSCs fabricated with the 

double-side passivation exhibited a higher PL intensity in comparison with the devices 

employing only one-side passivation (at perovskite/spiro-OMeTAD interface).209 The 

improvement in the PL intensity indicated the reduction of nonradiative recombination, which 

was reflected by the high VOC value of 1.2V in the double-side passivated device with the 

maximum PCE of 22.77%.209 The charges extraction efficiency was also enhanced despite the 

insulating nature of the 2D layer owing to the incomplete surface overage of the 2D perovskite, 

enabling the charge transfer through the uncovered area.209 However, the PSCs with double-

side showed a similar long-term stability as the control device due to the nonuniform coverage 



 

 72 

of the 2D perovskite on the surface, allowing the moisture to penetrate to the 3D perovskite 

underneath.209 

 

2.3 HTM Engineering 

HTM engineering could not be separated in improving device stability and performance. 

Although some interfacial layer has been introduced between perovskite and HTM, the 

interface between HTM and the adjacent perovskite or the interlayer remains important. HTM 

itself has the main role to extract the holes from the perovskite interface. High hole-transporting 

properties are desired to efficiently extract and separate the holes from the electrons which 

further prevent the recombination at the interface. To gain an efficient hole extraction, ideally 

the following factors need to be considered in designing an HTM: (1) high hole mobility, (2) a 

matching energy level alignment with the adjacent layer, and (3) good film quality.  

The hole mobility of the HTM could be enhanced by improving the planarity and the 

molecular packing as well as the implementation of donor-acceptor (D-A) and conjugation 

strategy.210 The common alternative method to boost the hole transporting properties of HTM 

is by incorporating chemical additives or dopants, such as Li-bis(trifluoromethanesulphonyl) 

imide (Li-TFSI), tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)cobalt(III) (FK-209), and 4-tert-

butylpyridine (tBP).124 In addition, the energy level alignment between perovskite and HTM 

holds a very crucial role in determining the device performance. The HOMO level must be 

higher than the VB of perovskite to enable the efficient hole injection from perovskite to HTM. 

In general, it is also preferred to have a close difference between the HOMO of HTM and VB of 

perovskite in order to avoid a large voltage loss. It is also necessary for the HTM to have a higher 

LUMO value than the CB of perovskite in order to prevent the electron backflow.124 Furthermore, 

HTM should form a good quality of film when it is deposited on top of perovskite layer, such as 

uniform coverage, absence of pinhole, and good contact with perovskite layer.210 Thus, the 

solubility of the HTM becomes very important, especially if the deposition of the layer is carried 

out using solution process. Moreover, the use of strong polar and protic solvents is generally 

avoided to prevent the dissolution of the perovskite layer underneath.124  

Other than having an excellent hole extraction efficiency, the HTM should be highly 

stable to ensure a satisfactory the device lifetime according to the PV standard. In the n-i-p 

structured PSCs, HTM layer provide the penultimate encapsulation (before the metal electrode) 

of the underlying perovskite layer. Therefore, HTM should exhibit thermal, light, chemical, and 

moisture stability.210 The ideal HTM is generally designed with a high decomposition 

temperature in order to withstand the elevated operating temperature of PSCs in the real-world 
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application. Further, it should be able to maintain its physical and chemical integrity under a 

continuous sun irradiation, especially upon the UV light exposure.124, 210 The HTM should also 

be chemically stable, which means the unwanted chemical interactions with the perovskite 

layer underneath must be prevented.124 In addition, the resistance to the moisture is also one of 

the most important factors in determining the HTM stability. As discussed in the previous 

chapter, 3D perovskite materials exhibit a poor moisture stability. If the HTM used is 

hygroscopic in nature, it could attract moisture and induce the degradation of the perovskite 

layer underneath. Thus, an HTM should demonstrate an excellent moisture stability to prevent 

a further device degradation. 

 
Figure 2.4 Molecular structure of (a) spiro-OMeTAD and (b) PTAA. 

For the past decade, spiro-OMeTAD has been extensively used as the state-of-art HTM 

in the PSCs (Figure 2.4a). Most of the highly efficient PSCs reported in the literature are based 

on spiro-OMeTAD as the HTM.211, 212 To fabricate high performance PSCs, a high-purity 

sublimation grade spiro-OMeTAD is necessary. Nevertheless, as mentioned in Section 1.3.3 of 

Chapter 1, the high quality spiro-OMeTAD requires exhaustive multiple steps synthesis and 



 

 74 

purification process which results in the high cost of $92/g.213 Additionally, the high hole-

transporting property of spiro-OMeTAD only can be realized by chemically doping the 

precursor solution. Li-TFSI and Co-TFSI are commonly used to enhance the hole mobility as 

well as the conductivity of the spiro-OMeTAD film.214, 215 Meanwhile, tBP is added to improve 

the film formation and to prevent Li-TFSI segregation.216 However, researchers have 

investigated that the use of those dopants bring a negative impact to the long-term stability of 

the device. For instance, Li-TFSI and Co-TFSI are hygroscopic in nature which make the doped 

spiro-OMeTAD layer more hydrophilic, accelerating the degradation of the PSCs.217, 218 Further, 

the migration of Li-TFSI damages the morphological integrity of the HTM indicated by the 

formation of pinholes.115 Alternatively, a polymer-based HTM, namely poly[bis(4-phenyl)(2,4,6-

trimethylphenyl)amine] (PTAA), has demonstrated high photovoltaic performance in PSCs 

(Figure 2.4b).219 Besides, PTAA exhibited better thermal and long-term stability in comparison 

to spiro-OMeTAD.220 However, the extremely high cost of PTAA reaching ~$2000/g makes it 

less feasible for the widespread application.124 

Researchers then seek for alternative by developing dopant-free HTMs to exclude the 

dopants contribution in the device degradation. However, the performance of dopant-free HTM 

is still inferior compared to the one of spiro-OMeTAD.221 Thus, the research on the doped-HTMs 

still keeps going due to their potential to compete with spiro-OMeTAD performance. Through 

a careful molecular engineering, researchers attempt to improve the long-term stability of the 

doped-HTM. Recently, Drigo et al. synthesized new molecules based on the spiro bisacridine 

(SBA).222 When the SBA-based HTMs were applied in the solar cells, they were doped using the 

same condition as spiro-OMeTAD. Interestingly, all of the SBA-based compounds 

demonstrated better long-term stability than spiro-OMeTAD. MeSBA-DMPA exhibited a 

remarkable long-term stability by maintaining 88% of its initial efficiency after 1000 h of 

continuous illumination despite being doped. On the other hand, spiro-OMeTAD-based PSCs 

only could retain 64% of the initial PCE.222 The main stability improvement of SBA-based HTMs 

could be observed from a slower decay during the initial burn-in period due to their favorable 

molecular packing in the bulk or at the interface, preventing the accelerated deterioration of 

the HTMs in the PSCs.222 
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Chapter 3: The Origin of the Stability Improvement 
in 2D/3D Perovskite Interfaces 
 

 

Interface engineering by incorporating 2D/3D perovskite in a bilayer structure has been 

a popular strategy for realizing efficient perovskite solar cells (PSCs) with enhanced long-term 

stability. Nevertheless, the exact function of the 2D perovskite capping layer in preventing the 

degradation of the bulk 3D perovskite layer underneath still remains unclear. Herein, we 

investigated the evolution of the 2D/3D interface under various conditions by monitoring 

structural, photophysical, and photovoltaics characteristics. In the first section of this chapter, 

three thiophene-based bulky organic cations are introduced as the building block for the 2D 

perovskite layer. During the aging of the devices under dark condition in ambient atmosphere, 

we observed that 2D perovskites incorporating 2-thiophenemethylammonium iodide (2-TMAI) 

and 3-thiophenemethylammonium iodide (3-TMAI) transformed from lower to higher n 

number. On the other hand, 2D perovskite incorporating 2-thiopheneethylammonium iodide 

could maintain its initial 2D phase upon the aging. From this finding, we propose that the small 

cations in the 3D cage (i.e., MA+) move towards the 2D layer, transforming the 2D layer to the 

higher n number (quasi-2D). If structurally stable, the 2D layer physically blocks the ion 

movement at the interface boosting the device stability. Further, in the second section of this 

chapter, we studied the thermal stability of 2D/3D perovskite interface by monitoring the 

structural evolution using in situ grazing incident wide angle X-ray scattering (GIWAXS). We 

discover that under thermal stress, the 2D crystalline structure undergoes a phase 

transformation into a quasi-2D phase while keeping the 3D bulk perovskite underneath intact. 

Moreover, the 3D bulk decomposition into lead iodide phase is prevented, emphasizing the 

fundamental role of 2D perovskite in realizing stable PSCs. 
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3.1 Dynamical evolution of the 2D/3D interface: a hidden driver behind 

perovskite solar cell instability 

 
This section is based on the published work in J. Mater. Chem. A, 2020, 8, 2343-2348, DOI: 
10.1039/C9TA12489F.223 In this work I conceptualized the idea, designed the experiments, and 
performed the fabrication as well as the characterizations of perovskite thin films and solar cells. 
Dr. N. Drigo synthesized the thiophene-based cations. V.I.E. Queloz carried out the PL analyses. 
The GIWAXS experiments were performed in collaboration with Dr. A. Kirmani and Dr. L.J. 
Richter from NIST, USA. 

 

3.1.1 Introduction 

Within the last decade, perovskite solar cells (PSCs) have been receiving a great interest 

in the area of new generation photovoltaics, with power conversion efficiency (PCE) recently 

surpassing 25%.224 Careful interface engineering between the perovskite active layer (AL) and 

the device interfaces, i.e., the electron or the hole transporting layers (ETL, HTL), is the key to 

device development and optimization. Various engineering strategies have been explored, 

including interface functionalization with bulky organic molecules,208 inert polymeric layers,186, 

225, 226 inorganic interlayers,227, 228 graphene or parent 2D materials,229-231 Alternatively, layered 

perovskites, popularly referred as 2D,47, 51 have been incorporated at the AL-ETL or -HTL 

interface, forming graded 2D/3D interfaces.198, 200-202, 207, 232 Thanks to the superior robustness of 

the 2D compared to parent 3D perovskite, such 2D/3D architectures have attracted growing 

interest as a route to stable and efficient devices.208 For instance, a combination of 

methylammonium (MA) lead iodide perovskite and aminovaleric acid-based 2D perovskite 

resulted in solar cells with greater than 1-year stability, demonstrating the robust nature of the 

combined systems.39 The 2D perovskite has been shown to simultaneously function as a 

protective layer and surface defect passivant.207, 233, 234 However, whether 2D is an essential 

ingredient for future PSCs technology or a popular transitory trend is an open question.20, 46 To 

answer this point, it is imperative to understand how the 2D perovskite affects the quality of the 

3D perovskite surface, and the processes therein, as well as the ultimate device behavior, 

performance and stability over time. 

Here, we report the observation of a slow evolution of the performance of 2D/3D PSCs 

using a new family of thiophenealkylammonium-based organic cations as building blocks for 

the layered 2D perovskites and its impact on the device efficiency and stability. We reveal a 

double effect: first, unexpectedly, during aging for several months in dark and dry environment, 

the PSCs efficiency increases (from 15% to over 20% in the most striking case), mainly associated 

with an enhancement of the device open circuit voltage (VOC). While this stems true also for the 
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control device, a significant boost is observed as derived from a slow structural rearrangement 

of the 2D/3D interface. We attribute this to the “soft” nature of the 2D perovskite overlayer that 

can act as an ion-scavenger. As a consequence of ion movement from the 3D towards the 

interface, small MA cations accumulate at the interface. As a getter, the 2D structure can 

incorporate the MA cations by self-modifying its pure layered structure into a quasi-2D (or 

mixed) phase.51 This interface modification generally improves the device performance. On the 

other side, depending on the chemical nature of the 2D perovskite, a “more robust” 2D layer 

can prevent such structural change, physically blocking the ion movement. This leads to a 

dramatic increase in the device stability, retaining 90% of the initial value under continuous 

illumination over 1000 hours. The structural change in time has been monitored over a time 

window of months combining solar cell operation with thin film structural and optical 

characterization on aged samples and/or under different aging conditions (i.e., different 

thermal stress). Overall, results reveal that the conscious choice of proper 2D components can 

control the dynamical evolution of the 2D/3D interfaces and is a key element to control for the 

realization of efficient and stable devices. 

 

 
Figure 3.1.1 (a) Molecular structures of the cations (left) and sketch (right) of the derived 2D/3D 

interface. (b) X-ray diffraction (XRD) pattern at 2° incident angle of the 2D/3D film employing 

2-TMAI, 3-TMAI and 2-TEAI cations in the 2D template. # and * denote diffraction peaks of 2D 

perovskite with n=1 and n=2, respectively. (c) Scanning electron microscopy images of the top 

view (left) of the perovskite films and cross-section (right) of the 2D/3D devices employing 2-

TMAI, 3-TMAI and 2-TEAI cations in the 2D layer (highlighted with colored area). 

 

3.1.2 Materials Characteristics 

We synthesized a series of bulky thiophene-terminated cations as building blocks for 

layered 2D perovskite structure. Chemical formulae of the thiophenealkylammonium salts 
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namely 2-thiophenemethylammonium iodide (2-TMAI), 3-thiophenemethylammonium iodide 

(3-TMAI), and 2-thiopheneethylammonium iodide (2-TEAI) along with the derived 2D 

structure are shown in Figure 3.1.1a. Notably, they only differ on position and length of the alkyl 

chain connecting the thiophene core and the ammonium entity. The salts were prepared from 

the commercially available amines and HI (see Experimental Methods, Appendix A for details). 

To create the 2D/3D thin films and devices, we dissolved the salts in isopropanol (IPA) 

and dynamically spin-coated them on top of a triple-cations [(FAPbI3)0.87(MAPbBr3)0.13]0.92-

(CsPbI3)0.08 based 3D perovskite film, where FA stands for formamidinium (see Experimental 

Methods, Appendix A for details). As a result, a thin layer of 2D perovskite is formed on top of 

the 3D bulk, as verified by low angle grazing incidence X-Ray Diffraction (XRD). Patterns are 

shown in Figure 3.1.1b. We note the presence of the peaks at 14°, and at 6° and 4° which 

correspond to (001) diffraction signals from the 3D perovskite, and, at lower angles, from (002) 

of the layered 2D perovskites, respectively. (The 2D crystal structures are either centro-

symmetric or near centro-symmetric such that the (00l) diffraction, l odd, is forbidden or weak.) 

More in details, the peak at 6° relates to the formation of a pure 2D perovskite, which takes the 

formula of R2(MA)n–1PbI3n+1 for n=1 (where n defines the number of the inorganic layers), while 

the peak at 4° relates to a mixed phase (or quasi-2D perovskite) where, in this case, n=2. 

Depending on the organic salts, slightly different 2D perovskites are formed: for 2-TMAI mostly 

n=2; for 3-TMAI only n=2; and for 2-TEAI mostly n=1 2D phase (see also XRD patterns of the 

pure 2D perovskite in Figure A.1.1 and Figure A.1.2, Appendix A). The 2D perovskite layer, »50 

nm thick, covers the entire 3D surface, as shown in Figure 3.1.1c by top view and cross-sectional 

scanning electron microscopy (SEM) images. From the top surface image, we could observe that 

the 2D overlayer smooths out the surface, rendering it less defined in terms of grain boundaries 

and crystals borders with respect to the 3D surface (Figure A.1.3, Appendix A). 

 

3.1.3 Device Characteristics 

We implement these films as AL in standard (n-i-p) device structure solar cells. The 

optimized thiophenealkylammonium salts concentration implemented in the devices is 0.06M, 

resulting in »50 nm thick 2D layer on top of 3D layer (see Table A.1.1, Appendix A for details). 

The photovoltaic (PV) response of the thiophene-based 2D/3D cells are shown in Figure 3.1.2 

and Table 3.1.1 (statistics in Table A.1.2 and Figure A.1.4, Appendix A). It is worth remarking that 

commonly device data shown in literature do not specify the aging status of the measured device, 

making the comparison among reported PCE rather difficult. This also hides important 

information on the slow dynamic behavior of the device interfaces that can alter the PSCs 
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performances.235 Slow processes such as those related to ionic motion are still not yet fully 

understood236-238 but pointed as common source of aging phenomena. To address this point, 

here we monitor the evolution of the devices PV performances by comparing fresh (measured 1 

day after device fabrication) and aged devices over months (stored in dark and dry air 

environment with the humidity controlled below 10%). 

 

 
Figure 3.1.2 Photovoltaics characteristics of the 2D/3D PSCs employing (a) 2-TMAI, (b) 3-TMAI 

and (c) 2-TEAI, (d) 3D control. For each panel the current-voltage characteristics of fresh and 

aged devices are shown along with the time evolution of the power conversion efficiency (PCE) 

and open circuit voltage (VOC) of the devices stored in the dark and dry environment (humidity 

<10%). (e) Stability test for freshly prepared devices under continuous 1 sun illumination for 

1000 h in Ar atmosphere without any encapsulation. (f) Scheme of the device architecture. 

Fresh device PCEs range from 15% to 19% depending on the 2D/3D system. For the 

control it reaches peak performances after 2 weeks resulting in 21.1% PCE, but decreasing 

afterwards (Figure 3.1.2d). On the other side, the 2D/3D systems all show a monotonic 

improvement in the PCE nearly saturating after 6 months. The aged samples all deliver around 

20% PCE with an increase in the device FF and VOC. The 3-TMAI device outperforms the 3D 

control after aging. Notably, the 2-TEAI 2D/3D systems shows the largest improvement of 

approx. 25% going from 15.70% to 19.42%. Hysteresis and IPCE spectra are reported in Figure 
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A.1.5 and Figure A.1.6 (Appendix A). This represents our first finding: the presence of the 2D 

layer improves the performances over time on month-base analysis. Notably, the highest 

performances of the devices (also the controller) are always reached after few days of storage in 

dark and in dry air. However, it is worth mentioning that the final VOC is higher for the 2D/3D 

system employing 3-TMAI and 2-TMAI. In agreement with previous work on the 2D/3D 

interface,239 this can be associated to a surface passivation effect of the 2D layer. To assess that, 

we investigated the device characteristics under different sunlight intensity, as shown in Figure 

A.1.7 and Figure A.1.8 (Appendix A) and we find the 2D layer has a beneficial effect on surface 

recombination. Studies of the device ideality factor, based on the intensity dependence of the 

VOC (Figure A.1.7, Appendix A) and JSC (Figure A.1.8, Appendix A) provide insight into the 

recombination kinetics in the device 240, 241. Relative to the control, all 2D/3D devices exhibit 

indeed less monomolecular (trap-mediated) recombination which points toward a reduction of 

the surface trap density, responsible for the improve in the VOC and FF. A second important 

observation relates to device stability where a distinct behavior is observed depending on the 

nature of the 2D cation. In general, the 2D/3D devices only slightly outperform the 3D reference 

when measured under continuous 1 sun illumination at full maximum power point for 1000 h 

in an inert atmosphere (Figure 3.1.2e) showing, after initial decay as commonly observed for 3D 

PSCs,136 a similar degradation curve. Interestingly, the 2-TEAI based 2D/3D device behaves 

differently: the stability after the initial decay, as commented above, recovers and is kept at 90% 

of the initial PCE value with no sign of degradation for the 1000 h tested. This represents a net 

improvement with respect to the controller which decays to 65% of the initial value.  

 

Table 3.1.1 Photovoltaic parameters of champion fresh and aged (for the time as indicated in 

Figure 2) of 2D/3D PSCs employing 2-TMAI, 3-TMAI, 2-TEAI, and 3D control. 

Organic 
cations  VOC (V) JSC 

(mA cm-2) FF PCE (%) 

2-TMAI Fresh 1.049 23.75 0.719 17.91 
 Aged 1.132 23.50 0.751 19.97 

3-TMAI Fresh 1.032 23.67 0.760 18.55 
 Aged 1.132 23.60 0.771 20.59 

2-TEAI Fresh 1.010 24.01 0.647 15.70 
 Aged 1.117 23.60 0.737 19.42 

3D Fresh 1.041 23.87 0.765 19.01 
 Aged 1.124 23.57 0.773 20.48 
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3.1.4 Stability Analyses and Degradation Mechanism 

To rationalize our finding and elucidate the intimate mechanisms behind such long-

term stability, we investigate the evolution in time of the 2D/3D structure by means of 

photoluminescence (PL) spectral analysis as a simple and immediate method to identify the 

emissive species, and related perovskite phase. PL measurements have been carried out over 

months, mimicking the same time window as for the device tests, as well as fresh but upon 

different thermal stress, see Figure 3.1.3. 

Figure 3.1.3a–c shows the PL spectra from the front side (2D perovskite side) of the 

2D/3D film exciting both the 2D and the 3D layer for the fresh and aged samples. A weak 

emission from the 3D perovskite at 770 nm is observed upon front side excitation. Contrarily, 

upon back side (3D perovskite side) excitation the emission from 3D perovskite is dominant, 

see Figure A.1.9, Appendix A. For fresh films, peaks at short wavelengths are observed, which 

manifest at: 1) 520 nm and 570 nm for 2-TMAI; 2) 570 nm only for 3-TMAI; 3) 520 nm (dominant) 

and a shoulder at 550 nm for 2-TEAI. In agreement with XRD analysis, we can assign the 520 

nm PL peak to the emission from n=1 2D perovskite, and the 570 nm peak to n=2 perovskite. 

This assignment also matches the emission from pure 2D thin films with n=1 or n=2 (see Figure 

A.1.10 and Figure A.1.11, Appendix A). This indicates the formation of distinct 2D perovskite 

phases depending on the nature of the organic cations. Upon aging, the emission spectra change: 

1) 520 nm peak (related to n=1 2D) vanishes, while the 570 nm peak grows in 2-TMAI; 2) the 570 

nm is unchanged, but a new broad peak at higher wavelength appears in 3-TMAI. This is related 

to the formation of a mixed 2D with a higher n value;51 3) 2-TEAI based 2D/3D does not show 

any visible change. This indicates a structural rearrangement of the 2D/3D interface upon aging 

that holds true for all cases except for the 2-TEAI-2D/3D thin film. A stable n=1 2D phase upon 

aging is also observed for PEAI-based 2D/3D systems, confirming the general validity of our 

observation, see Figure A.1.12 and Figure A.1.13 (Appendix A). Such structural changes are also 

confirmed by Grazing Incidence Wide Angle X-ray Scattering (GIWAXS) analysis carried out on 

aged samples, as shown in Figure A.1.14 (Appendix A). This observation reveals a structural 

transformation of the 2D perovskite from a low n to a higher n quasi-2D/3D interface over time 

for all the cations except the 2-TEAI based 2D/3D.  
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Figure 3.1.3 PL spectra upon excitation at 450 nm of fresh and 4 months aged 2D/3D perovskite 

films employing (a) 2-TMAI, (b) 3-TMAI, and (c) 2-TEAI 2D/3D systems; PL spectra upon 

thermal stress (heating the film at 50°C for the time as indicated in the legend) for (d) 2-TMAI, 

(e) 3-TMAI, and (f) 2-TEAI 2D/3D systems. (g) Cartoon illustrating the proposed interfacial 

mechanism. 

To better elucidate the origin of this change, we simulate aging by stressing the thin 

films at 50°C from 0 to 360 minutes and we measure the evolution of the PL spectra over time 

(Figure 3.1.3d-f). A clear change in the emission peaks position and relative intensity is again 

observed for the 2-TMAI and 3-TMAI 2D/3D films, while only a minor modification happens for 

2-TEAI films. More in detail, for 2-TMAI 2D/3D, the peak at 520 nm reduces in intensity in favor 

of the peak at 570 nm, vanishing completely after 360 min, while for 3-TMAI 2D/3D, the peak 

at 570 nm does not change. In both cases, a broad peak at higher wavelength grows. In contrast, 

for 2-TEAI the 520 nm peak is mostly unaltered (small shoulder at 550 nm appears) and no 

emission at longer wavelengths is observed. The broad red peak present in 2-TMAI and 3-TMAI 
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can be related to the formation of quasi-2D phase. This result matches with what is observed 

upon aging, pointing to a similar phenomenon behind such structural changes. It is worth 

mentioning that the aging does not degrade the 3D bulk underneath, since the absorption 

spectra of the films do not change (Figure A.1.15, Appendix A) and also the XRD patterns of aged 

and thermally stressed films show no change in the 3D structures (Figure A.1.16 and Figure A.1.17, 

Appendix A). 

The preceding observations can be explained by the following mechanism as shown in 

Figure 3.1.3g. The 2D perovskite, in case of 2-TMAI and 3-TMAI, functions as a dynamical 

“sponge” that can embed small ions (such as MA or FA) migrating from the 3D bulk underneath 

immobilizing them into the new quasi-2D structure. This does not happen for the 2-TEAI 2D/3D 

that only physically blocks the ion at the interface, preserving the initial purity of the 2D phase 

(n=1). We can thus infer that the presence of a structurally robust 2D layer (such as in the case 

of the 2-TEAI) is paramount to control device stability, demonstrating that the purity of the 

layered 2D structure and its robustness against ion movement and infiltration has crucial 

impact on the long-term device stability. We can speculate that this intimately relates to the 

different packing motif of the organic cations dictated by the length of the side alkyl chain which 

imparts the robustness of the 2D structure.  

 

3.1.5 Conclusion 

We revealed that 2D/3D interfaces are dynamical in nature, acting as ion-scavengers and 

self-transforming, upon aging or thermal stress, into quasi-2D graded interfaces. In general, the 

deposition of 2D layer with various thiophene alkylammonium iodide cations protect the 3D 

layer from the degradation in the ambient air. This can improve the device performance upon 

dark aging, but does not lead to stable device operation under illumination. Proper engineering 

of the 2D/3D system, by judicious choice of the organic cation can lead to structurally stable 

and robust 2D overlayers (with n=1) that have a decisive role in improving device stability under 

illumination. A careful molecular design of large organic cation which can maintain the quasi-

2D graded interface (n=2) over dark aging and thermal stress is very important to deliver both 

stable and efficient PSCs.  These observations pave the way for new for the development of an 

intelligent molecular engineering approach to guide smart device design and application of 

stable 2D/3D interfaces even beyond PVs.  
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3.2 In situ analysis reveals the role of 2D perovskite in preventing thermal-

induced degradation in 2D/3D perovskite interfaces 

 

This section is based on the published work in Nano Lett., 2020, 20, 3992-3998., DOI: 
10.1021/acs.nanolett.0c01271.242 In this work I conceptualized the idea, designed the experiments, 
and performed the fabrication as well as the characterizations of perovskite thin films and solar 
cells. Dr. N. Drigo synthesized the thiophene-based cations. In situ GIWAXS and TrPL 
experiments were done in collaboration with R. Szostak, Dr. J.C. Germino, and Prof. A.F. Nogueira 
from University of Campinas, Brazil.   
 

3.2.1 Introduction 

Critical device stability is currently the well-known issue for market uptake.98, 107, 136, 243-

246 Behind the most recent advances, engineering multi-dimensional perovskite interfaces has 

been revealed as an interesting approach to improve hybrid perovskites devices lifetime mainly 

due to the improved humidity resistance of the 2D layer.20, 47, 49, 51, 52, 59, 61, 200, 247-249 Examples span 

from large aminovaleric acid-based cations,39 to widely used phenylethylammonium,198 

butylammonium iodide, octylammonium iodide, and dodecylammonium iodide (DAI) iodide 

2D,42  to fluorous based cations207, 232 synthetized ad hoc to improve robustness against water 

and, more recently, thiophene-based cations.223 In most cases, 2D perovskites simultaneously 

act as a surface defect passivant layer, and retard charge recombination at the interface with a 

positive effect on device open circuit voltage.42, 198, 199, 207, 208, 223, 232, 250-252 On top, as mentioned 

above, 2D perovskites show high humidity resilience due to their increased chemical stability 

and hydrophobicity, which slows down device degradation.253-256 However, so far, little is known 

on the role of 2D perovskite upon thermal stress, which is also a recognize cause of perovskite 

device degradation. This calls for a deep understanding of the interface behavior upon heating, 

crucial to assess device stability.93 Here we address this need by an in-depth investigation of the 

2D/3D film properties during thermal stress, monitoring the structural evolution of the 

interface, and their related optoelectronic and dynamical properties as well as full device 

behavior. 

We performed combined in situ grazing incidence wide angle X-ray scattering (GIWAXS) 

with steady state and time resolved photoluminescence (PL) measurements on two study cases 

of 2D/3D perovskite systems, used in the most common highly efficient device configuration.198, 

223 They consist of a bulky thiophene- or phenyl-terminated cations in the form of 2-

thiophenemethylammonium iodide (2-TMAI) or phenylethylammonium (PEAI) forming (2-

TMAI)2PbI4 and PEA2PbI4 2D perovskites, respectively which overlayer the bulk 3D perovskite 
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(see Figure 3.2.1a). The structural evolution of the interface is monitored upon exposing the 

sample to a thermal cycle, simulating the working conditions under real device operation. We 

reveal that a slow dynamical variation of the 2D/3D interface manifests, leading to a structural 

modification of the 2D perovskite structure. In concomitance, the 3D perovskite bulk if 

protected by the 2D layer is unperturbed while, in absence of the 2D layers, it shows visible sign 

of structural degradation. We thus identified a key role of the 2D capping layer in blocking the 

thermal degradation of the 3D perovskite bulk maintaining its structural integrity and retarding 

thermally-induced degradation in perovskite solar cells.  

 

3.2.2 Device Characteristics 

To create the 2-TMAI- (or PEAI-) 2D/3D thin films and devices, we dissolved the organic 

salts in isopropanol (IPA) and dynamically spin-coated them on the top of a triple-cations 

[(FAPbI3)0.87(MAPbBr3)0.13]0.92(CsPbI3)0.08 based 3D perovskite film, where MA stands for 

methylammonium, FA stands for formamidinium (see experimental methods in Appendix A for 

details). As a result, a thin layer of 2D perovskite (~60 nm) is formed on top of the 3D bulk as 

shown by the scanning electron microscope (SEM) image in Figure 3.2.1a (right). While the main 

focus being the study of the interface structural modification, we also fabricated 2-TMAI 2D/3D 

and PEAI 2D/3D solar cells and we tested them upon the same thermal cycle as used for the in 

situ measurements. Statistics on device current-voltage characteristics and photovoltaic 

parameters are reported in Figure 3.2.1b-e and Table 3.2.1, respectively. It is interesting to notice 

that upon thermal stress the device characteristic is not that dramatically affected showing no 

massive effect of the thermal stress on the device efficiency. A small decrease is only observed 

for the device fill factor, which however does not dramatically reduce the overall device 

performances. Table 3.2.1 reports the device parameters comparing the fresh and the “heated” 

devices. This contrasts with common knowledge for 3D perovskite solar cells, showing a 

demonstrated reduction in device performances upon heating (see Table A.2.1, Appendix A).257  

 

Table 3.2.1 Photovoltaic parameters of 2D/3D perovskite solar cells employing PEAI and 2-TMAI 

as the bulky cations (considering a statistic of 32 devices). 

Treatment VOC (V) JSC (mA cm-2) FF PCE (%) 
PEAI 2D/3D     
     Control 1.10 ± 0.01 23.4 ± 0.2 0.74 ± 0.02 19.1 ± 0.5 
     Heated 50°C – 100 mins. 1.09 ± 0.01 23.2 ± 0.2 0.74 ± 0.01 18.6 ± 0.6 
2-TMAI 2D/3D     
     Control 1.10 ± 0.02 23.2 ± 0.2 0.74 ± 0.02 18.9 ± 0.3 
     Heated 50°C – 100 mins. 1.10 ± 0.01 23.1 ± 0.1 0.73 ± 0.01 18.4 ± 0.2 
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Figure 3.2.1 (a) Cartoon of the 2D/3D interface (left) and the corresponding cross-sectional SEM 

image of the 2-TMAI 2D/3D interface. (b), (c), (d), (e) Statistics of the device photovoltaic 

properties (PCE, VOC, JSC, FF) by comparing the fresh device and the thermally aged devices 

heated according to the thermal cycle shown in Figure 3.2.2. 

 

3.2.3 Structural evolution under thermal stress 

To get deeper insights on the 2D/3D interface role under thermal stress and its structural 

stability, we carried out in situ GIWAXS (measurements performed at the Brazilian Synchrotron 

National Laboratory (LNLS) in the XRD2 beam line, see Appendix A.2 for additional data) 

during a temperature cycle as schematically shown in Figure 3.2.2a. In particular, the 

experiment is performed under thermal annealing conditions and inert atmosphere (N2), 

adopting this thermal cycle: first we raised the temperature up to 100°C after the deposition of 

the large organic cations, kept it constant for 6 minutes, decreased down to 50°C and kept for 

160 minutes (see top chart in Figure 3.2.2b, c).  
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Figure 3.2.2 (a) Cartoon drawing illustrating the deposition of 2D perovskite on top of 3D 

perovskite and the schematic drawing of in situ GIWAXS measurement, (b), (c) In situ GIWAXS 

diffraction maps as a function of time and temperature for 2-TMAI and PEAI modified 

perovskite (pvsk) films, respectively. (d), (e) Respective intensity of the main peaks as a function 

of time. (f), (g) Respective X-ray diffraction patterns at different times. 

Upon the spin coating of the 2D cation on top of the 3D, just after dropping the solution 

and in the beginning of the thermal annealing (Figure 3.2.2f, 0 minutes), we clearly observed 

the immediate appearance of new peaks at low q values of 4.4 nm-1 and 3.1 nm-1 for 2-TMAI. 

These features correspond to first order peaks of 2D perovskite layers.223 They refer to a different 

structure of the 2D perovskite forming isolated single (n= 1) inorganic layers spaced by the large 

cation, giving the diffraction at 4.4 nm-1, and to a mixed phase (commonly known in literature 

as quasi-2D or mixed 2D) where more than one inorganic layers (in this case is well defined with 

n= 2) are held together and intercalated by the large cation, giving the diffraction at 3.1 nm-1, 

respectively. For the PEAI 2D based interface, a single n= 1 2D phase is formed, leading to the 

formation of pure PEA2PbI4 2D layer, confirmed by first order peak at q = 3.6 nm-1.   
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In both cases, with thermal aging, the intensity of the n= 1 peak decreases (Figure 3.2.2d, 

e) and vanishes in the time window investigated for 160 minutes (Figure 3.2.2, g). This reveals a 

dynamical change of the 2D perovskite layer structure under thermal stress which loses its n=1 

crystalline phase. In the case of 2-TMAI 2D/3D, also the intensity of the n= 2 peak decreases 

(Figure 3.2.2d, f), however, in this case, a new peak emerges in concomitance to the reduction 

of 2D peaks. This happens after 20 minutes, manifested as a new broader peak at q value of 5.0 

nm-1 (Figure 3.2.2b, green curve), which keeps increasing during the thermal aging at 50°C and 

reaches a plateau.  This peak it is not related to a 2D phase, as for the comparison of the pure 

n=1 and n=2 2-TMAI-based 2D perovskites (see Figure A.2.1, Appendix A). Moreover, it is neither 

related to any quasi-2D perovskite with n > 2 structure, suggesting that a mixed intermediate 

structure is formed at the interface. The more detailed procedure to calculate the peaks and 

their calculated values with n > 2 can be found in the Appendix A and in the Table A.2.4, 

respectively.  

On the other hand, in the case of PEAI 2D/3D no further evolution is observed upon 

thermal aging. Figure 3.2.2 also reports the diffraction signal related to the 3D perovskite 

structure. It is remarkable to notice that the mutation only alters the 2D superficial layer, while 

the 3D perovskite underneath remains unaltered and stable (Figure 3.2.2d,e). Repeating the 

same measurements for the bulk 3D perovskite, the behavior is strikingly different: in this case, 

see Figure A.2.2 (Appendix A), the 3D peak reduces by 15% in magnitude, revealing a clear 

material degradation upon heating, in agreement with common knowledge. On the contrary, 

when the 2D overlayer is present (Figure 3.2.2d, e), 2-TMAI and PEAI, no reduction was 

observed. This provides compelling evidence of the fundamental role of the 2D perovskite in 

enhancing the robustness of the 2D/3D system, with a special action on improving the thermal 

stability of the 3D perovskite underneath.  

 

3.2.4 Photophysical evolution under thermal stress 

To confirm and better elucidate the structural changes in the 2D layer, we monitor the 

PL spectral evolution, as a sensitive probe of the material band gap and variation thereof, 

indicative of any possible structural change (i.e., n variation), following a similar thermal cycle, 

as shown in Figure 3.2.3. 
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Figure 3.2.3 PL spectra of (a) 2-TMAI 2D/3D and (b) PEAI 2D/3D perovskite thin films upon 

thermal aging at 50°C and excitation at 450 nm from the front (in other words, from the 2D 

side). 

As the PL spectra were recorded from the front side (2D perovskite side) of 2D/3D film, 

they mainly show the emission from the 2D perovskite top layers. The PL measurements were 

carried out after thermal annealing at 100° C and without heating at 50°C (time 0 for PL 

characterization). At time 0, the 2-TMAI 2D/3D film PL spectrum shows two emission bands 

centered at 519 nm and 567 nm, while the PEAI 2D/3D film shows only one band at 510 nm and 

a small shoulder at 555 nm. According to literature, these bands correspond to the emission 

from n=1 and n=2 phases of 2D perovskites, respectively,223, 258 in excellent agreement with the 

GIWAXS results. From the normalized PL spectra reported in Figure 3.2.3 it is also evident that 

for the 2-TMAI 2D based interface a broader emission in the 700-800 nm spectral range 

gradually appears during the annealing process. This suggests the formation of a mixed 

disordered phase,259, 260 in agreement with the GIWAXS data. On the other hand, for PEAI 

2D/3D, the variation of the shape of PL spectra is less dominant, while the absolute intensity 

(reported in Figure A.2.3a, Appendix A) of the n=1 PL peak abruptly diminishes, in agreement 

with the GIWAXS data. This suggests that PEAI-based 2D is structurally more robust and less 

prone to form a quasi-2D (n>1) phase under this condition.52, 261 Similar behavior of the intensity 
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is observed for the 2-TMAI 2D based interface, showing a decrease of the n=1 PL peak and a 

concomitant increase of the broader emission at longer wavelength side (Figure A.2.3b, 

Appendix A). These measurements prove a dynamical variation of the 2D-surface perovskite 

bandgap. To gain a deeper understanding on the mechanism behind such dynamical 

structural/band gap evolution, we also measured the PL spectra of the 2D/3D perovskite films 

upon aging the film for a long-time window of seven weeks without any heating. The films were 

stored in a dark and dry environment (RH <20%) at room temperature and the PL spectra 

periodically recorded over time. Interestingly, we observe an analogous modulation of the 

emission features for both 2-TMAI 2D/3D and PEAI 2D/3D over slow dark aging as shown in 

Figure A.2.4 (Appendix A). This phenomenon indicates that a similar transformative process 

happens even at room temperature, over several-weeks time window, while being accelerated 

under thermal stress. We can rationalize our results considering an intrinsic dynamical 

evolution of the 2D/3D perovskite interface upon aging which manifest as: i) de-structuration 

of the 2D perovskite overlayer; ii) formation of an additional mixed phase at the interface; all 

combined with iii) improved resilience to degradation of the 3D perovskite bulk underneath 

independently from the 2D cation used.  

Finally, it is worth pointing the attention to the fact that device performances with the 

2D overlayer do not dramatically reduce upon heating, despite the interface structural 

rearrangement. This is due to the role of the 2D perovskite which preserves the 3D bulk nature 

and function. To better analyze the interfacial processes, we implemented time-resolved PL 

(TrPL), with the idea to monitor the charge carrier dynamics in the 3D bulk upon the thermal 

cycle. The thermal aging for TrPL measurement was performed under the same condition as in 

steady state PL measurement. Results are reported in Figure 3.2.4 for the 2D/3D interface (blue 

and red) compared with the controller samples without the 2D layer. It is worth noticing that, 

upon thermal aging, the PL signal of the bare 3D film shows an enhancement of the lifetime 

with a marked long living tail. This happens at time 0, but is even more evident after 15 minutes 

of annealing, and it continues to increase up to 360 minutes of thermal aging (Figure A.2.5, 

Appendix A). This stem true also for the 2D/3D interface, where the increase in the lifetime is 

even more evident. We can attribute the longer living signal to a beneficial effect of the 

restructuring of the interface, leading to surface passivation effect and retarded surface charge 

carrier recombination.239, 259  
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Figure 3.2.4 TrPL decays (λexc = 440 nm; F = 9.7 nJ cm-2; λPL at the maximum of the 3D at 780 nm 

emission at 50°C in the samples) of the 2D/3D modified perovskites: 3D control (black); 2-TMAI 

(red); and PEAI (blue). The fits of the decays are also shown. 

 

3.2.5 Conclusion 

In conclusion, the in situ structural and optical analysis on 2D/3D perovskites interfaces 

and devices give a compelling proof of an intrinsic dynamical structural variation of the 2D 

perovskite layer after thermal stress which i) protects the 3D perovskite from degradation 

regardless of the 2D perovskite phases evolution upon heating; ii) does not perturb the 

dynamical processes at the interface and iii) is beneficial to keep the device performances 

unaltered under thermal stress. Our results have highlighted the key role of the 2D surface 

functionalization in retarding perovskite degradation upon thermal stress, providing a clear 

direction on how to gain on perovskite device longevity. 

 

3.3 Conclusion 

In this chapter, we have investigated in depth the role of the 2D perovskite on top of 3D 

perovskite in improving PSCs stability. In general, the 2D perovskite protects the 3D bulk 

perovskite underneath, leading to a stable device performance upon exposure to ambient 

atmosphere, continuous light illumination, and heat. This study reveals that the degradation 

mechanism of the 2D perovskite is highly dependent on the large organic cation used. When 

the 2D perovskite structure is not robust enough, the 2D phase will transform to the quasi-2D 

phase with a larger n number upon the aging in the dark. Interestingly, when the 2D perovskite 

is structurally robust, there is no phase transformation observed, leading a significant 

improvement in the long-term device stability. In addition, we discover that the 2D/3D interface 
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with the quasi-2D perovskite (i.e., n= 2) exhibits a higher photovoltaic performance than the 

one incorporating a pure 2D perovskite phase (n= 1). Nonetheless, the quasi-2D perovskite is 

prone to the phase transformation over the aging period. Thus, finding a large organic cation 

which could form a structurally stable quasi-2D perovskite is important for attaining both 

efficient and stable PSCs. 

Further, the dynamic structural evolution of the 2D/3D perovskite interface have been 

also observed upon the thermal aging. However, the 2D perovskite layer effectively prevents the 

thermal degradation of the 3D perovskite regardless the structural transformation observed. 

Despite the dynamical structural variation of the 2D/3D perovskite interface, the charge 

dynamics are not significantly affected after heating. As a result, the incorporation of 2D/3D 

perovskite also improves the durability of the device upon the heat exposure. These findings 

provide a critical understanding on how the engineering of 2D/3D perovskite interface could 

increases the PSCs lifetime. 
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Chapter 4: 2D/3D Perovskite Engineering 
Eliminates Interfacial Recombination Losses in 
Hybrid Perovskite Solar Cells 
 

 

Interface engineering and design is paramount in the optimization of multilayer device 

stack. This stems true for multi-dimensional (2D/3D) perovskite solar cells, where high 

efficiency can be combined with promising device durability. However, the ultimate complex 

function of 2D/3D device interface remains vague. Here, we provide the exact knowledge on the 

interface energetics and we demonstrate that the 2D/3D perovskite interface forms a p-n 

junction able of reducing the electron density at the hole transport layer interface and 

ultimately suppressing interfacial recombination. As a consequence, we demonstrate 

photovoltaic devices with enhanced fill factor (FF) and open-circuit voltage (VOC) of 1.19V which 

approaches the potential internal Quasi-Fermi Level Splitting (QFLS) voltage of the perovskite 

absorber, nullifying the interfacial losses. We thus identify the essential parameters and 

energetic alignment scenario required for 2D/3D perovskite systems in order to surpass the 

current limitations of hybrid perovskite solar cell performances. 

 

 

 

 

 

 

 

 

 

 

This chapter is based on the published work in Chem, 2021, 7, 1903-1916, DOI: 
10.1016/j.chempr.2021.04.002.262 In this work I conceptualized the idea, designed the experiments, 
and performed the fabrication as well as the characterizations of perovskite thin films and solar 
cells. Dr. N. Drigo synthesized the thiophene-based cations. V.I.E. Queloz carried out the steady 
state PL measurements. The PLQY experiment, QFLS calculation, and drift diffusion simulation 
were performed in collaboration with Dr. P. Caprioglio and Dr. M. Stolterfoht from University of 
Postdam, Germany. The UPS depth profiling measurements were carried out in collaboration with 
Y.J. Hofstetter and Prof. Y. Vaynzof from Technical University of Dresden, Germany. 
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4.1 Introduction 

Understanding and exploiting interfacial physics is the key in perovskite solar cell 

engineering and optimization.263, 264 That is especially true when interface losses play a 

dominant role and complex interface functionalization is essential to minimize them. In the 

field of hybrid perovskite engineering, much attention has been lately focused on multi-

dimensional perovskite interfaces consisting of a wider band gap layered (namely, two 

dimensional-2D) perovskite deposited between the bulk 3D perovskite and the hole 

transporting layer (HTL) in a standard mesoporous configuration.39, 42, 198, 199, 207, 223, 232 Such 

configuration is currently among the most effective strategies to enhance both the efficiency 

and stability of perovskite solar cells.39, 206, 208, 250, 265, 266  

It is generally considered that the 2D perovskite acts as both an efficient mean to 

passivate the surface traps (leading to reduced defect recombination) and an electron blocking 

layer due to its wider band gap.150, 209, 212, 239, 267, 268 However, despite these empirical observations, 

the energetic alignment at the interface and the relative function of the 2D/3D interface is only 

qualitatively depicted with only a partial understanding of these aspects. This lack of knowledge 

prevents the advancement of device efficiencies towards the theoretical Shockley-Queisser 

predictions beyond the common trial and error approach.269 More specifically, the exact role of 

the interface band structure and energetics and their effect on the processes and loss 

mechanisms remains largely unexplored, mainly due to the lack of direct experimental 

evidences.  

In this work we target the interface energetics of optimized 2D/3D perovskite systems 

by measuring the vertical energy level landscape by an innovative UPS depth profiling technique. 

The analysis reveals intriguing variations of the interfacial energetics which depend on the 

chemical nature of 2D overlayer. Specifically, we explore a series of thiophene based cations that 

form the 2D perovskite layer, which differ slightly in their chemical structure, and which when 

integrated in a 2D/3D based perovskite solar cell, deliver approximately 21% power conversion 

efficiency (PCE) and open-circuit voltage (VOC) approaching 1.2 V. The photovoltaic 

performance is intimately linked to 2D/3D interfacial band bending and a natural formation of 

a p-n junction in optimal devices.  

By calculating the quasi-Fermi level splitting (QFLS) from photoluminescence quantum 

yield (PLQY) for the neat material and the complete device, we identify that the optimal 

energetic alignment and reduced electron density at the interface serve as the reasons for such 

a significant reduction in the non-radiative interfacial recombination losses. This allows us to 

reach radiative efficiencies of 2% in completed devices which is far above average.264 Importantly, 
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the recombination mechanisms proposed is corroborated by drift-diffusion simulation. The 

optimized 2D/3D interface shows zero interfacial voltage losses, reaching the QFLS-potential of 

the neat perovskite absorber and thus nullifying the energy losses at the interfaces. As such, we 

rationalized the mechanisms and the effect of 2D/3D interfaces on the effective reduction of the 

interfacial energy losses, providing a clear path for pushing perovskite solar cells performances 

closer to their theoretical limits.264  

In particular, we elucidate the fundamental principles of how the creation of 2D/3D 

heterojunctions and the energy alignment at the hole-selective interface allow us to overcome 

the decisive interfacial recombination losses of minority carriers at the interface to spiro-

OMeTAD interface. This is achieved with a 2-thiophenemethylammonium bromide (2-TMABr) 

based 2D perovskite layer which forms an apparent p-n junction with the perovskite, thereby 

blocking the minority carriers from reaching the spiro-OMeTAD layer. Notably, in this system, 

the main voltage loss is only due to non-radiative recombination in the perovskite absorber 

layer, while interface recombination is essentially absent. This finding bares important 

implications for further perovskite design as several perovskites now achieve radiative 

efficiencies that are very close to the radiative limits.101, 176, 264, 270, 271 Hence, our approach to 

effectively suppress the interfacial recombination may hold the key to create near ideal 

perovskite cells in the near future if applied to perovskite layers with very high PLQYs. 

 

4.2 Thin-films and devices characteristics 

The 2D/3D interfaces investigated here are based on a novel set of bulky thiophene-

terminated cations, namely 2-thiophenemethylammonium iodide (2-TMAI),223, 242 2-

thiophenemethylammonium bromide (2-TMABr), and 2-thiophenemethylammonium chloride 

(2-TMACl) that serve as a building block for the formation of the 2D perovskite layer on top of 

3D bulk layer (Figure 4.1a). The 3D perovskite layer is based on a triple-cation composition 

[(FAPbI3)0.87(MAPbBr3)0.13]0.92(CsPbI3)0.08 with a bandgap of 1.610 eV. The chemical structures of 

the thiophene-methylammonium salts are shown in Figure 4.1b. The three different 2-

thiophenemethylammonium halides (2-TMAX, where X: Cl, Br, I) were prepared from the 

commercially available amines and the corresponding acids (see experimental methods). The 

salts were then diluted in isopropanol (IPA) and dynamically spin-coated on top of the triple-

cation based 3D perovskite film. 2D perovskites are selectively grown by controlling the excess 

PbI2 composition (PbI2:FAI = 1.05:1) in the 3D perovskite which reacts with the thiophene 

ammonium halide cations to form the 2D layer.198, 223, 242  
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Figure 4.1b shows also the X-ray diffraction (XRD) patterns of the 2D/3D films collected 

at a low diffraction angle. When the 2-TMAX is used to coat the 3D layer, intense reflexes at 4.3° 

and 8.6° appear at the XRD diffractograms, consistent with the key characteristic peaks of 2D 

perovskites (n=2).223, 242 In case of 2-TMAI, an additional reflection at 6.1° was observed which 

corresponds to the n=1 phase of 2D perovskite.223 The XRD pattern of 3D perovskite layer as the 

control are reported on Figure B.1 (Appendix B). Cross-sectional scanning electron microscopy 

(SEM) images shown in Figure 4.1c show that the 500 nm thick 3D perovskite layer is 

continuously coated by a 2D overlayer with a thickness of approximately 50-60 nm. The top 

surface images reveal that the formation of the 2D layers results in smoother surfaces, with less 

defined grain boundaries and crystals borders. This is particularly evident for the cases of 2-

TMAI and 2-TMABr, while for the case of 2-TMACl a distribution of distinct phases with larger 

and more elongated grains is visible. 

 

 
Figure 4.1 Structural and morphological characterization of 2D/3D perovskite films. (a) 

Schematic illustration of the 2D/3D perovskite interface. (b) Molecular structure (left) and X-

ray diffraction (XRD) pattern at 2° incident angle of the 2D/3D film employing 2-TMAI, 2-

TMABr, and 2-TMACl respectively (♢ and * denote 2D perovskite phase with n=1 and n=2, 

respectively). (c) Top view (left) and cross-section (right) micrographs of the 3D only device as 
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control and the 2D/3D perovskite solar cells (PSCs) employing 2-TMAI, 2-TMABr, and 2-TMACl. 

Insets show the magnified cross-section micrographs on the 2D/3D interface. 

The absorption spectra of the 2D/3D thin films are reported in Figure B.2 (Appendix B), 

while Figure B.3 (Appendix B) shows the PL spectra upon excitation from the front side of the 

film. Notably, in all cases, a clear peak at lower wavelength region is observed, confirming to 

the formation of a distinct 2D perovskite overlayer. 2-TMAI-based 2D/3D exhibits PL emission 

peak at 520 and 570 nm which corresponds to n=1 and n=2 phase of 2D perovskite, respectively. 

On the other hand, 2-TMABr and 2-TMACl-based 2D/3D only show an emission peak at low 

wavelength region (~545 nm) which is associated to n=2 phase. More in details, in agreement 

with what we recently reported,223 the 2-TMAI-based 2D/3D shows a slightly reduced band gap 

with respect to the 2-TMABr and 2-TMACl, as revealed by the photoluminescence peak 

emission shift (of around 0.1eV) in Figure B.3 (Appendix B). 

 

 
Figure 4.2 Photovoltaic performances of 2D/3D PSCs. (a) Schematic device structure of the 

2D/3D PSCs. (b) Statistics of the photovoltaics parameters of 3D PSCs as a control and 2D/3D 

PSCs based on 2-TMAI, 2-TMABr, 2-TMACl on over 70 devices. Note that the stars symbols in 

the VOC subpanel represent the VOC measured without using a mask. (c) J-V curves of the 

champion cells of 3D and 2D/3D PSCs employing 2-TMAI, 2-TMABr, and 2-TMACl.  (d) Stability 

test under continuous 1 sun illumination for 1000 h in inert gas (Ar) atmosphere without any 

encapsulation. The stability data of 2-TMAI 2D/3D and control device were collected from the 

same experimental batch from Chapter 3.1 for a fair comparison.  
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The photovoltaic (PV) response of the 2-TMAX based 2D/3D perovskite solar cells are 

shown in Figure 4.2 with the PV parameters for champion devices summarized in Table 4.1 

(Appendix B). The statistics of the photovoltaics parameters are compiled in Table B.1, while the 

hysteresis measurements are reported in Figure B.4 and Table B.2 (Appendix B). With respect 

to the control, a clear increase in the VOC is observed with the 2D perovskite layer, higher for 2-

TMABr and 2-TMACl. It is important to note that the device VOC reported here is 

underestimated due to the use of a small mask (0.16 cm2) on a large pixel (0.54 cm2). The 

reduction in VOC values due to the mask effect could be calculated by the equation ΔVOC = kT/q 

ln(Aaperture/Adevice) where kT/q is the thermal voltage, Aaperture is the mask aperture, and Adevice is 

the pixel area.272 Considering that the dark current of the pixel is not affected by the mask, this 

implies a ~3.4-fold overestimation of the dark saturation current (J0), which is equivalent to a 

voltage loss of 31 mV. By measuring without mask, the real maximum device voltage (shown by 

stars in Figure 4.1b) for the reference cell is 1.141 V, while for 2-TMAI, 2-TMABr and 2-TMACl, 

they are 1.153 V, 1.193V and 1.175V, respectively (see also Figure B.5, Appendix B), among the 

highest values reported so far for n-i-p devices with a mesoporous structure.  

 

Table 4.1 Photovoltaic parameters of the champion PSCs based on 3D perovskite and 2D/3D 

perovskite hybrids employing 2-TMAI, 2-TMABr and 2-TMACl tested under AM 1.5G 

illumination (100 mW cm-2). 

 VOC (V) JSC (mA cm-2) FF PCE (%) 
2-TMAI/3D 1.09 24.2 0.76 19.9 
2-TMABr/3D 1.15 23.2 0.78 20.8 
2-TMACl/3D 1.16 22.8 0.74 19.7 
Control 1.09 24.2 0.79 20.7 

 

Importantly, the 2-TMABr shows a remarkable increase in VOC, without compromising 

the fill factor (FF) which remains comparable to the control device, resulting in an overall 

increase in the device efficiency. On the other side, 2-TMACl shows a reduction of the FF. The 

highest PV performance is therefore achieved with 2-TMABr-based 2D devices delivering a 

power conversion efficiency (PCE) of 20.82%. We note that in this series of 2D perovskites, a 

slight decrease in the short-circuit current (JSC) is observed. The JSC values obtained from the J-

V measurements are in agreement with the calculated JSC from the external quantum efficiency 

(EQE) spectra (Figure B.6, Appendix B). This decrease might be related to the limitation in the 

charge transport induced by the presence of the bulky organic moieties. The long-term stability 

of the devices was monitored under continuous illumination of 1-sun intensity for 1000 hours in 
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an argon atmosphere and is shown in Figure 4.2d. While the performance of the standard 3D 

device is reduced to 65% of its initial PCE, the 2D-functionalized solar cells show a reduced loss 

in the PCE with the 2-TMABr/3D devices displaying the best stability retaining 75% of the initial 

PCE after 1000 hours. This confirms that the 2D surface functionalization has a crucial impact 

on the device lifetime with best performances reached with the 2-TMABr based 2D perovskite. 

2D/3D perovskite devices are demonstrated to be highly sensitive to the nature of the organic 

cation which impact on the device VOC and FF.  

 

4.3 Energetical landscape of the 2D/3D interfaces 

To elucidate the link between material properties and device performances, it is 

necessary to directly probe the energetic alignment of the 2D/3D interfaces. Traditional 

methodology based on UPS measurements is only capable of probing the top 1-2 nm of the 

surface and will not provide insights regarding the buried 2D/3D interface. Recently, we 

developed a method termed ultra-violet photoemission spectroscopy (UPS) depth profiling 

technique, which allows probing the energetic landscape at the bulk of materials and across 

buried interfaces.273 The principle of the technique is shown in Figure 4.3a and is based on the 

essentially damage-free etching enabled by Argon gas-cluster ion beams (1) in combination with 

UPS measurements (2) after each etching step. While this method has been previously applied 

solely to organic systems and organic/inorganic systems,274-276 this is the first example of its 

application for the study of perovskite materials. Using this method, we are able to accurately 

measure the progression of the vacuum level and valence band positions as a function of film 

depth as depicted in the illustration in Figure 4.3b, providing for the first time an in situ 

measurement of the interfacial energy levels alignment in a 2D/3D system (Figure 4.3c). The 

position of the conduction band is then estimated by adding the corresponding optical gap.  

The UPS measurements reveal that the ionization potential (IP) of the 2D and 3D 

perovskites are all very similar (in the range 6.2-6.6 eV). This is in agreement with previous 

studies on BA2PbI4 (IP=6.5 eV) and BA2PbBr4 (IP=5.8eV),277 the IP values of which were found 

to be in good agreement with those of the corresponding 3D perovskites.278, 279 The similarity of 

the IPs is also in agreement with the results of Zhang et al., that observe a change in IP of only 

0.1 eV between the 3D and the 2D perovskites they investigated.277 The matching IPs explain 

why 2D perovskites can serve as capping layers for 3D perovskites in the n-i-p architecture in 

which they can permit the extraction of holes, whilst blocking electrons due to their higher lying 

conduction band.  
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Figure 4.3 UPS depth measurement of 2D/3D perovskite interface. (a) Schematic representation 

of the UPS depth profiling technique which combines (1) etching by Ar ion clusters with (2) UPS 

measurements. (b) Illustration of the evolution of the UPS spectra as a function of depth. (c) 

The corresponding energy level diagram extracted from (b). (d-i) Measured UPS spectra and 

corresponding energetic level diagrams of 2-TMAI (d,g), 2-TMABr (e,h), and 2-TMACl (f,i) with 

the 3D perovskite layer. Note: dashed line in UPS spectra is a guide to the eye. 
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While the ionization potentials of the materials are similar, UPS depth profiling of the 

three sets of 2D/3D samples reveals significant differences in their interfacial energetic 

alignment. Examining the band structure, it is clear that exchanging the halide on the bulky 

cations has important consequences for the evolution of the valence band levels: i) 2-TMABr 

and 2-TMAI show a shift in valence band compared to the 3D perovskite, indicating an effective 

energy level alignment to promote hole extraction, while 2-TMACl exhibited an opposite trend, 

with a slight uphill energy barrier (over the entire 2D layer). This results in the first two cases 

in the formation of a p-n junction which promotes charge extraction. Notably, this is consistent 

with the low FF observed in the 2-TMACl 2D/3D devices. ii) All the 2D/3D interfaces exhibit 

excellent electron blocking properties, with the energetic barrier being enhanced from 0.55 eV 

for 2-TMAI to 0.63 eV and 0.68 eV for 2-TMABr and 2-TMACl, respectively. The improvement 

in electron blocking suggests a more efficient reduction of minority carriers at the HTL interface 

of the device, in good agreement with corresponding enhancement in the open-circuit voltage 

observed from the photovoltaic results.  

Notably, in all cases, the 3D perovskite is n-type, in agreement with the PbI2 excess used 

in this case (see reference measurement on a 3D film in Figure B.7, Appendix B).279 Surprisingly, 

while the 2D layer formed by the 2-TMACl cation follows a similar character to that of the 3D 

perovskite, 2-TMABr and 2-TMAI denote a clear transition toward a p-type material. Such a 

transition is responsible for the formation of a p-n junction at the interface offering the 

possibility to improve the charge extraction and reduce interface recombination. This is 

particularly evident for the 2-TMABr case as well as for the 2-TMAI case, while it is less 

manifested at the 2-TMACl based interface, possibly due to a less homogeneous 2D surface layer 

(see SEM top view in Figure 4.1c). As such, this proves that band bending happens at optimized 

2D/3D perovskite interface, contributing in improving the device performance, as reported for 

other PV technologies.280 Similar formation of a p-n junction also occurs for other cations such 

as 2-thiopheneethylammonium iodide (2-TEAI) and 3-thiophenemethylammonium iodide (3-

TMAI) (Figure B.8, Appendix B) which also show high photovoltaic performance as reported in 

Chapter 3.1.223  

These results are also supported by numerical drift-diffusion device simulations, based 

on a well-established model,153, 281-285 which compare the effect of the additional 2D layer and the 

different energetic alignment scenarios based on the experimental results obtained for the 

reference 3D sample, 2-TMABr and 2-TMACl (Figure B.9a-c, Appendix B). The effect of the 

enhanced electron blocking at the 2D/3D interface is evident when comparing the carrier 

densities in the proximity of the HTL interface (Figure B.9d-f, Appendix B, dashed red circle). 
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In the case of 2D/3D systems, the electron density at that interface is significantly reduced when 

compared to the reference 3D case. In excellent agreement with the experimental J-V results, 

when incorporating the 2-TMABr layer into the device structure, the simulated VOC increases 

from ~1.14V to ~1.19V (Figure B.9g, Appendix B). This increase can be attributed to the strong 

reduction of the electron density in the 2D in the proximity to the HTL which effectively limits 

the interfacial recombination losses (see Figure 4.3h).286 Overall, in case of the 2-TMABr cation, 

the band bending reduces the electron accumulation at the interface with the HTL, thereby 

reducing charge recombination while effectively driving holes to the HTM without inducing FF 

losses. Together these processes provide an effective mean to eliminate the severe non-radiative 

recombination loss at the HTM/perovskite interface.   

 

4.4 Photophysical characteristics 

To further corroborate these findings and to understand the physical processes 

governing these 2D/3D interfaces triggering the improvement in device VOC, we measured the 

PL spectra as shown in Figure B.10a-b and we calculated the photoluminescence quantum yield 

(PLQY, Figure B.10c, Appendix B). The PLQY values were then used to derive the quasi-Fermi 

level splitting (QFLS) in neat materials and complete solar cell devices as shown in Figure 4.4. 

This analysis allowed us to assess the relative contribution of bulk and interfacial recombination 

losses, but also the impact of the interfacial energy alignment.153, 264, 287 We note that the neat 

materials exhibit PLQYs over 1% (see Figure B.10a,c, Appendix B), which is quite typical for 

mixed perovskites. The results also highlight that the addition of a 2D layer improves the QFLS 

of the neat perovskite absorber (triangle in Figure 4.4a) indicating a trap passivating behavior 

and/or a reduction of minority charges at the defect-dense perovskite surface in the presence 

of the 2D layer.264 More importantly, however, the PLQY of the 2-TMABr device approaches 2% 

which is far above average (see Figure B.10b,c, Appendix B).283 The deviation from the Shockley-

Queisser radiative limit VOC is due to mainly two factors. The first one is the non-radiative 

recombination in the perovskite absorber. As observed from the PLQY of the neat materials, the 

QFLS is already limited to roughly 1.25 eV, indicating a certain degree of recombination limiting 

the potential VOC. The second limiting factor is interface recombination between the perovskite 

and the transport layers. Usually, the latter is strongly limiting the VOC of Pb-based perovskite 

cells. Notably, in our 2D/3D system, since the QFLS of the neat materials matches with good 

degree to the VOC of the complete device, the main voltage loss is only due to non-radiative 

recombination in the perovskite absorber layer, while interface recombination is essentially 

absent. 
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Figure 4.4 Calculated QFLS and calculated energy losses due to non-radiative recombination. 

(a) QFLS calculated from the PLQY for the neat material and the full device for the different 

samples investigated in the study. Moreover, the Shockley-Queisser radiative limit and the 

experimental VOC are plotted for each sample. (b) Different type of energy losses calculated from 

(a) in order to compare the contribution of the different recombination processes for each 

system. 

Figure 4.4 further shows that the trend in the non-radiative recombination losses in the 

devices as determined from the PLQY (squares in Figure 4.4a) follows the trend observed in the 

J-V measurements. Interestingly, when the QFLS of the device is compared to the QFLS of the 

neat material, we found that all devices that employ the 2D layer display smaller energy losses 

due to less interfacial recombination losses compared to the reference cell. This confirms a key 

conclusion from the UPS measurements and the numerical simulations, which is that the 2D 

layer effectively reduces the density of minority carriers at the HTL interface. Importantly, the 

device based on 2-TMABr as cation exhibits an equal QFLS in the neat material and in the 

complete device, which is also approximately equal to the device VOC (stars in Figure 4.4a). This 

highlights the presence of a lossless perovskite/HTL interface and that the 2-TMABr 2D/3D 

layer enables to reach the QFLS-potential of the neat perovskite layer.264 These results are in 

accordance to the UPS depth profiling and simulations data. However, in the case of the 

reference device and to a lesser extend in the devices with the other 2D layers, the internal QFLS 

is considerably higher than the external VOC. As recently discussed, this effect can be explained 

by an internal bending of the hole quasi Fermi level, which impacts primarily the device VOC 

rather QFLS in the perovskite layer and suggesting an energy misalignment between the 

perovskite and the transport layer which represents an additional interfacial recombination loss 

that is not captured by measuring the PL emission from the cell.153, 283 Considering that the 

internal QFLS is significantly higher than the external VOC in the reference device an energy 

misalignment between the perovskite and the spiro-OMeTAD is suggested. Hence, the 
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application of 2D layers might further reduce the detrimental effect of an energetic 

misalignment between the perovskite and the spiro-OMeTAD layer as it effectively blocks the 

minority carriers from reaching the spiro-OMeTAD layer. In fact, we found that 2-TMABr and 

the formation of the p-n junction, is most effective at suppressing all interfacial recombination 

losses where the VOC is only limited by the radiative efficiency of the neat material.  

 

4.5 Conclusion 

We demonstrate, by combining a comprehensive analysis on device performances, 

device and interface QFLS and interface energetics, that even subtle changes in the composition 

of the 2D perovskite can lead to differences of the energetic alignment at the 2D/3D interface, 

with a direct impact on charge density distribution, interfacial recombination and ultimately 

device performance. Our work provides the first demonstration of an optimized 2-TMABr based 

2D/3D perovskite solar cells with zero interfacial voltage losses, reaching the QFLS-potential of 

the neat perovskite absorber and thus nullifying the energy losses at the interfaces. UPS depth 

profiling is demonstrated to be a valuable method allowing the direct probe of the interfacial 

alignment and band bending. Overall, this knowledge is essential to drive interfacial chemistry 

and functionalization to guide a smart device optimization. Combining chemical manipulation 

of the 2D perovskite and deep understanding of the 2D/3D interface energetics and 

recombination processes, our results provide clear evidence that 2D/3D interface engineering 

with optimal energetics allows to nullify the non-radiative interfacial recombination of electron 

and holes, demonstrating a breakthrough in the path to further enhance perovskite solar cell 

performance.  
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Chapter 5: Lewis Base Surface Passivation Using a 
Phosphine Oxide Derivative 
 

 

Interfacial engineering of perovskites using a Lewis base molecule has become a viable 

strategy for reducing the density of surface defects. As discussed in the Section 2.2.3 of Chapter 

2, the lone pair of electrons present in the Lewis base could form a coordinate bond with the 

defect sites, such as under undercoordinated Pb2+ which results in the defect passivation. In this 

chapter, we designed a new Lewis base containing phosphine oxide group, namely tris(5-

((tetrahydro-2H-pyran-2-yl)oxy)pentyl)phosphine oxide (THPPO), and introduced it in the 

perovskite solar cells (PSCs). The PL, XPS, NMR, and GIWAXS experiments reveal that the P=O 

terminal group of THPPO effectively targets the undercoordinated Pb2+ sites at the perovskite 

surface. Further, the UPS analyses suggest that energetical alignment of the passivated 

perovskite layer is favorable for the hole extraction. Consequently, improvement 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. 
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transient PL measurements. Dr. M. Mensi contributed to the XPS measurements and analysis. 
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5.1 Introduction 

Perovskite solar cells (PSCs) have rapidly advanced and recently achieved over 25% 

power conversion efficiency (PCE) since the first report with a PCE of 3.8% in 2009.10, 289 

Nevertheless, defects have been the center of attention in the device engineering as their 

presence in PSCs detrimentally influence the photophysical and photoelectrical properties of 

films and devices. Defects can induce the formation of trap states in the perovskite and at the 

interface with the adjacent layer, which can cause undesirable nonradiative recombination.41, 162, 

285, 290-294 For instance, undercoordinated Pb2+ sites negatively affect charge carrier dynamics 

leading to the loss of charge carriers, thereby degrading photovoltaic performance.295-297 

Therefore, it is necessary to design and develop defect passivation strategies to improve device 

performance. 

To date, various defect passivation strategies in PSCs have been reported by using 

inorganic,298-300 organic molecules,301-304 and polymers,295, 305, 306 also through additive 

engineering,307, 308 grain-boundary engineering,309 and multidimensional engineering,42, 208, 223, 310 

which can result in reduced nonradiative charge recombination, efficient charge collection, and 

thereby improving device performance.42, 208, 223, 295, 298-310 Lewis base molecules have been 

demonstrated as efficient passivating agents by targeting the undercoordinated Pb2+, resulting 

in the improvement of carrier dynamics and device performance.171, 176, 177, 179, 181, 311, 312 Among the 

Lewis bases, molecules including phosphine oxide such as tri-n-octylphosphine oxide 

(TOPO),176, 313-316 triphenylphosphineoxide (TPPO),177 and tetraisopropyl methylenediphos-

phonate (TMPP) 177 have been regarded as promising passivation agents due to their electron-

donating ability.  

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 passivates 

the perovskite surface by forming a chemical bond with the undercoordinated Pb2+. The 

perovskite film treated with THPPO showed reduced nonradiative carrier recombination and 

improved photovoltaics performance when it was applied in the device. We incorporated 

THPPO in two different 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 of simplified 

and cost-effective PSCs. The introduction of THPPO led to an improvement in the PCE from 

19.87% to 20.70% of the n-i-p devices and 5.84% to 13.31% of the HTL-free devices. 
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Figure 5.1 (a) Molecular structure of THPPO and (b) device structure of n-i-p PSCs employing 

fluorine-doped tin oxide (FTO), compact TiO2 (c-TiO2), mesoporous TiO2 (mp-TiO2), SnO2, 

perovskite, THPPO as a passivation layer, HTL, and gold electrode. 

 

5.2 Molecular Design and Synthesis 

In the molecular design of THPPO, the phosphine oxide group that provides a Lewis 

base was chosen as an active passivation agent for the perovskites. It was functionalized with a 

five-carbon alkyl substituent chain to make it soluble in common organic solvents. The 

tetrahydropyranyl ether unit was combined with the ether group as effective anchors at the 

interface between perovskite and HTL.317 The general synthetic scheme and the detailed 

synthetic procedure of THPPO are presented in Scheme C.1 and Appendix C. The synthesis of 

THPPO began with a carboxylic acid reduction reaction of commercially available 5-

bromopentanoic acid by borane-tetrahydrofuran complex to the corresponding primary 

alcohol.318 The obtained 5-bromopentan-1-ol was then attached to tetrahydropyran (THP) group 

in the presence of p-toluenesulfonic acid in dichloromethane to attain tetrahydropyranyl ether 

functional group.319 As a last step, 2-((5-bromopentyl)oxy)tetrahydro-2H-pyran with 

magnesium formed a Grignard reagent, which reacted with phosphorous trichloride to furnish 

an alkyl-phosphine intermediate product. Then, the intermediate product was oxidized with 

hydrogen peroxide in dichloromethane with high yield to obtain the novel passivation molecule 

THPPO.320, 321 Purification of the final compound was performed by column chromatography 

without the need for high-pressure vacuum distillation. The synthesized product chemical 

structure was verified by 1H, 13C, and 31P nuclear magnetic resonance (NMR) spectroscopy and 

mass spectroscopy (Figure C.1 and Figure C.2, Appendix C). THPPO is soluble in common 

organic solvents such as tetrahydrofuran (THF), chloroform, toluene, and chlorobenzene, 

typically used for the deposition of a passivation layer in the PSCs. 
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5.3 Thin-films Characteristics 

We deposited the 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 5.2a 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. The emission spectra of all of 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. The absorption spectra of the films did not show 

any new absorption peak and a noticeable shift of the band edge at 780 nm (Figure C.3, 

Appendix C). The improvement of the 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 the PL emission peak 

and the absorption onset implies that the deposition of THPPO did not degrade or modify the 

crystal structure of the underlying perovskite. To gain a better understanding of the carrier 

dynamics of the films, we performed time-resolved PL (TrPL) measurements of the films upon 

excitation at 480 nm (Figure 5.2b). The TrPL decay curves were fitted to a biexponential decay 

function (Table C.1, Appendix C). All the THPPO-treated 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 the perovskites by passivation. 

X-ray diffraction (XRD) of the perovskite films showed the typical pattern of the triple-

cation and mixed-halide perovskites.38 The deposition of THPPO did not cause an additional 

formation of a new pattern indicating that it did not alter the crystalline structure of the 

perovskites (Figure 5.2c). As we used an excessive amount of PbI2 in the perovskite, the pristine 

film accordingly showed a noticeable 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 formation of the PbI2·THPPO adduct (Figure 5.2c).322 323  
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Figure 5.2 (a) Steady-state PL spectra (λexc= 550 nm), (b) time-resolved PL spectra (λexc= 480 

nm), and (c) XRD patterns of control perovskite film and passivated films with various 

concentrations 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). The pristine 

film showed sparsely distributed bright grains, which can be attributed to the residual PbI2. 

Upon the deposition of 0.005 M THPPO, the density of the bright grains decreased, and the 

color became darker as PbI2 was transformed into the PbI2·THPPO adduct, which is consistent 

with the result of XRD.322 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. The 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 low thickness (Figure C.4, 

Appendix C). 
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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 dimethyl sulfoxide (DMSO)-d6. 

The presence of THPPO on the perovskite surface was characterized by X-ray 

photoelectron spectroscopy (XPS). The C 1s spectrum of the control film exhibited two main 

peaks at 285.5 and 288.4 eV, which can be attributed to the C-C bond and the C=O bond, 

respectively (Figure 5.3b).41 The increase in the 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 the C=O 

bond at 288.4 eV may have originated from the contamination of the perovskite upon exposure 

to the ambient air during the sample transfer for the measurement.324 The peak at 532.3 eV of 

the control film in the O 1s spectra, can be also attributed to the O=C bond formed by the surface 

oxidation (Figure 5.3c).325, 326 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 with the increase in the concentration of THPPO.327 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).328, 

329 

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, respectively, can be attributed to lead halide bonds, while Pb 4f7/2 and Pb 
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4f5/2 peaks at 136.9 and 141.8 eV, respectively, can be attributed to Pb0. It is worth noting that the 

Pb0 peak can arise out of the undercoordinated Pb2+, which can act as a nonradiative 

recombination center, leading to the degradation of the device performance.330, 331 Upon the 

deposition of THPPO, the apparent decrease in the intensity of Pb0 was observed and confirmed 

by the quantitative analysis of Pb0 (Table C.2, Appendix C). The reduction in the Pb0 ratio can 

be explained by the coordination between the undercoordinated Pb2+ and the lone pair of 

electrons from the Lewis base of THPPO, which resulted in defect passivation. 171, 332, 333 

To further elucidate the interaction between THPPO and the undercoordinated Pb2+ on 

the perovskite surface, we performed 31P NMR spectroscopy (Figure 5.3f). The measurement was 

carried out using 0.01 mmol THPPO dissolved in 0.5 mL of DMSO-d6 followed by the addition 

of 0.01 mmol PbI2. As the dissociation of PbI2 in the solution can yield the undercoordinated 

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 

electron density of the phosphorous nucleus decreases as the P=O functional group as a Lewis 

base donates electrons to Pb2+, triggering the passivation effect.176, 177, 311 

To investigate the molecular stacking state of THPPO, we carried out grazing-incident 

wide-angle X-ray scattering (GIWAXS) analysis. The control film had a Debye-Scherrer ring at 

qz = 1.0 Å-1 which can be attributed to the (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, which 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 Figure C.5, Appendix C). 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 into the molecular stacking state of THPPO (Figure 5.4d). The intensity of the 

peak became prominently high at the low incident angle range below 20° indicating a vertically 

well-aligned THPPO, so-called ‘edge-on’ stacking. Therefore, the P=O group can effectively 

interact with the undercoordinated Pb2+ of the perovskite octahedral that can lead to the 

formation of the Lewis adduct, which agrees well with the result of the 31P NMR analysis. 
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Figure 5.4 GIWAXS patterns of (a) control perovskite film and (b) THPPO-treated perovskite 

film. (c) Azimuthally integrated intensity profile obtained from GIWAXS patterns. (d) Angular 

dependence of the peak intensity at 0.40 Å-1. (e) Cartoon illustration of the proposed passivation 

mechanism. The concentration of THPPO is 0.030 M. 

We performed ultraviolet photoelectron spectroscopy (UPS) to examine the energy-

level alignment of perovskites upon the surface modification using THPPO (Figure 5.5 and 

Figure C.6, Appendix C). The control film exhibited a valence band (VB) energy of 5.70 eV 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. The positive 

shift in the VB edge by the THPPO treatment resulted in a favorable energetic alignment 
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between perovskite and spiro-OMeTAD or gold electrode, which can facilitate hole transfer 

between the layers.  

 
Figure 5.5 Energy-level diagram showing the valence band (VB), work function, and conduction 

band (CB) of the control and THPPO-passivated perovskite films. 

 

5.4 Devices 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 to 0.030 M were applied to find an optimal 

condition of THPPO treatment in PSCs. All of the THPPO-passivated devices showed improved 

photovoltaic performance compared to the control device (Figure 5.6a and Table C.3, Appendix 

C). 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 the external quantum 

efficiency (EQE) of the device (Figure C.7, Appendix C). We statistically confirmed that the 

improvement of PCE by the THPPO treatment mainly resulted from the enhancement in VOC 

(Figure 5.6b and Table C.4, Appendix C). 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 (Figure 5.6c). The improvement in VOC can be ascribed to the 

reduced nonradiative recombination owing to the defect passivation effect of THPPO that we 

confirmed by the PL analyses.292 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 favorable energetic band alignment between THPPO and Au 
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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.315 It can 

hinder the efficient charge transfer by increasing the series resistance at the interface (Figure 

C.8 and Table C.4, Appendix C). We also fabricated the device to compare THPPO and 

trioctylphosphine oxide (TOPO), one of the most widely used phosphine oxide based 

passivation agent.176, 313, 314 The device employing 0.010 M TOPO resulted in a lower photovoltaic 

performance with a PCE of 9.36% compared to that of the device using 0.010 M THPPO (Figure 

C.9, Appendix C). 

Using the optimized THPPO treatment of 0.010 M, we developed PSCs including spiro-

OMeTAD as an HTL (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, which also used 

chlorobenzene as a solvent (Figure C.10, Appendix C). 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 5.6d and Table C.5, Appendix C). We measured the EQE spectrum of the device with 

passivation (Figure C.11, Appendix C). Also, we evaluated the 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 (Figure C.12, Appendix C), respectively, resulting in a hysteresis index (HI) of 0.11 defined 

as [(PCEreverse−PCEforward)/PCEreverse]. Meanwhile, the THPPO-passivated device showed more 

stable J-V hysteresis behavior having HI of 0.06 resulted from the PCEs of 20.67 % and 19.43 % 

under reverse and forward bias scans, respectively (Figure C.12 Appendix C). The improvement 

of the J-V characteristics can be attributed to the passivation effect and the favorable band 

alignment for charge extraction.  
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Figure 5.6 Photovoltaic characteristics of control and THPPO-passivated perovskite solar cells. 

(a) Current density-voltage (J-V) curves, statistics of (b) PCE and (c) VOC of 96 HTL-free devices. 

(d) J-V curves of n-i-p devices using spiro-OMeTAD as an HTL.  

Lastly, we performed the stability measurement of the HTL-free devices by storing the 

devices under dark with the relative humidity kept below 10 % (Figure C.13, Appendix C). A 

significant improvement in the stability was observed for the THPPO-passivated device that 

retained 96 % of its maximum efficiency after 360 h 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 temperature (Td) of 251 °C 

obtained from the thermogravimetric analysis (Figure C.14, Appendix C).  

 

5.5 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 the PL characteristics of the perovskite films by introducing 

THPPO. It was attributed to the defect passivation effect of THPPO, which reduced the 

undesirable nonradiative recombination at the interface. Various analyses such as XPS, XRD, 
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and 13P NMR spectroscopy verified the defect passivation effect in which a chemical interaction 

occurs between undercoordinated Pb2+ and P=O functional group of THPPO. It can lead to the 

formation of the Lewis adduct based on the well-aligned THPPO on top of the perovskite layer. 

Consequently, the PCE of the 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 

provides insights into an important approach to design a new passivating molecule that can 

improve the performance of the PSCs but also sheds light on the understanding of defect 

passivation mechanism. 
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Chapter 6: Engineering of Hole-transporting 
Materials for Low-cost and Stable Solar Cells 
 

 

Engineering of hole-transporting materials (HTMs) is one of the keys in achieving stable 

and low-cost perovskite solar cells (PSCs). Despite the high efficiency generated using 2,2,7,7-

tetrakis(N,N-di-p-methoxyphenylamine)-9,9-spirobifluorene (spiro-OMeTAD), the so-called 

state-of-art HTM is mainly disadvantaged by its low stability and high synthetic cost. Thus, we 

designed new HTMs based on the carbazole and thiophene molecules as the building blocks for 

the stable and low-cost HTMs. In the first part of this chapter, two isomeric carbazole molecules 

functionalized with four triphenylamine (TPA) groups at different position have been 

investigated as HTMs in PSCs. The impact of triarylamine substitution on the isomeric 

structural linkage of carbazole on the optical, thermal, electrochemical, and photovoltaic 

properties has been extensively studied by combining experimental and simulation methods. 

The results have revealed that the carbazole-based HTM with TPA substitution at 1,3,6,8 

positions (Car[1,3]) yields a better photovoltaic performance of 19.23% and long-term stability 

(by retaining >80% of its initial efficiency after 1000 h light exposure) compared to the one with 

TPA substitution at 2,3,6,7 positions (Car[2,3]). The planar molecular structure of Car[1,3] 

allows a dense packing of the molecules, leading to the improved hole-transporting capability. 

Thanks to the rigid structure of carbazole core, these carbazole-based HTMs demonstrate high 

thermal decomposition temperatures (> 420 °C) which could enhance the devices’ long-term 

stability. 

In the second part of this chapter, we have applied TPA-substituted thiophene-based 

HTMs with varying number of thiophene in the center as HTMs in PSCs: bithiophene (BT-4D), 

terthiophene (TT-4D) and quarterthiophene (QT-4D). The optoelectronic, electrochemical, 

and thermal properties of the compounds have been investigated systematically. The n-i-p 

configured perovskite solar cells (PSCs) fabricated with BT-4D as HTM shows the maximum 

power conversion efficiency (PCE) of 19.34% due to its better hole-extracting properties and 

film formation compared to TT-4D and QT-4D, which exhibit PCE of 17% and 16%, respectively. 

Importantly, PSC employing BT-4D demonstrates exceptional stability by retaining 98% of its 

initial PCE after 1186 h of continuous one sun illumination. The remarkable long-term stability 

and facile synthetic procedure of BT-4D shows a great promise for efficient, stable, and low-cost 

HTMs for PSCs for commercial applications.  
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6.1 Isomeric carbazole-based hole-transporting materials: Role of linkage 

position on the photovoltaic performance of perovskite solar cells 

This section is based on the published work in Chem. Mater., 2021, 33, 9, 3286–3296, DOI: 
10.1021/acs.chemmater.1c00335.334 In this work I contributed equally with Dr. V. Joseph (National 
Central University, Taiwan) where we conceptualized the idea and designed the experiments. 
Specifically, I performed the fabrication as well as the characterizations of perovskite thin films 
and solar cells. Dr. V. Joseph synthesized the carbazole-based HTMs. We collaborated with Dr. 
O.A. Syzgantseva and M. Syzgantseva (Lomonosov Moscow State University, Russia) to perform 
the theoretical computation. The xerographic time-of-flight (XTOF) measurement were carried 
out in collaboration with Dr. V. Jankauskas (Vilnius University, Lithuania) and Dr. K. Rakstys 
(Kaunas University of Technology, Lithuania). 
 
6.1.1 Introduction 

In a typical n-i-p configured PSC, a hole transporting material (HTM) is sandwiched 

between the perovskite light absorber and the metallic electrode. The essential role of HTMs is 

to extract and promote positive charge (hole) transport from the photoactive perovskite layer 

to the metal electrode. They prevent the electron-hole recombination process at the interface 

and block the passage of electrons to the metal anode by suitably aligned HOMO-LUMO energy 

levels with the valence and conduction band of adjacent perovskite layers.11, 126, 335, 336 For realizing 

high power conversion efficiency in PSCs, we need to have both an HTM and an electron 

transporting material (ETM) for efficient charge separation and transportation. Low-cost and 

highly stable ETMs such as TiO2 and SnO2 have been broadly explored with desirable electron-

transporting characteristics for PSC applications.337, 338 On the other hand, 2,2’7,7’-tetrakis(N,N’-

di-p-methoxyphenylamine)-9,9’-spirobifluorene (spiro-OMeTAD) is extensively used as a 

hallmark HTM to achieve a high PCE in PSC.339-341 However, complicated processes associated 

with the synthesis and purification of spiro-OMeTAD influence the overall cost of the PSC 

device. Further, a highly pure sublimed quality of spiro-OMeTAD restricts its large-scale 

applications. Thus, the quest for developing cost-effective HTMs possessing excellent hole-

transporting properties is widely accelerated.342-346 

In principle, a well-aligned HOMO level of an HTM with the valence band of perovskites 

is required in order to promote an efficient hole injection from the perovskite to the HTM.11, 126, 

335, 336 Additionally, HTMs should have excellent thermal and photochemical stability under 

operating conditions.  So far, inorganic,347 polymeric348 and small molecular organic molecules124 

are employed as HTMs in PSCs. Small molecular HTMs are of interest owing to their precise 

molecular weight, high purity, facile synthesis and reliable batch-to-batch reproducibility. 

Generally, polyaromatic hydrocarbons such as naphthalene,349 anthracene,350 fluorene,351, 352 
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pyrene,353, 354 carbazole,355-357 anthanthrone,358 quinacridone,359 fused thiophenes,360 etc. are 

exploited as potential scaffolds for HTMs.  

Carbazole is a versatile platform and is extensively used for optoelectronic applications 

due to its excellent hole-transporting properties and thermal stability. Furthermore, carbazole-

based materials possessing triarylamine functional groups are widely studied as HTM in PSC. 

For example, Yin et al. reported tetra-substituted carbazole (1,3,6,8) with triarylamine having 

the PCE of 18.32% in solution-processed planar PSCs.361 Similarly, Chen et al. investigated 

carbazole-based HTM with diphenylamine substitution at the 1,3,6,8 positions, which showed 

PCE of 17.8%.362 Many other research groups studied carbazole-triarylamine/diarylamine 

connected via phenyl, biphenyl, triphenylamine, and dibenzofuran core as HTMs for PSC.363-366 

In addition, isomeric carbazole-triarylamine based HTMs have been reported to result in 

different photovoltaic performances by altering the substitution position at the carbazole 

core.367-369 For instance, Li et al. demonstrated that 2,7-difunctionalized carbazole exhibit 

superior PCE than the corresponding 3,6-difunctionalized carbazole.369 However, tetra-

substituted isomeric carbazoles as HTMs are scarcely investigated in the literature.  

To probe the structure-function relationships between isomeric carbazole-based HTMs 

and charge transporting nature, we developed two structural isomers of N-butylcarbazole 

derivatives by varying the functional position of the carbazole core. We presumed that 

structural isomerism in carbazole derivatives could be beneficial to manipulate the hole 

transporting nature. Herein, we report the synthesis and characterization of two carbazole 

isomers functionalized with triphenylamine (TPA) groups and their application as HTMs in 

perovskite solar cells. Interestingly, the PSC device comprising Car[2,3] as the hole transporting 

material exhibited a high power conversion efficiency of 19.23%. The low-lying HOMO and 

higher hole-mobility of Car[2,3] contributed to a higher open-circuit voltage (Voc) and high 

short-circuit current Jsc, respectively, and thereby resulted in an improved power conversion 

efficiency over the Car[1,3] analogue. The effect of the linking topology of carbazole with 

triarylamine on optical and electrochemical properties is elaborated. Furthermore, the 

molecular dynamic computational study shows that TPA substitution on the 2,3,6,7 positions 

of Car[2,3] increases the molecule’s planarity and facilitates a better HTM-perovskite 

interaction, resulting in improvement of photovoltaic properties. Besides, the enhanced long-

term stability shows the robustness of Car[2,3] compared to spiro-OMeTAD as the benchmark. 

Further, we have calculated the cost of Car[2,3] and found to be is ~$27/g (Table D.1.1, Appendix 

D), while the benchmark spiro-OMeTAD involving multistep synthesis is $92/g.213 Thus, our 

results demonstrate a viable and cost-effective HTM to achieve longer stability. 



 

 120 

6.1.2 Synthesis of the Carbazole-based HTMs 

 
Scheme 6.1.1 Synthetic route for the target compounds Car[1,3] and Car[2,3]. 

The synthetic route for the target molecules is presented in Scheme 6.1.1 The 

intermediates 1,3,6,8-tetrabromo-9-butyl-9H-carbazole (4) and 2,3,6,7-tetrabromo-9-butyl-9H-

carbazole (3) were synthesized by following the literature procedures.370, 371 The palladium-

catalyzed Stille cross-coupling reactions of 4-methoxy-N-(4-methoxyphenyl)-N-(4-

(tributylstannyl)phenyl)-aniline (5) with the respective bromo intermediates (3 & 4) under 

nitrogen atmosphere yielded the target molecules. The obtained compounds are pale-yellow in 

color. All the compounds are found to be soluble in common organic solvents which would 

make them facile for solution processed device fabrication. 1H NMR, 13C NMR spectroscopy and 

HRMS analysis (Figure D.1.1–Figure D.1.6, Appendix D) thoroughly characterized all the 

combinations, and the results were found to be matched with the proposed molecular structure.  

 

6.1.3 Optical, Electrochemical, and Thermal Characteristics 

To gain more insight into the effects that the isomerism of the TPA unit has on the 

structural, optical and electrochemical properties of the carbazole-based HTM derivatives, 

various physical characterizations were performed. The absorption spectra of the compounds 

recorded in o-dichlorobenzene are displayed in Figure 6.1.1 and the relevant data are compiled 

in Table 6.1.1. The absorption maximum of the compounds appears at 340 nm for Car[1,3] and 

356 nm for Car[2,3]. The bathochromic shift of 16 nm observed for Car[2,3] arises from the 

linear conjugation along the 2,7-position of carbazole.372  
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Figure 6.1.1 (a) Absorption of spectra of the compounds recorded in o-dichlorobenzene. (b) Hole 

drift mobility field dependencies for Car[1,3] and Car[2,3]. (c) Adsorption of Car[1,3] (top) and 

Car[2,3] (bottom) HTMs on the top of the perovskite surface in the course of molecular 

dynamics simulations. C, O, N, H, Pb, I, Br, and Cs are represented by cyan, red, blue, while, 

gray, brown, mauve and violet spheres, respectively.  

A differential pulse voltammogram of the compounds recorded in o-dichlorobenzene 

solution with Bu4NPF6 as a supporting electrolyte is displayed in Figure D.1.7 (Appendix D). The 

oxidation potential was calibrated using ferrocene as an internal standard. The lower oxidation 

potential of Car[1,3] arises from the augmentation of donor strength along 1,3,6,8 positions of 

carbazole when compared to the isomer Car[2,3] connected via 2,3,6,7 positions of carbazole. 

The HOMO energy level of the compounds vs NHE is calculated by adding 4.44 eV to the 

oxidation potential. The calculated HOMO energy level was well aligned with the perovskite 

valence band energy which endorses an effective extraction and transportation of the hole from 

the perovskite active layer to the metal electrode (anode). The optical band gap of the 

compounds is derived from the onset of the absorption spectra. The LUMO values are obtained 
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by the addition of the HOMO and band gap values. The estimated HOMO/LUMO values of the 

compounds are -5.22/-2.20 eV for Car[1,3] and -5.29/-2.31 eV for Car[2,3]. 

 

Table 6.1.1 Thermal, optical and electrochemical properties of Car[1,3] and Car[2,3]. 

HTM Td 
[°C]a 

Tm 
[°C]b 

λabs 
(soln)
c [nm] 

HOMO [eV] LUMO [eV]f ΔEg 
[eV]g 

λonset  
(soln)
c [nm] 

µ0 
[cm2 V-1 

s-1]h 
DFTd DPVe DFT DPV 

Car[1,3] 426 213 340 -4.35 -5.22 -0.71 -2.20 3.02 410 3.2x10-6 
Car[2,3] 422 185 356 -4.40 -5.29 -0.91 -2.31 2.98 416 8.0x10-6 

aDecomposition temperature corresponding to 5% weight loss determined from TGA; bMelting 
temperature; cAbsorption spectra measured in o-dichlorobenezene; dCalculated from density 
functional theory; eDetermined from DPV in o-dichlorobenzene at 25 °C with reference to 
Fc/Fc+ internal standard (at +0.64 V); fHOMO = -(4.44+0.64+Eox) against NHE; fLUMO = 
HOMO + ΔEg; gΔEg = 1240/λonset; hMobility values at zero field strength. 
 

The compounds’ thermal properties were studied by thermogravimetric analysis (TGA) 

recorded under a nitrogen atmosphere at the heating rate of 10 °C/min. From TGA, it is observed 

that both the compounds exhibited a high thermal decomposition temperature of greater than 

420 °C corresponding to a 5% weight loss (Figure D.1.8, Appendix D). The high thermal stability 

is attributed to rigid carbazole and TPA units present in the molecule. Thus, the devices 

fabricated with these materials are expected to exhibit excellent thermal stability. 

To understand the compounds’ electronic properties, density functional theory (DFT) 

calculations were performed at the B3LYP/6-31* level of the Gaussian 03W software. The 

computed absorption wavelength, oscillator strength and their orbital contribution are listed in 

Table D.1.2 (Appendix D). The longer wavelength of the computed absorption maximum was in 

line with the trend of experimental results. The HOMO concentrated on the one/two 

triarylamine unit for both compounds, while the LUMO is localized on the carbazole core and 

phenyl group attached to it (Figure D.1.9, Appendix D). This indicates the migration charge 

from the peripheral triarylamine to the central carbazole unit. The computed HOMO/LUMO 

values of the compounds are -4.35/-0.71 eV for Car[1,3], and -4.40/-0.91 eV for Car[2,3]. Further, 

the trend of the calculated HOMO/LUMO energy levels of the compounds is consistent with 

that of the experimental results.  

In addition, we performed xerographic time-of-flight (XTOF) measurement on the 

carbazole-based HTMs in order to investigate the hole-transporting properties of the 

synthesized molecules. The compounds hole mobility values at zero field strength are 

summarized in Table 6.1.1, while the hole drift mobility field dependencies of the compounds 



 

 123 

are reported in Figure 6.1.1b. Both Car[1,3] and Car[2,3] yield the hole mobility values in the 

same order of magnitude, while Car[2,3] has a higher hole mobility value of 8.0 × 10-6 cm2 V-1 s-

1 in comparison to the one of Car[1,3] (3.2 ×10-6 cm2 V-1 s-1).  

To figure out the difference between Car[1,3] and Car[2,3] HTMs upon interaction with 

perovskite, we modeled the adsorption of both HTMs on top of perovskite surface using the 

first principle of molecular dynamics (MD) simulations. The HTM molecules were allowed to 

freely relax and interact with the perovskite surface at the temperature of 300 K during the 

simulation. We observed that Car[2,3] adopts a more planar configuration on the perovskite 

surface, as compared to Car[1,3], for which larger out-of-plane displacements of TPA branches 

are observed (Figure 6.1.1c). Thus, a planar configuration of Car[2,3] results in a larger number 

of noncovalent interactions with the perovskite surface in contrast to Car[1,3]. The large 

number of noncovalent interactions between the perovskite surface and Car[2,3] could promote 

a better hole-injection from perovskite to the HTM layer. Besides, the planar conformation of 

Car[2,3] is more favorable for a dense stacking of HTM molecules, while the distorted 

conformation of Car[1,3] with out-of-plane TPA configurations is unfavorable for the dense 

packing of HTM molecules. These results are in agreement with the higher hole mobility of 

Car[2,3] as shown in Figure 6.1.1b and Table 6.1.1. 

 

6.1.4 Devices Characteristics 

 
Figure 6.1.2 (a) Schematic illustration of the device configuration. (b) Cross-section scanning 

electron microscope (SEM) image of PSC incorporating Car[2,3] as the HTM. The color code of 

each layer is consistent to the cartoon illustration in (a). 

We fabricated PSCs using the carbazole HTMs into n-i-p device configuration. The 

device structure is illustrated schematically in Figure 6.1.2a consisting of the following layers: a 

fluorine-doped tin oxide (FTO)-coated glass substrate, compact TiO2 (c-TiO2), mesoporous 

TiO2 (mp-TiO2), SnO2, perovskite, an HTM, and a gold electrode. The device using spiro-
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OMeTAD as the HTM was also fabricated following the same device architecture for the 

comparison. A triple cation-based perovskite layer with the composition of 

[(FAPbI3)0.87(MAPbBr3)0.13]0.92(CsPbI3)0.08 was used in this study. All the HTMs were doped with 

4-tert-butylpyridine (tBP), Li-bis(trifuoromethanesulphonyl) imide (Li-TFSI), and tris(2-(1H-

pyrazol-1-yl)-4-tert-butylpyridine)cobalt(III) (FK-209). We investigated the morphology of the 

HTMs using scanning electron microscopy (SEM) analysis. Figure 6.1.2b shows the complete 

PSC’s cross-section SEM image incorporating Car[2,3] as the HTM. The cross-section analysis 

confirms the formation of a ~150 nm-thick of Car[2,3] as well as Car[1,3] (Figure D.1.10a, 

Appendix D) on top of perovskite layer. Meanwhile, a ~250 nm-thick HTM was observed in the 

PSC incorporating spiro-OMeTAD (Figure D.1.10b, Appendix D). The cross-section morphology 

also reveals that all the HTMs were well deposited on top of the perovskite without any 

formation of a morphological defect, such as pinhole and nonuniform deposition (Figure 6.1.2b 

and Figure D.1.10). In order to understand better the surface morphology of the deposited HTMs, 

we performed top-view SEM imaging as shown in Figure D.1.11. The top-view SEM images of 

Car[1,3], Car[2,3], and spiro-OMeTAD exhibited a uniform coverage of HTMs on top of the 

perovskite layer. 

 

Table 6.1.2 Photovoltaic parameters of the champion PSCs incorporating Car[1,3], Car[2,3], and 

spiro-OMeTAD as HTMs. 

HTM Voc (V) Jsc (mA cm-2) FF PCE (%) 
Car [1,3] 1.031 22.87 0.687 16.20 
Car [2,3] 1.076 22.90 0.780 19.23 

Spiro-OMeTAD 1.108 23.03 0.791 20.20 
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Figure 6.1.3 (a) J-V curves of PSCs employing Car[1,3], Car[2,3] and spiro-OMeTAD as HTMs. 

(b) Schematic energy level diagram of the carbazole-based HTMs. The energy level values of 

TiO2, SnO2, perovskite, and the gold electrode are included for comparison.119, 373 (c) Steady-state 

photoluminescence (PL) spectra upon excitation at 625 nm. The perovskite and HTM layers are 

prepared on top of the glass substrate. (d) Transient PL (TrPL) spectra of perovskite thin-films 

with Car[1,3], Car[2,3] and spiro-OMeTAD deposited on top upon excitation at 635 nm. 

The photovoltaic characteristics of the best performing PSCs employing Car[1,3] and 

Car[2,3] as HTMs are summarized in Table 6.1.2 and the corresponding current density-voltage 

(J-V) curves are plotted in Figure 6.1.3a. We also investigated the photovoltaic characteristics of 

PSCs based on spiro-OMeTAD as a benchmark (Table 6.1.2 and Figure 6.1.3a). The incorporation 

of Car[1,3] and Car[2,3] results in the maximum PCEs of 16.20% and 19.23%, respectively. We 

achieved comparable short-circuit current density (JSC) values of the devices based on the 

carbazole HTMs, which is also confirmed statistically in Table D.1.3 and Figure D.1.12 (Appendix 

D). The observed JSC values are in agreement with the hole-mobility values reported in Table 

6.1.1. The JSC trend is also consistent with the incident photon to electron conversion efficiency 

(IPCE) spectra presented in Figure D.1.13 (Appendix D, within 5% of the error range). 
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Interestingly, the final PCE values of the carbazole-based PSCs are significantly influenced by 

the open-circuit voltage (VOC) and fill factor (FF). The PSCs incorporating Car[1,3] as the HTM 

suffer from the lower VOC and FF values than Car[2,3]. The lower VOC value of the Car[1,3]-based 

device could originate from the slightly higher HOMO level of Car[1,3] in respect to the valence 

band of perovskite (Figure 6.1.3b). Meanwhile, the HOMO level of Car[2,3] aligns better with 

the valence band of the perovskite, ensuring a more efficient hole injection from the perovskite 

to the HTM.373 Car[1,3]’s poor FF value could be due to its lower conductivity which causes a 

higher resistivity from the HTM layer (vide infra).374 It is also worth mentioning that the 

photovoltaic performance of Car[2,3]-based PSCs is comparable with the one of spiro-OMeTAD 

as the control device. Moreover, the PSC based on Car[2,3] demonstrates a similar hysteresis 

behavior with spiro-OMeTAD (Figure D.1.14), indicating a comparable hole extraction capability 

that could reduce the ion accumulation on the perovskite-HTL interface.375 

To investigate the trend of the photovoltaic parameters obtained in the devices, we 

carried out the lateral conductivity measurement of Car[1,3], Car[2,3] and spiro-OMeTAD. The 

lateral conductivity was measured by using a two-contact electrical conductivity setup with 

organic field effect transistor (OFET) substrates. All substrates having interdigitating gold 

electrodes with a channel length of 2.5 µm were prepared by spin coating under the same 

conditions and dopant concentration as in the fabrication of the devices. Current-voltage (I-V) 

scans between −10 and +10 V were recorded, and the conductivity of the different molecules was 

calculated using Ohm's law. The conductivity shows a similar trend to the hole mobility, where 

doped Car[2,3] has a higher lateral thin-film conductivity (7.22 × 10-5 S cm-1) than that of Car[1,3] 

(3.79 × 10-5) (Table D.1.4 and Figure D.1.15, Appendix D). The higher conductivity value of Car[2,3] 

is also in agreement with a more favorable molecular stacking of Car[2,3] in comparison with 

Car[1,3] from the computational experiment (see Figure 6.1.1c), resulting in higher JSC and FF 

when it is applied in the solar cells. The conductivity of doped spiro-OMeTAD was determined 

to be σ = 9.65 × 10-4 S cm-1, which is comparable to the values reported in the literature.376 

Although the conductivity values of Car[1,3] and Car[2,3] are lower than those of spiro-

OMeTAD, the conductivity of the layer is high enough for efficient charge transport.  

To further understand the hole extraction efficiency, we investigated the steady-state 

photoluminescence (PL) properties of the perovskite thin-films with the HTM deposited on top. 

The PL of a bare perovskite film deposited on top of the glass substrate was also measured as a 

reference. The PL spectra of the bare perovskite film and HTM-coated perovskite films were 

measured upon a 625 nm excitation wavelength and presented in Figure 6.1.3c. The bare 

perovskite film shows an emission peak at 767 nm which is in agreement with the emission peak 



 

 127 

of a typical [(FAPbI3)0.87(MAPbBr3)0.13]0.92(CsPbI3)0.08 perovskite film.223 We observe a slight blue 

shift on the emission peaks upon the deposition of HTM on top of the bare perovskite layer. 

This blue shift could be due to the optical properties of the perovskite-HTM interface and the 

chemical interaction of the HTM and perovskite surface.377 Upon the deposition of HTM on top 

of the perovskite layer, we notice that the PL intensities are quenched. The percentage of PL 

quenching with respect to the bare perovskite layer as the reference is reported in Table D.1.5 

(Appendix D). Interestingly, Car[2,3] shows a significantly larger PL quenching value of 91.5% 

in comparison to Car[1,3] (32.1%). The larger PL quenching value of the HTM-coated perovskite 

layer with respect to the bare perovskite layer demonstrates a more efficient hole extraction 

process at perovskite-HTM interface.27, 377 These results indicate that Car[2,3] has a better hole 

extracting efficiency compared to Car[1,3], which is in agreement with their hole-mobility and 

lateral conductivity values (Table 6.1.1 and Table D.1.4). It is also worth mentioning that Car[2,3] 

exhibits a larger PL quenching than the one of spiro-OMeTAD (76.7%) confirming a comparable 

hole-extracting capability of Car[2,3]. 

Furthermore, we performed the transient PL (TrPL) measurement to gain a deeper 

understanding in the carrier dynamics of perovskite thin-films incorporating Car[1,3], Car[2,3], 

and spiro-OMeTAD as HTMs. A bare perovskite layer coated on a glass substrate were measured 

as a reference. The TrPL spectra are measured upon 635 nm excitation wavelength and plotted 

in Figure 6.1.3d. The TrPL spectra were then fitted according to the stretched exponential decay 

function (see Appendix D for details).26, 99, 378 The fitting parameters are summarized in Table 

D.1.6 (Appendix D). The average lifetime, <𝜏>, value is decreased upon deposition of HTMs on 

top of the perovskite layer with respect to the bare perovskite layer (<𝜏>= 559.94 ns). Among 

the carbazole-based HTMs, Car[2,3] exhibits a shorter average lifetime of 26.96 ns than Car[1,3] 

(<𝜏>= 74.00 ns). The faster decay and the larger PL quenching values of Car[2,3] indicate that 

Car[2,3] has a more efficient hole injection from the perovskite layer to the HTM layer.377 It is 

also worth mentioning that Car[2,3] demonstrates a comparable average lifetime value of spiro-

OMeTAD (<𝜏>= 26.05 ns) suggesting a comparable hole-extraction efficiency between Car[2,3] 

and spiro-OMeTAD. 
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Figure 6.1.4 Long-term stability test of the unencapsulated PSCs based on Car[1,3], Car[2,3] and 

spiro-OMeTAD as HTMs. The test was performed under continuous 1-sun illumination for 1000 

h in a N2 atmosphere. 

We studied the PSCs stability employing Car[1,3], Car[2,3], and spiro-OMeTAD as 

HTMs. The stability test was carried out on the unencapsulated devices under continuous 1-sun 

exposure generated by a light-emitting diode (LED) source in a N2 atmosphere. The 

performance of the devices was tracked under the maximum power point (MPP) condition. The 

long-term stability behavior of the devices is reported in Figure 6.1.4. Both Car[1,3] and Car[2,3] 

exhibit a similar degradation mechanism: a faster degradation during the first 80 h followed by 

a slower decay until 1000 h, retaining >80% of their initial PCEs. Contrarily, the device 

employing spiro-OMeTAD shows a much faster decay during the first 80 h, resulting in keeping 

only 69% of its initial efficiency after 1000 h of light exposure. These results reveal that the 

devices’ long-term stabilities were enhanced by employing Car[1,3] and Car[2,3] as HTMs, 

outperforming the spiro-OMeTAD as the state of the art HTM compared under the same 

condition.379 Additionally, we performed the stability test of the unencapsulated cells 

incorporating Car[2,3] and spiro-OMeTAD by keeping the PSCs under an ambient atmosphere 

(relative humidity <15%) in the dark. The device based on Car[2,3] demonstrates a better 

stability compared to spiro-OMeTAD after 19 days (Figure D.1.16), Appendix D. The improved 

long-term stability of the carbazole-based HTMs is also in good agreement with the high 

degradation temperature of the molecules (>400℃) as demonstrated in the TGA analysis 

(Figure D.1.8, Appendix D).  

Furthermore, we performed the water contact angle measurement on the HTM films 

deposited on top of the perovskite substrate in order to assess the preliminary stability of the 

compound in the presence of moisture. The HTMs are prepared under the same doping 

conditions as used in the device. The water contact angle analysis of Car[1,3], Car[2,3], and 
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spiro-OMeTAD is presented in Figure D.1.17 (Appendix D). The average contact angle values of 

Car[1,3], Car[2,3], and spiro-OMeTAD are 68.5°, 69.3°, and 65.5°, respectively. Both of the 

carbazole-based HTMs exhibit similar contact angle values. The higher contact angle values of 

the carbazole-based HTMs (Car[1,3] and Car[2,3]) suggest that they are more hydrophobic in 

comparison with spiro-OMeTAD, which indicates enhanced stability against moisture under 

the operating conditions. 

 

6.1.5 Conclusion 

In summary, we present the synthesis and a systematic study of the effect of two 

isomeric carbazole-based hole transporting materials on the photovoltaic performance of PSCs. 

The position of arylamine substitution on the carbazole core had a notable impact on the optical, 

electrochemical, and photovoltaic performances of the Car[1,3] and Car[2,3] HTMs. The 

downshifted HOMO energy level and higher hole mobility and conductivity values of Car[2,3] 

resulted in a higher open-circuit potential and improved short-circuit current. Additionally, the 

molecular dynamics simulation reveals that Car[2,3] exhibits a more planar molecular 

orientation on top of the perovskite surface, enabling a better interaction and hole-transporting 

capability. Thus, we have tuned the photovoltaic performances by altering the substitution 

position of the carbazole core. The PSC device fabricated with Car[2,3] as the HTM displayed 

the highest power conversion efficiency of 19.23%. Importantly, the devices based on Car[1,3] 

and Car[2,3] demonstrated excellent devices stabilities after 1000 h of light illumination by 

retaining >80% of their initial PCEs. Our findings unveil the effective way to functionally tune 

carbazole-based HTMs for PSCs through variation in linking topology.  
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6.2 Stable Perovskite Solar Cells Using Molecularly Engineered 

Functionalized Oligothiophenes as Low-cost Hole-transporting Materials  

This section is based on the published work in Small, 2021, 17, 2100783, DOI: 
10.1002/smll.202100783.380 In this work I contributed equally with Dr. V. Joseph (National Central 
University, Taiwan) where we conceptualized the idea and designed the experiments. Specifically, 
I performed the fabrication as well as the characterizations of perovskite thin films and solar cells. 
Dr. V. Joseph synthesized the thiophene-based HTMs. We collaborated with Dr. O.A. Syzgantseva 
and (Lomonosov Moscow State University, Russia) to perform the theoretical computation. The 
xerographic time-of-flight (XTOF) measurement were carried out in collaboration with Dr. V. 
Jankauskas (Vilnius University, Lithuania) and Dr. K. Rakstys (Kaunas University of Technology, 
Lithuania). 
 

6.2.1 Introduction 

In the normal (n-i-p) device configuration, p-type semiconducting materials, also known 

as hole transporting materials (HTMs), are sandwiched between perovskite and metal electrode. 

HTMs play a vital role in PSCs to extract and transfer the positive charges and thus achieve high 

efficiency.335, 343, 381-383 They can be classified as inorganic,384 polymeric385 and small molecular 

organic HTMs.386, 387 Among them, small molecular HTMs are superior to other counterparts 

owing to their structural diversity, well-defined molecular structure, precise molecular weight 

and reliable batch-to-batch reproducibility.124, 388-390 To date, 2,2,7,7-tetrakis(N,N-di-p-

methoxyphenylamine)-9,9-spirobifluorene (spiro-OMeTAD) has been widely employed as the 

benchmark HTM in PSC devices.159 Unfortunately, the complicated synthesis and tedious 

purification of spiro-cored HTMs make it expensive.266, 391, 392 Also, the performance of PSCs is 

highly dependent on the purity of spiro-OMeTAD employed which limits its large-scale 

applications. The poor stability of spiro-OMeTAD deteriorates the device photovoltaic 

performance rapidly and thereby the durability of PSCs is reduced drastically.115, 257, 393 Therefore, 

the development of cost-effective HTMs possessing excellent stability, appropriate HOMO and 

LUMO energy levels to transport holes and block electrons respectively, is required for 

commercialization of perovskite solar cells.394-398 

Donor-π-donor configured HTMs such as benzene,399 biphenyl,400 thiophene,401, 402 fused 

thiophenes,403-405 anthracene,406 carbazole,407 fluorene408 and bifluorenylidene409 flanked by 

arylamine donors are extensively studied in PSCs to replace the expensive spiro-OMeTAD. The 

ease of synthesis and purification of HTMs have a direct impact on cutting the cost of the device. 

When we consider the cost of HTMs, synthesis must have a shorter synthetic route and simple 

purification. Oligothiophene-based small molecules are well known for their potential 

applications such as organic thin film transistors, organic light-emitting diodes, organic solar 
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cells, and perovskite solar cells. Indeed, fused thiophene-based HTMs showed excellent 

performance in PSCs,410-412 but the tedious synthetic route and high cost of synthesis restrict 

their applications in large scale devices. On the other hand, non-fused thiophene building 

blocks deserve much attention because they can be synthesized at low cost via facile synthetic 

pathways. Linear HTMs possessing thiophene and bithiophene as core moiety have been 

reported in the literature.413-418 Interestingly, as the number of triphenylamine-arms on the core 

increases, the augmentation of power conversion efficiency (PCE) is observed. Since 

oligothiophenes are electron rich π spacer, functionalization of oligothiophenes with 

triarylamine would result in improved electron donating ability and thereby increased hole 

mobility and tuning of frontier molecular energy levels. In addition, the sulphur atom present 

in thiophene unit (HTM) is beneficial to enhance charge extraction through strong interaction 

between perovskite layer and HTM via Pb-S interaction.419 Thus, we can manipulate charge 

extraction of HTM from perovskite layer to achieve high power conversion efficiency. Keeping 

these things in mind, we designed triarylamine substituted non-fused oligothiophenes 

(bithiophene, terthiophene and quaterthiophene) to realize improved charge extraction and 

increased hole mobility. To the best of our knowledge, low cost and facile synthesis of tetra-

triarylamine substituted oligothiophenes as HTMs are scarcely studied in perovskite solar cells. 

In this report, we designed and synthesized triarylamine-substituted oligothiophenes as 

small molecular HTMs for PSCs. The device fabricated with triphenylamine substituted 

bithiophene (BT-4D) showed the PCE of 19.34%, which is one of the best PCEs among the 

devices fabricated with thiophene, bithiophene-based small molecular HTMs (Table D.2.1, 

Appendix D). The solar cell based on BT-4D also showed excellent stability by maintaining 98% 

of its initial efficiency after continuous one sun illumination for 1186 h. In addition, we 

calculated the cost of synthesis for BT-4D and found it to be about ~$26/g (Table D.2.2, 

Appendix D). In contrast, the price of benchmark spiro-OMeTAD involving multistep synthesis 

is $92/g.213 Further, we have demonstrated non-fused oligothiophenes as a promising building 

block for constructing HTMs to achieve highly efficient, stable, and cost-effective PSCs.  

 

6.2.2 Synthesis of the Carbazole-based HTMs 

The synthetic route for the target compounds is shown in Scheme 6.2.1. The 

intermediates 3,3',5,5'-tetrabromo-2,2'-bithiophene (4), 3,3'',5,5''-tetrabromo-2,2':5',2''-

terthiophene (5) and 5,5',5'',5'''-tetrabromo-2,3':2',2'':3'',2'''-quaterthiophene (6)  were 

synthesized by following the literature procedures.420-422 The metal-catalyzed Stille coupling 

reactions of 4-methoxy-N-(4-methoxyphenyl)-N-(4-(tributylstannyl)phenyl)aniline (7) with the 
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bromo intermediates (4-6) under nitrogen atmosphere yielded the target molecules. All the 

final compounds are found to be soluble in common organic solvents making them accessible 

for solution processed device fabrication. All the final compounds are thoroughly characterized 

by 1H NMR, 13C NMR spectroscopy and HRMS analysis (Figure D.2.1–Figure D.2.9, Appendix D) 

and the obtained results were found to be consistent with the proposed molecular structure.  

 
Scheme 6.2.1 Schematic synthetic route for the target compounds BT-4D, TT-4D and QT-4D. 

6.2.3 Optical, Electrochemical, and Thermal Characteristics 

The absorption spectra of the compounds recorded in the o-dichlorobenzene solution 

are displayed in Figure 6.2.1a, and the relevant data are compiled in Table 6.2.1. The absorption 

maximum for the compounds BT-4D, TT-4D and QT-4D is 366, 443, 388 nm, respectively. QT-

4D showed a bathochromic shifted absorption maximum (22 nm) when compared to that of 

BT-4D. It arises from the elongation of the conjugated backbone exerted from an additional 

thiophene unit present in QT-4D. Further, TT-4D showed the longest bathochromic shift of 77 

nm when compared to BT-4D. It is ascribed to additional thiophene unit present in central core 

that augments the linear conjugation.  

The electrochemical properties of the compounds were studied by differential pulse 

voltammetry (DPV) recorded in the o-dichlorobenzene solution with Bu4NPF6 as supporting 

electrolyte (Table 6.2.1 and Figure D.2.10). The oxidation potential was calibrated against 

ferrocene internal standard. The HOMO energy level of the compounds is calculated by adding 

4.44 eV to the oxidation potential. The deduced HOMO energy level was aligning well with the 

valence band energy level of the triple cation (FAPbI3)0.87(MAPbBr3)0.13]0.92(CsPbI3)0.08 perovskite 

used in this study (-5.70 eV), which guarantees the effective hole extraction and transportation 
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to the metal electrode (anode).373 The bandgap of the compounds is derived from the onset of 

absorption spectra. The LUMO values are obtained by the addition of HOMO and bandgap 

value. The estimated HOMO/LUMO values of the compounds are to be -5.22/-2.66 eV for BT-

4D, -5.23/-2.92 eV for TT-4D and -5.30/-2.66 eV for QT-4D. All the thiophene-based molecules 

exhibit reversible redox peaks based on the cyclic voltammetry (CV) analysis (Figure D.2.11, 

Appendix D), indicating their excellent electrochemical stability. 

 

 
Figure 6.2.1 (a) Absorption spectra of the compounds recorded in o-dichlorobenzene. (b) Hole 

drift mobility field dependencies for BT-4D, TT-4D, and QT-4D. (c) Theoretical simulations of 

the interaction of BT-4D, TT-4D, and QT-4D with triple cation perovskite surface. 

In order to gain deep insight into the electronic properties of the compounds, density 

functional theory (DFT) calculations were performed at B3LYP/6-31* level of the Gaussian 03W 

program. The HOMOs of the compounds are localized on the central core (BT, TT and QT) and 

slightly diffused over triarylamine arms, whereas, the LUMOs are primarily concentrated on 

central core (Figure D.2.12, Appendix D). The trend of longer wavelength absorption maximum 
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of the compounds matches well with that of experimental data (Table D.2.3, Appendix D). The 

computed HOMO/LUMO values of the compounds are -4.35/-1.27 eV for BT-4D, -4.35/-1.41 eV 

for TT-4D and -4.38/-1.35 eV for QT-4D (Figure D.2.12, Appendix D). The DPV derived HOMO 

of QT-4D is slightly downshifted as compared to those of BT-4D and TT-4D. Thus, the 

computed HOMO/LUMO energy level trend is consistent with that of electrochemically (DPV) 

derived HOMO/LUMO data (Figure D.2.10, Appendix D).  

 

Table 6.2.1 Thermal, optical and electrochemical properties of BT-4D, TT-4D and QT-4D. 

HTM Td 
[°C]

a 

Tm 
[°C]

b 

λabs 
(soln)c 
[nm] 

HOMO [eV]f LUMO [eV]f ΔEg 
[eV]g 

λonset 

(soln)c 
[nm] 

µ0 
[cm2 V-1 

s-1]h 
DFTd DPVe DFT DPV 

BT-4D 403 190 366 -4.35 -5.22 -1.27 -2.66 2.56 485 5.6×10-6 
TT-4D 421 125 443 -4.35 -5.23 -1.41 -2.92 2.31 537 5.0×10-6 
QT-4D 427 182 388 -4.38 -5.30 -1.35 -2.66 2.64 470 4.7×10-6 

aDecomposition temperature corresponding to 5% weight loss determined from TGA; bMelting 
temperature; cAbsorption spectra measured in o-dichlorobenezene; dCalculated from density 
functional theory; eDetermined from DPV in o-dichlorobenzene at 25 °C with reference to 
Fc/Fc+ internal standard (at +0.64 V); fHOMO = -(4.44+0.64+Eox) against NHE; fLUMO = 
HOMO + ΔEg; gΔEg = 1240/λonset; hMobility values at zero field strength. 
 

Thermal properties of the compounds were characterized by thermogravimetric analysis 

(TGA) recorded under the nitrogen atmosphere at the heating rate of 10 °C/min. All the 

compounds showed thermal decomposition temperature >400 °C, corresponding to a 5% 

weight loss (Figure D.2.13, Appendix D). We next performed the hole-mobility measurement on 

the thiophene-based HTMs using the xerographic time of flight (XTOF) method at room 

temperature (see Appendix D for details). The hole drift mobility field dependent results for 

BT-4D, TT-4D, and QT-4D are presented in Figure 6.2.1b and the hole mobility values at zero 

field (µ0) and the other mobility defining parameters are summarized in Table 6.2.1 and Table 

D.2.4 (Appendix D), respectively. BT-4D yields highest hole mobility value of 5.6 x 10-6 cm2 V-1 

s-1 comparing to TT-4D (5 x 10-6 cm2 V-1 s-1) and QT-4D (4.7 x1 0-6 cm2 V-1 s-1).  

Besides, the interaction of the thiophene-based HTMs with the perovskite surface was 

modeled using ab initio molecular dynamics. In the performed computational experiment, the 

HTM molecules were placed at the perovskite surface and allowed to interact with it, 

maintaining the temperature constant at 300K. Figure 6.2.1c shows the simulated adsorption of 

BT-4D, TT-4D, and QT-4D on top of the triple cation perovskite surface. BT-4D exhibited a 

more compact molecular structure on top of perovskite in comparison with TT-4D and QT-4D. 
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This is related to the fact that the increase of the thiophene content in the HTM results in the 

enhanced steric hindrance for the TPA moieties leading to the significant conformational 

distortion. Thus, the increasing number of thiophene core results in a more distorted molecular 

structure. In this connection, the more planar molecular orientation of BT-4D could allow a 

better intermolecular π–π stacking of the HTM on top of perovskite resulting in a better hole 

transfer capability which is consistent with the higher hole mobility value of BT-4D.423, 424 

 

6.2.4 Devices Characteristics 

We incorporated the thiophene-based HTMs in n-i-p solar cells device architecture 

consisting of the following layers: fluorine-doped tin oxide (FTO), compact TiO2 (c-TiO2), 

mesoporous TiO2 (mp-TiO2), SnO2, perovskite, HTM, and gold electrode (Figure 6.2.2a). PSC 

devices are employing spiro-OMeTAD as the HTM were also fabricated having the same device 

configuration. The hole-transporting layers (HTLs) were prepared using solution process and 

the solutions were doped with Li-bis(trifluoromethanesulphonyl) imide (Li-TFSI), tris(2-(1H-

pyrazol-1-yl)-4-tert-butylpyridine)cobalt(III) (FK-209), and 4-tert-butylpyridine (tBP) (see 

experimental methods, Appendix D for details).  

 

 
Figure 6.2.2 (a) Cartoon drawing illustrating the device configuration. (b) Cross-sectional 

scanning electron microscope (SEM) image of the PSC employing BT-4D as HTL. Each layer's 

color code in the SEM image corresponds to the layers illustrated in (a). 

Scanning electron microscope (SEM) analysis was performed on the complete solar cell 

devices to further know how the HTLs sat on top of perovskite. The cross-sectional SEM images 

confirm that the deposition of BT-4D, TT-4D, and QT-4D layers results in the formation of ~150 

nm-thick HTLs, while the deposition of spiro-OMeTAD results in the formation of ~250 nm-

thick HTL (see Figure 6.2.2 and Figure D.2.14). It is worth mentioning that PSCs based on BT-

4D and spiro-OMeTAD layers exhibit dense and uniform layers on top of perovskite. However, 
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PSCs based on TT-4D and QT-4D show some voids on the cross-sectional SEM images (Figure 

D.2.14 a and b, Appendix D), which are further confirmed by the top-view SEM images of the 

HTLs (Figure D.2.15, Appendix D). The voids formed in the TT-4D and QT-4D layers could be 

caused by the lower solubility of TT-4D and QT-4D in chlorobenzene.425 Further, differential 

scanning calorimetry (DSC) analysis was carried out to ascertain morphological feature of 

HTMs. All the three HTMs did not show glass transition temperature (Figure D.2.16, Appendix 

D). DSC data reveal the crystallization peak (Tc) for TT-4D and QT-4D, despite the intensity of 

crystallization peak is small. It suggests that the crystallization process is slow which might 

eventually induce the formation of aggregates in the film state, resulting a poor film morphology. 

On the other hand, BT-4D showed the lowest intensity of crystallization peak in DSC analysis. 

This could suggest the amorphous nature of BT-4D in film state which in turn results in smooth 

surface. Thus, BT-4D show comparable morphological stability with spiro-OMeTAD which 

shows high glass transition temperature and thus result in good amorphous nature and 

morphology.426 

 

Table 6.2.2 Photovoltaic parameters of the champion PSCs employing BT-4D, TT-4D, QT-4D 

as HTMs 

HTM VOC (V) JSC (mA cm-2) FF PCE (%) 
BT-4D 1.056 23.21 0.789 19.34 
TT-4D 1.042 22.77 0.718 17.04 
QT-4D 1.051 22.39 0.703 16.55 
Spiro-OMeTAD 1.107 23.06 0.785 20.03 
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Figure 6.2.3 (a) J-V curves of the champion cells employing BT-4D, TT-4D, QT-4D, and spiro-

OMeTAD as HTLs. (b) Schematic energy level diagram of BT-4D, TT-4D, and QT-4D. The 

energy levels of perovskite layer, spiro-OMeTAD, and gold electrode are included for 

comparison.373 (c) Steady-state photoluminescence spectra of perovskite thin-films with BT-4D, 

TT-4D, QT-4D, and spiro-OMeTAD deposited on top upon excitation at 625 nm. (d) Transient 

PL (TrPL) spectra of perovskite thin-films with BT-4D, TT-4D, QT-4D, and spiro-OMeTAD 

deposited on top upon excitation at 635 nm. (e) Long-term stability test of the unencapsulated 

devices employing BT-4D and spiro-OMeTAD as HTLs under continuous 1-sun illumination 

and inert atmosphere for ~1186 h. 
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The current density-voltage (J-V) curves of the champion PSCs fabricated with 

thiophene-based molecules (BT-4D, TT-4D, and QT-4D) as HTLs are shown in Figure 6.2.3a 

and the corresponding photovoltaic parameters are summarized in Table 6.2.2. Control device 

based on spiro-OMeTAD as HTL is also included for the comparison. The PCEs of 19.34%, 

17.04%, and 16.55% are achieved for the champion cells employing BT-4D, TT-4D, and QT-4D, 

respectively. BT-4D yields the highest PCE with higher open-circuit voltage (VOC), short-circuit 

current density (JSC), and fill factor (FF) values among the other thiophene-based HTLs. The 

trend in the PCEs obtained from the thiophene-based HTLs is also in agreement with the 

statistical value, ranging from 15.92 to 19.13% (Table D.2.5 and Figure D.2.17, Appendix D). 

Interestingly, the gradual increase in the thiophene core substitution causes further 

deterioration in device photovoltaic performance as observed in TT-4D and QT-4D (with three 

and four thiophene-substitution, respectively).419, 427 In this case, FF is the main photovoltaic 

parameter leading to the lower PCE of TT-4D and QT-4D in comparison with BT-4D. The low 

FF values of TT-4D and QT-4D can be explained with lower conductivity (vide infra) and poor 

film formation, as observed in the SEM images (Figure D.2.15, Appendix D).377 Moreover, a slight 

decrease in the VOC and JSC are observed for the PSCs employing TT-4D and QT-4D. The slightly 

lower VOC of TT-4D and QT-4D might be due to the poor thin-film morphology of TT-4D and 

QT-4D. The reduced JSC values of TT-4D and QT-4D are in a good agreement with the lower 

hole mobility of TT-4D and QT-4D compared to BT-4D (Figure 6.2.1b and Table 6.2.1). The JSC 

values trend is also consistent with the integrated JSC value from the incident photon to current 

conversion efficiency (IPCE) spectra (Figure D.2.18, Appendix D). Overall, the calculated JSC is 

in a good agreement with the J-V curves (within 5% deviation). Note that the lower IPCE values 

of TT-4D and QT-4D could be correlated with reduced absorption originating from the HTMs 

(Figure D.2.19 and Figure D.2.20, Appendix D). It is also worth noting that the overall 

photovoltaic performance of BT-4D is on par with spiro-OMeTAD, which is considered as the 

state-of-the-art HTL so far. Interestingly, BT-4D shows statistically higher FF value and 

comparable JSC value as to spiro-OMeTAD (Table D.2.5 and Figure D.2.17, Appendix D).  

To explain the hysteresis behavior as reported in Figure D.2.21 (Appendix D), we 

performed the impedance spectra measurement. Figure D.2.22a (Appendix D) shows the 

capacitance of PSCs employing different HTMs as a function of frequency. The low-frequency 

capacitance of BT-4D, TT-4D, QT-4D and spiro-OMeTAD at 100 Hz were 121 nF/cm2, 65 nF/cm2, 

138 nF/cm2, and 107 nF/cm2, respectively. The higher capacitance value indicates the higher ion 

migration.428 The trend in the capacitance value was consistent with the hysteresis index (HI) 

of BT-4D (0.043), QT-4D (0.071), and spiro-OMeTAD (0.033). The hysteresis index (HI) was 
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calculated as HI = ((PCEreverse scan – PCEforward scan)/PCEreverse scan).429 It is worth mentioning that BT-

4D demonstrates a comparable HI with spiro-OMeTAD indicating the efficiency of BT-4D in 

extracting the holes, thus, preventing the ions accumulation on the perovskite-HTL interface.375 

However, TT-4D exhibits the largest HI of 0.116, which is not in agreement with the trend in the 

capacitance value. This result suggests that the reason for large hysteresis of TT-4D might be 

not due to the ion migration. Then, we investigated the Cole-Cole plot (Figure D.2.22b) at high-

frequency range to understand the carrier transportation from the perovskite to the HTMs.430 

TT-4D exhibits the largest semi-circle compared to the other HTMs. This demonstrates that 

TT-4D has a large parallel resistance indicating a lower carrier transportation capability from 

the perovskite to TT-4D, which may further cause the large hysteresis. 

To further examine the observed trend in solar cell performance, we investigated the 

conductivity of BT-4D, TT-4D, QT-4D and spiro-OMeTAD. HTM solutions doped with FK-209, 

Li-TFSI and tBP were spin coated onto organic field effect transistor (OFET) substrates. 

Conductivity was measured by using a two-contact electrical conductivity set-up with I−V 

sweeps between -10 and +10 V. The detailed results are presented in Table D.2.6 and Figure 

D.2.23 (Appendix D). Doped BT-4D shows better lateral thin-film conductivity (4.89 x 10-4 S cm-

1) than that of TT-4D (3.02 x 10-4 S cm-1) and QT-4D (4.83 x 10-5 S cm-1). The conductivity of doped 

spiro-OMeTAD was determined to be σ = 5.83 x 10-4 S cm-1, which is comparable value to the 

BT-4D HTM. Upon increasing the number of the thiophene unit the conductivity decreases 

gradually, and for the QT-4D conductivity value was found to be one order of magnitude lower 

than for BT-4D. These findings are in good agreement with the device performance. The higher 

conductivity for BT-4D than TT-4D and QT-4D are beneficial to the hole extraction and 

transport, thus can explain the higher JSC and FF. 

To gain a deeper understanding of the hole extraction efficiency of the thiophene-based 

HTMs, we performed steady-state photoluminescence (PL) measurement. The steady-state PL 

spectra of the perovskite thin-films employing BT-4D, TT-4D, QT-4D, and spiro-OMeTAD as 

HTLs were recorded upon 625 nm excitation wavelength and reported in Figure 6.2.3c. The 

steady-state PL spectrum of the bare perovskite layer without HTL was also measured as the 

reference (Figure 6.2.3c). The bare perovskite film shows an emission peak at 767 nm, which is 

consistent to the emission peak of (FAPbI3)0.87(MAPbBr3)0.13]0.92(CsPbI3)0.08 triple-cation 

perovskite.223 Upon the deposition of HTL on top of the pristine perovskite layer, a slight blue 

shifts in the emission peak are observed which could be attributed to the optical properties of 

the perovskite-HTL interface and also the chemical interaction between HTL/perovskite 

surfaces.377 Importantly, all the perovskite thin-films with HTLs revealed a quenching in the PL 
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intensity. The percentage of PL quenching is summarized in Table D.2.7 (Appendix D). BT-4D 

shows the largest PL quenching of 74.27% among the other thiophene-based HTLs. The PL 

quenching relative to the perovskite reference film upon the deposition of HTL indicates more 

efficient hole extraction at the perovskite-HTL interface.27, 377 These results demonstrated that 

BT-4D has a better hole extracting capability compared to TT-4D and QT-4D, which is also in 

agreement with the photovoltaic performances observed from the J-V characteristics. It is also 

worth mentioning that BT-4D exhibits a slightly larger PL quenching percentage in respect to 

spiro-OMeTAD indicating the comparable hole-extraction capability of BT-4D. 

Additionally, we carried out the transient PL (TrPL) measurement in order to further 

understand the charge carrier dynamics of the perovskite thin-films employing BT-4D, TT-4D, 

QT-4D, and spiro-OMeTAD as HTLs. The same set of thin-films as used in steady-state PL 

measurement is examined for TrPL measurement. The TrPL spectra were recorded upon 635 

nm excitation wavelength and shown in Figure 6.2.3d. The carrier lifetime of the perovskite 

films incorporating different HTLs was fitted according to a biexponential decay function and 

reported in Table D.2.8 (Appendix D). All the perovskite thin-films with the HTLs deposited on 

top show a reduced carrier lifetime compared to the bare perovskite film (t1= 113.8 ns and t2= 

329.9 ns). BT-4D exhibits the fastest decay (t1= 22.0 ns and t2= 80.3 ns) among the other 

thiophene-based HTLs and also outperforms spiro-OMeTAD (t1= 40.4 ns and t2= 134.9 ns). Both 

faster decay and larger PL quenching of BT-4D strongly suggest that the hole injection from the 

perovskite into BT-4D is more efficient compared to spiro-OMeTAD.377  

Finally, to gain more insight into the devices’ stability under operating condition, we 

investigated the long-term stability of the devices incorporating the best performing among the 

series (BT-4D) and spiro-OMeTAD as HTLs. The stability test was carried out on the 

unencapsulated devices at maximum power point tracking (MPPT) under continuous one sun 

illumination in an inert (Ar) atmosphere for 1186 h (see experimental methods for details). The 

long-term stability test results are reported in Figure 6.2.3e. Devices employing BT-4D and 

spiro-OMeTAD exhibit a different degradation behavior. During the first 15 hours, the device 

based on BT-4D shows a slight increase of 4% compared to the initial PCE, followed by a slow 

degradation process, retaining 98% of its initial PCE after 1186 h of light exposure. On the 

contrary, the device based on spiro-OMeTAD exhibits a fast degradation behavior at the first 50 

hours, followed by a slow degradation process, retaining 79% of its initial PCE. The fast 

degradation behavior of spiro-OMeTAD based device during the initial stage has been also 

observed in the previous reports.222, 431 It is known that the use of dopants in the HTL negatively 

influences the long-term stability of PSC,113, 115, 432 however, this study confirms that the use of 
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dopants in HTL does not accelerate the degradation of PSC in the case of BT-4D based device. 

These results also demonstrate the superior stability of BT-4D under continuous light 

illumination, outperforming spiro-OMeTAD, with a negligible loss of 2% from the initial PCE 

after 1186 h. In addition, we carried out the shelf-life stability test of the unencapsulated PSCs 

employing BT-4D and spiro-OMeTAD by keeping the devices in the ambient atmosphere 

(relative humidity <15%) under dark. The PSCs with BT-4D still demonstrates a better stability 

compared to spiro-OMeTAD under this testing condition (Figure D.2.24, Appendix D). The 

enhanced stability of BT-4D based PSC could be due to the planar molecular orientation of BT-

4D when it interacts with the perovskite surface (Figure 6.2.1c). This could lead to a better 

stacking or packing in the perovskite-HTM which may further prevent severe degradation of 

the HTM layer in the devices.222 This outstanding stability of BT-4D makes it as one of the most 

stable doped HTL among the other reported doped HTLs (Table D.2.9)222, 392, 418, 433, 434 with 

comparable device photovoltaic performance to spiro-OMeTAD.  

In addition, we carried out water contact angle measurements on top of HTLs to 

investigate the hydrophobicity of the HTLs in thin-films (Figure D.2.25). The thiophene-based 

HTLs demonstrated higher water contact angle in comparison with spiro-OMeTAD. 

Interestingly, the water droplet completely wetted spiro-OMeTAD surface after 20 s of being in 

contact with water, while the water droplet on top of the BT-4D, TT-4D, and QT-4D still 

maintained similar contact angle values after 20 s. These results suggest that the thiophene-

based HTLs are more hydrophobic compared to spiro-OMeTAD, which is beneficial for the 

improved device stability against the moisture during the operation. 

 

6.2.5 Conclusion 

In summary, molecularly engineered TPA-functionalized oligothiophene small 

molecular HTMs have been designed, synthesized, and studied in PSCs. The inexpensive 

precursors are utilized to synthesize these HTMs in scalable batches through an easily accessible 

synthetic pathway. The PSCs employing BT-4D as HTL demonstrated the highest PCE of 19.34%, 

which is on par with spiro-OMeTAD as the reference. Hole mobility, lateral conductivity, PL, 

and SEM analyses showed that BT-4D has better hole-extraction properties and film formation 

compared to TT-4D and QT-4D, resulting in the best photovoltaic performance among the 

synthesized thiophene-based HTMs. Notably, PSCs fabricated with BT-4D exhibited impressive 

long-term stability under the continuous one sun exposure for 1186 h by retaining 98% of its 

initial efficiency, outperforming the spiro-OMeTAD based PSCs. These results demonstrate the 
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prospective advantages of arylamine terminated non-fused oliogothiophenes for efficient, 

stable, and low-cost HTMs in perovskite solar cells.  

 

6.3 Conclusion 

In this chapter, we have designed two classes of HTMs based on carbazole and 

thiophene molecules and applied them in the n-i-p configured PSCs. Both carbazole and 

thiophene-based HTMs have been synthesized using facile and low-cost synthetic steps in 

comparison with spiro-OMeTAD as the benchmark. In the case of the carbazole-based HTMs, 

the position of the TPA arms on the carbazole core will determine how the molecules are 

adsorbed on top of the perovskite surface. Car[2,3] molecule with the TPA substitutions at 

2,3,6,7 positions has demonstrated more planar configuration, enabling better noncovalent 

interactions between the perovskite surface and denser molecular packing, which is beneficial 

for the hole transport. Consequently, a higher hole mobility value is achieved for Car[2,3], 

resulting in a maximum PCE of 19.23%. On the other hand, the molecular orientation of the 

thiophene-based HTMs on the surface of perovskite is influenced by the number of the 

thiophene cores. BT-4D (with 2 thiophene units) exhibits a more compact molecular structure 

compared to TT-4D and QT-4D (with 3 and 4 thiophene units, respectively). The planar 

structure of BT-4D allows a better intermolecular π–π stacking of the HTM on top of perovskite 

which improves the hole extraction efficiency, leading to the maximum PCE of 19.34%. 

Essentially, both of the carbazole and thiophene-based HTMs have demonstrated enhanced 

long-term stability. PSC based on Car[2,3] maintained 81% of its initial PCE after 1000 h aging 

under continuous light illumination. Remarkably, PSC incorporating BT-4D showed a 

negligible lost by retaining 98% of its initial PCE for a longer aging time of 1186 h under constant 

light exposure. The improved long-term stability of the carbazole and thiophene-based HTMs 

could originate from the high decomposition temperature and improved hydrophobicity. This 

study highlights the importance of the HTM engineering in promoting the hole extraction for 

an efficient PSC as well as realizing a stable device performance using a low-cost material. 

  



 

 143 

Chapter 7: Conclusions and Outlook 
 

 

The main goals of this thesis are to improve the perovskite solar cells (PSCs) 

performance and stability by means of interface engineering. The fundamentals of the 

interfacial processes have been thoroughly investigated to provide a clear understanding on 

how the perovskite’s interface could be tuned to boost the photovoltaic performance and long-

term stability of the devices. I have chosen two different strategies to incorporate an interfacial 

layer at the perovskite/hole-transporting material (HTM) interface: low-dimensional 

perovskites and Lewis base molecule. The optical, structural, chemical, energetical, and 

photovoltaic analyses have been carried out to unveil the key roles of the interface in 

determining PSCs performance and stability. On top of that, I employed another strategy to 

improve the perovskite/HTM interface by directly modifying the HTM itself. The correlation 

between the molecular design of the HTM and the hole extracting efficiency as well as the 

robustness of the HTM upon the aging under the operation condition have also been carefully 

examined. 

Chapter 2 summarizes the current state of interfacial engineering in PSCs for defect 

passivation and stability improvement. I have carried out a thorough literature study and 

analysis on the various interfacial engineering strategies. Several techniques of surface 

passivation ranging from PbI2-rich perovskite composition, alkylammonium halides, Lewis 

acids and bases, hydrophobic organic molecules, wide bandgap materials, to low-dimensional 

perovskite are discussed. Interestingly, the passivating agent could be finely tuned to target a 

specific type of defect, inducing different passivation mechanism. Moreover, the effect of those 

interlayers on the device stability are compared. Based on this analysis, I found that the use of 

low-dimensional (2D) perovskites and Lewis bases show a great promise in improving both 

photovoltaic performance and long-term stability of PSCs. 

Then, I introduced a 2D perovskite layer as an interlayer between 3D perovskite layer 

and HTM, resulting in a 2D/3D bilayer structure. The thin layer of 2D perovskite serves as both 

interface passivation and stability enhancer for n-i-p PSCs. In chapter 3, the investigation of the 

2D/3D interfaces are mainly focused on the role of the 2D perovskite in preventing the 

degradation of the devices. Three new large organic cations were incorporated as the precursor 

for the 2D perovskite overlayer: 2-thiophenemethylamine iodide (2-TMAI), 3-

thiophenemethylamine iodide (3-TMAI), and 2-thiopheneethylammonium iodide (2-TEAI). 

These thiophene-based cations were designed with different alkyl chains length and position. 
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When they were implemented in solar cells, I observed the enhancement of PV performance, 

mainly in the VOC and FF, which could be ascribed to the interface passivation effect of 2D 

perovskite. Additionally, the evolution of the PV performance upon aging under dark and dry 

environment (RH<10%) were also observed. All the 2D/3D based PSCs showed continuous 

improvement in PV performance after long-term storage (18-24 weeks), while the 3D-only 

device showed the increase in PV performance in the first two weeks of storage followed by 

degradation process. Motivated by this observation, I performed structural and optical 

characterization to gain a better understanding on the origin of this evolution and the effect on 

the long-term stability. PL and XRD analyses revealed that the 2D phases transformed to higher 

n to lower n number upon aging. I found that the less transforming 2D perovskite phase, 2-TEAI, 

resulted in the most stable PSCs. On the other hand, the more transforming 2D perovskite phase, 

such as 2-TMAI and 3-TMAI, showed inferior long-term stability. We propose that this 

transformation could happen due to the mobilization of volatile cations (such as MA and FA) 

from the 3D perovskite layer underneath. Hence, a judicious design in the large organic layer is 

very crucial to block the migration of small cations, resulting in stable PSCs. 

Following this finding, I am motivated to explore the impact of the thermal stress on the 

2D/3D PSCs stability. Thus, I selected 2-TMAI as the representative of the thiophene cation 

family as the large organic cation and then I compared it with the widely used commercial 

cation, 2-phenylethylammonium iodide (PEAI), for synthesizing the 2D perovskite layer. The 

2D/3D perovskite thin-films and devices were stressed under 50°C heat. The thin-films were 

characterized using in situ grazing incident wide angle X-ray scattering (GIWAXS) analysis. 

Both 2-TMAI 2D/3D and PEAI 2D/3D exhibited decrease in the pure 2D phase (n= 1) peak upon 

heating. Consistent with the observation in the previous chapter, 2-TMAI 2D/3D showed the 

formation of n= 2 phases during heating. On the contrary, PEAI 2D/3D perovskite did not show 

formation of a new phase under the thermal aging process. It is worth noting that the 3D 

perovskite peak stayed intact during the thermal cycle, which was confirmed by insignificant 

change in the PV performances of the devices employing both 2-TMAI 2D and PEAI 2D after 

thermal stress. From these results, I gain understanding that 2D perovskite protects the 3D 

perovskite from degradation regardless of the 2D perovskite phase evolution upon heating.  

In chapter 4, I studied the energetic landscape of the 2D/3D interfaces and their roles in 

reducing the nonradiative recombination. Three cations based on the 2-thiophenemethyl 

ammonium halide family (2-TMAX with X: Cl, Br, I) were designed as the building block for the 

2D/3D perovskite interfaces. The small difference on the halide counter ions could result in the 

contrasting interface energetic. The UPS depth profiling measurement reveals that the 2D/3D 
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interfaces formed by 2-TMAI and 2-TMABr cations exhibited a favorable valence and 

conduction band alignment for hole extraction and electron blocking, respectively. On the 

other hand, the 2-TMACl 2D/3D interface exhibited a slight uphill energy barrier. It is also worth 

mentioning that 2-TMAI and 2-TMABr 2D/3D perovskites showed the formation of a p-n 

junction at the interface which could improve the charge extraction and reduce the interface 

recombination. Remarkably, 2-TMABr 2D/3D perovskite interface has successfully reached zero 

interfacial voltage loss with the maximum photoluminescence quantum yield (PLQY) of 2% in 

the device, which is reflected in the high VOC of 1.19 V and the power conversion efficiency (PCE) 

approaching 21%. This finding shed light on the importance of the 2D/3D interface design by 

manipulating the chemical composition of the large organic cation to achieve an optimal 

interface energetics, resulting in the elimination of the interfacial recombination and ultimately 

the improvement of the photovoltaic performance. 

Further, the interface engineering using a Lewis base is reported in Chapter 5. I applied 

a new phosphine oxide derivative, tris(5-((tetrahydro-2H-pyran-2-yl)oxy)pentyl)phosphine 

oxide (THPPO), to passivate the defect on the surface of the perovskite layer, especially by 

targeting the undercoordinated Pb2+ sites. The 31P NMR analyses confirmed the interaction 

between the lone pair of electrons in the phosphine oxide and the undercoordinated Pb2+. 

Besides, the suppression of the defect sites was also evidenced by the decrease of Pb0 signal in 

the XPS spectra. As a result, the nonradiative recombination was successfully reduced, which 

was validated in the increase of the PL intensity and lifetimes. In addition, the THPPO-

passivated perovskite films exhibited a positive shift in the energy level alignment compared to 

the pristine film, enabling a favorable hole extraction as well as electron blocking properties at 

the interface. Hence, the HTL-free devices have demonstrated a significant increase in PCE from 

5.84% to 13.31% thanks to the passivation effect and improved energy level alignment. A similar 

trend has been obtained when THPPO was incorporated the complete n-i-p configured solar 

cells using spiro-OMeTAD as the HTM by boosting the device’s PCE from 19.87% to 20.70%. 

Based on the studies on the interface engineering above, I find that the incorporated low 

dimensional halide perovskites and Lewis base could effectively reduce the interfacial 

recombination at the perovskite/HTM interface and enhance the device lifetime. Then, I 

worked on the HTMs engineering topic which could be explored to further improve the hole 

extraction at the interface and long-term stability. Spiro-OMeTAD is commonly used as the 

state-of-art HTMs in PSCs. However, its instability under the operation condition along with 

the costly synthetic steps limit the application of PSCs from the commercialization. Thus, I have 

investigated two families of new HTMs in Chapter 6 for the efficient, stable, and low-cost PSCs 
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development. The first series of the HTMs is based on the two isomeric carbazole molecules 

functionalized with four triphenylamine (TPA) groups at 1,3,6,8 positions (Car[1,3]) and 2,3,6,7 

positions (Car[2,3]). The molecular dynamic simulation reveals that Car[2,3] exhibited a more 

planar molecular configuration compared to Car[1,3] upon the interaction with the surface of 

the perovskite layer. The planar conformation of Car[2,3] allows a dense stacking of HTM 

molecules, enabling an efficient hole transfer process which is in accordance with the higher 

hole mobility of Car[2,3]. In combination with the favorable energetics between perovskite and 

HTM, Car[2,3] could deliver PSC with the maximum PCE of 19.23% which is comparable with 

the spiro-OMeTAD as the reference. Importantly, the carbazole-based HTMs could maintain 

>80% of their initial PCEs after keeping them under continuous light illumination for 1000 h. 

The second series of the HTMs studied in Chapter 6 of this thesis is based on the 

thiophene molecules functionalized with four TPA arms. Similar to the carbazole-based HTMs, 

the thiophene-based HTMs are designed because of its versatility for organic electronic 

applications as well as its facile and cheap synthetic cost. The thiophene-based HTMs vary on 

the number of the thiophene core: bithiophene (BT-4D), terthiophene (TT-4D), and 

quarterthiophene (QT-4D). From the theoretical calculation, the increasing number of the 

thiophene cores distorted the molecular structure which could hamper the conformal stacking 

of the HTM molecules on top of the perovskite. Thus, BT-4D with two thiophenes exhibited a 

more planar molecular orientation, allowing a better intermolecular π–π stacking of the HTM 

on top of perovskite for the hole extraction. Consequently, the device employing BT-4D yielded 

the highest PCE of 19.34%. Notably, the long-term stability of the devices has been enhanced to 

a great extent by incorporating BT-4D. The aged device under constant light irradiation 

maintained 98% of the initial efficiency after 1186 h. This finding highlights the importance of 

the HTM engineering for stable and efficient solar cells. 

To summarize, I have extensively investigated the reasons behind the improvement of 

photovoltaic performance and stability of PSCs by interface engineering. The judicious design 

of large organic cations for low dimensional perovskite will determine the robustness of the 

2D/3D perovskite interface, particularly in protecting the 3D perovskite bulk from the ambient 

atmosphere as well as elevated temperature during operation. Moreover, careful molecular 

tuning of the large organic cations could give a precise control on the energetic landscape of the 

2D/3D perovskite interface which is important for eliminating radiative loss due to the 

interfacial recombination. In addition, the use of a Lewis base has been demonstrated to 

effectively target the undercoordinated Pb2+ defect which could improve the performance of 

both HTL-free and standard PSCs. Besides, the performance and stability enhancement of PSCs 
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could be realized by molecular engineering of the HTM. Equally, the cost of the HTMs should 

be considered to make PSCs more feasible for large-scale applications. The integration of the 

main findings in this thesis by coupling the optimized interface with the optimally designed 

HTMs could bring the development of the PSCs to the next level. I believe that the works carried 

out in this thesis will give a fundamental understanding of the smart device design for achieving 

high performance, stable, and low-cost PSCs towards commercial application. 
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Appendix A: Supplementary Information to 
Chapter 3 
 
A.1 Dynamical evolution of the 2D/3D interface: a hidden driver behind 

perovskite solar cell instability 

 

Experimental Methods 

Synthesis of thiophene-based cations 

A desired concentrated aqueous solution of HI (1.1 eq) was added dropwise to a stirred 1.0 mol/L 

ethanol solution of the corresponding thiophenealkylamine (1.0 eq) at 0°C. The mixture was 

allowed to gradually reach room temperature and then it was poured into an excess of diethyl 

ether (Et2O). The formed precipitate was collected and washed thoroughly with Et2O. The salts 

were recrystallized from EtOH-Et2O mixtures, providing with crystalline solids (yields ≈70 %). 

 

Preparation of 2D/3D perovskite films and device fabrication  

FTO-coated glass (Nippon sheet glass) was chemically etched using zinc powder and HCl 

solution, followed by cleaning using Hellmanex, water, acetone, and 2-propanol. A 30 nm thick 

compact TiO2 layer as electron transporting layer was deposited by spray pyrolysis using a 

titanium diisopropoxide bis(acetylacetonate) solution (Sigma-Aldrich) diluted in 2-propanol 

(1:15 v/v) at 450 °C. On top of the compact layer, a 100 nm thick mesoporous layer of TiO2 was 

deposited by spin coating TiO2 paste (GreatCellSolar, 30NR-D) diluted in ethanol (1:8 w/v) at 

5000 rpm for 20 s followed by heating at 125 °C for 10 min and sintering at 500 °C for 20 min. A 

thin layer of passivating tin oxide of ≈20 nm was spin-coated by using tin (IV) chloride (Acros) 

solution (12 µL diluted 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. The prepared substrates were treated with UV-ozone for 15 min before 

perovskite deposition. A 1.3 mol/L [(FAPbI3)0.87(MAPbBr3)0.13]0.92(CsPbI3)0.08 perovskite solution 

with excess PbI2 (PbI2:FAI = 1.05:1) 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). 

For the 2D perovskite n=1 (R2PbI4, R is the corresponding thiophene alkylammonium cation), 

the perovskite precursor solution was prepared by dissolving thiophene alkylammonium cation 

and PbI2 with the molar ratio of 2:1 in mixed solvent of DMF and DMSO (0.78:0.22 v/v). For the 

quasi 2D perovskite n=2 (R2MAPb2I7), the perovskite precursor solution was prepared by 

dissolving thiophene alkylammonium cation, methylammonium iodide (MAI, GreatCellSolar), 
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and PbI2 with the molar ratio of 2:1:2 in mixed solvent of DMF and DMSO (0.78:0.22 v/v). The 

prepared perovskite precursor was then spin-coated on the prepared at 2000 rpm for 12 s and 

5000 rpm for 30 s. Chlorobenzene was added as an anti-solvent at 15 s before the end of spin 

coating process. The films were subsequently annealed at 100 °C for 60 min. After cooling down 

to room temperature, 0.06 mol/L of thiophene alkyl ammonium iodide cations in 2-propanol 

were spin-coated dynamically by adding the solution during spinning at 4000 rpm for 30 s, 

followed by annealing at 100 °C for 6 min. Spiro OMeTAD was used as the hole-transporting 

materials (HTM). The HTM layer was prepared by dissolving 78.2 mg spiro-OMeTAD (Merck) 

in 1 mL chlorobenzene doped with 31.28 µL of 4-tert-butylpyridine (Sigma-Aldrich), 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). The doped spiro-OMeTAD solution was then deposited by spin-coating at 

4000 rpm for 30 s. Finally, a 70 nm-thick gold counter electrode was thermally evaporated on 

top of HTM layer. 

 

Film Characterization  

UV-VIS Absorption 

The absorption spectra of the perovskite thin films were recorded with using an ultraviolet, 

visible, near-infrared spectrophotometer (PerkinElmer Lambda 950S).  

 

Photoluminescence 

Photoluminescence spectra of the perovskite thin films were measured and recorded using 

Fluorolog3-22 spectrofluorometer. The spectra were recorded upon excitation at 450 nm. For 

the 2D/3D films, the emissions were measured from both front side (2D perovskite side) and 

back side (3D perovskite side) of the film. 

 

X-ray Diffraction (XRD) 

XRD measurements were performed at room temperature with Bruker D8 Advance 

diffractometer and non-monochromated Cu radiation. For the 2D-3D films, the XRD patterns 

were obtained using grazing incident diffraction (GID) geometry with Bruker D8 Discover 

diffractometer and non-monochromated Cu radiation at the incident angle of 2.0°.  In situ X-

ray diffraction was performed at 50°C in ambient atmosphere and using a custom-made high-

temperature cell (temperature stability +/- 1 K), in Bragg Brentano geometry, with a Bruker D8 

Discover diffractometer and non-monochromated Cu radiation. The data acquisition time for 
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the entire pattern between 2 and 16° 2θ was approx. 15 minutes, in order to allow for comparison 

from PL experiments. 

 

Scanning Electron Microscopy (SEM) 

Cross-section and top surface SEM images were recorded by in-lens detector of FEI Teneo 

scanning electron microscope at high tension of 3 kV and 5 kV.   

 

Grazing incidence wide angle X-ray scattering (GIWAXS) measurements 

GIWAXS measurements were carried out in reflection geometry at the CMS beamline of the 

National Synchrotron Light Source II (NSLS II), a U.S. Department of Energy (DOE) office of 

the Science User Facility operated for the DOE Office of Science by Brookhaven National 

Laboratory. Samples were measured at a detector distance of 0.153 m using X-ray wavelength of 

1.24 Å, at 0.16° angle of incidence with respect to the substrate plane. Scattering intensity was 

detected by a PILATUS 300K detector. Nika software package was used to sector average the 2D 

GIWAXS images. Data plotting was done in Igor Pro (Wavemetrics, Inc., Lake Oswego, OR, 

USA). 

 

Device characterization  

The current density–voltage (J–V) curves were measured under 1 sun illumination (AM 1.5G) by 

xenon lamp solar simulator (450 W, Oriel Sol3A, AAA class). The J-V measurements were carried 

out under ambient condition and room temperature. The light intensity was calibrated to 1 sun 

by using a Si reference equipped with an IR-cutoff (KG5) filter. An external voltage bias was 

applied and the current responses were measured at the same time using a digital source meter 

(Keithley 2400). An active area of 0.16 cm2 was determined by a metal mask with aperture of 

0.16 cm2. The J-V curves were scanned with the rate of 50 mV s-1 without any preconditioning, 

such as light soaking or pre-biasing for a long time. For the light intensity dependent 

measurement, the J-V characteristics were obtained using a VeraSol LED solar simulator 

(Newport) under various light intensity. External quantum efficiency (EQE) measurement was 

carried out by using IQE200B (Oriel). 
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Figure A.1.1 XRD patterns of pure 2D perovskite films with n=1 employing 2-TMAI, 3-TMAI and 

2-TEAI cations. 

 
Figure A.1.2 XRD patterns of quasi-2D perovskite films with n=2 employing 2-TMAI, 3-TMAI 

and 2-TEAI cations using MA as small cation. 
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Figure A.1.3 Scanning electron microscopy images of the top view (left) of the perovskite film 

and cross-section (right) of the 3D control device 

 

 

Table A.1.1 Optimization of the 2D layer thickness on the 3D PSCs by varying 2-TMAI 

concentration showed over 15 devices fabricated in the same batch. 

Concentration VOC (V) JSC (mA cm-2) FF PCE (%) 

0.05 M 1.07 ± 0.02 23.8 ± 0.3 0.77 ± 0.01 19.6 ± 0.4 
0.06 M 1.11 ± 0.03 23.7 ± 0.2 0.76 ± 0.01 19.8 ± 0.2 
0.07 M 1.07 ± 0.01 22.8 ± 0.3 0.70 ± 0.02 17.0 ± 0.2 

 

 

Table A.1.2 Statistics of the photovoltaics parameters of 3D control and 2D/3D PSCs based on 2-

TMAI, 3-TMAI, and 2-TEAI over 86 devices measured at their peak performance time. 

 VOC (V) JSC (mA cm-2) FF PCE (%) 

2-TMAI 1.09 ± 0.02 23.8 ± 0.3 0.75 ± 0.01 19.3 ± 0.4 
3-TMAI 1.13 ± 0.01 23.4 ± 0.1 0.76 ± 0.01 20.0 ± 0.5 
2-TEAI 1.11 ± 0.00 23.2 ± 0.2 0.70 ± 0.01 18.1 ± 0.5 

3D 1.09 ± 0.02 23.8 ± 0.3 0.78 ± 0.01 20.3 ± 0.5 
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Figure A.1.4 Statistics of the photovoltaics parameters with standard deviation bars (SD) of 3D 

control and 2D/3D PSCs based on 2-TMAI, 3-TMAI, and 2-TEAI PSCs over 86 devices measured 

at their peak performance time: (a) power conversion efficiency, (b) open-circuit voltage, (c) 

short-circuit current density, and (d) fill factor. Color code is as in Figure 3.1.2.  
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Figure A.1.5 Hysteresis measurement between reverse scan (RS) and forward scan (FS) of 2D/3D 

PSCs employing (a) 2-TMAI, (b) 3-TMAI, (c) 2-TEAI, and (d) 3D control measured at their peak 

performance time. 
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Figure A.1.6 External quantum efficiency (EQE) of 2D/3D PSCs based on 2-TMAI, 3-TMAI, 2-

TEAI, and 3D control measured at their peak performance time. 

 
Figure A.1.7 Open-circuit voltage (VOC) vs light intensity plot of 2D/3D PSC employing 2-TMAI, 

3-TMAI, 2-TEAI, and 3D control on semi natural logarithmic scale. 
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Figure A.1.8 Short-circuit current density (JSC) vs light intensity plot of 2D/3D PSC employing 2-

TMAI, 3-TMAI, 2-TEAI, and 3D control on double logarithmic scale. 
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Figure A.1.9 Photoluminescence spectra of 2D/3D films employing (a) 2-TMAI, (b) 3-TMAI, (c) 

2-TEAI, and (d) 3D control upon back side excitation exciting at 450 nm.  

 

 



 

 179 

 
Figure A.1.10 Photoluminescence spectra of 2D perovskite films with n=1 employing (a) 2-TMAI, 

(b) 3-TMAI, and (c) 2-TEAI exciting at 450 nm. 
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Figure A.1.11 Photoluminescence spectra of quasi-2D perovskite films with n=2 employing (a) 2-

TMAI, (b) 3-TMAI, and (c) 2-TEAI using MA as small cation exciting at 450 nm. 
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Figure A.1.12 PL spectra of 2D/3D perovskite employing n-BAI and PEAI as the large organic 

cations upon aging in dark and dry environment (RH <10%). 

 

 

 
Figure A.1.13 PL spectra of 2D/3D perovskite employing n-BAI and PEAI as the large organic 

cations upon heating at 50°C. 
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Figure A.1.14 GIWAXS patterns of aged 2D/3D films employing (a) 2-TMAI, (b) 3-TMAI, and (c) 

2-TEAI cations. (d) Sector average (90 to 125)° for data in (a)-(c), indicating principal features 

of the 2D layer. Table: Summary of the n number based on the GIWAXS patterns. 
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Figure A.1.15 Absorption spectra of fresh and aged (stored in the dark and dry environment for 

4 months) 2D/3D films employing (a) 2-TMAI, (b) 3-TMAI, and (c) 2-TEAI cations. 
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Figure A.1.16 XRD patterns of fresh and aged (stored in the dark and dry environment for 4 

months) 2D/3D films employing (a) 2-TMAI, (b) 3-TMAI, and (c) 2-TEAI cations recorded at 

incident angle of 2°. 
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Figure A.1.17 In situ XRD measurement of 2D/3D perovskite films employing 2-TMAI, 3-TMAI, 

and 2-TEAI upon thermal aging at 50°C. 
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A.2 In situ analysis reveals the role of 2D perovskite in preventing thermal-

induced degradation in 2D/3D perovskite interfaces 

 

Experimental Methods 

 

Synthesis of 2-thiophene methyl ammonium idodide (2-TMAI) 

2-TMAI was synthesized according to the reported procedure.223 An aqueous solution of HI (1.1 

eq) was added dropwise to a stirred 1.0 mol/L ethanol solution of thiophenemethylamine (1.0 

eq) at 0°C. The mixture was allowed to gradually reach room temperature and then it was 

poured into an excess of diethyl ether (Et2O). The formed precipitate was collected and washed 

thoroughly with Et2O. The salts were recrystallized from EtOH-Et2O mixtures, providing with 

crystalline solids. 

 

Preparation of 2D/3D perovskite films and device fabrication  

FTO-coated glass (Nippon sheet glass) was chemically etched using zinc powder and HCl 

solution, followed by cleaning using Hellmanex, water, acetone, and 2-propanol. A 30 nm thick 

compact TiO2 layer as electron transporting layer was deposited by spray pyrolysis using a 

titanium diisopropoxide bis(acetylacetonate) solution (Sigma-Aldrich) diluted in 2-propanol 

(1:15 by volume fraction) at 450 °C. On top of the compact layer, a 100 nm thick mesoporous 

layer of TiO2 was deposited by spin coating TiO2 paste (GreatCellSolar, 30NR-D) diluted in 

ethanol (1:6.3 by mass fraction) at 5000 rpm for 20 s followed by heating at 125 °C for 10 min and 

sintering at 500 °C for 20 min. A thin layer of passivating tin oxide of ≈20 nm was spin-coated 

by using tin (IV) chloride (Acros) solution (12 µL diluted 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. The prepared substrates were 

treated with UV-ozone for 15 min before perovskite deposition. A 1.3M 

[(FAPbI3)0.87(MAPbBr3)0.13]0.92(CsPbI3)0.08 perovskite solution with excess PbI2 (PbI2:FAI = 1.05:1) 

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). The prepared perovskite precursor was then 

spin-coated on the prepared substrates at 2000 rpm for 12 s and 5000 rpm for 30 s. 

Chlorobenzene was added as an anti-solvent at 15 s before the end of spin coating process. The 

films were subsequently annealed at 100 °C for 60 min. After cooling down to room temperature, 

a 100µL solution of the synthesized 2-TMAI or PEAI (GreatCellSolar) in 2-propanol (60 mM) 

was spin-coated dynamically by adding the solution during spinning at 4000 rpm for 30 s, 

followed by annealing at 100 °C for 6 min in order to form a ~60 nm thick of 2D perovskite layer 
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on top. For a complete device, a spiro OMeTAD layer as the hole-transporting materials (HTM) 

was deposited on top of the perovskite layer. 78.2 mg of spiro-OMeTAD (Merck) was dissolved 

in 1 mL chlorobenzene and doped with 31.28 µL of 4-tert-butylpyridine (Sigma-Aldrich), 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). The prepared spiro-OMeTAD solution was then spin-coated at 4000 rpm 

for 30 s. Finally, a 70 nm-thick gold counter electrode was thermally evaporated on top of HTM 

layer. 

 

Device characterization  

The current density–voltage (J–V) curves were measured under 1 sun illumination (AM 1.5G) by 

xenon lamp solar simulator (450 W, Oriel Sol3A, AAA class). The light intensity was calibrated 

to 1 sun by using a Si reference equipped with an IR-cutoff (KG5) filter. An external voltage bias 

was applied and the current responses were measured at the same time using a digital source 

meter (Keithley 2400). An active area of 0.0804 cm2 was determined by a metal mask. The J-V 

curves were scanned with the rate of 50 mV s-1 without any preconditioning, such as light 

soaking or pre-biasing for a long time. External quantum efficiency (EQE) spectra were recorded 

using IQE200B (Oriel). 

 

In situ GIWAXS 

In situ GIWAXS measurements were performed at the XRD2 beamline at the Brazilian 

Synchrotron Light Laboratory (LNLS). The energy of the X-ray was 7 keV and the scattering 

signal was collected using a Pilatus 300K detector with integration time of 3s and 30s between 

each measurement. The incidence angle of the X-ray beam relative to the film surface was set 

at 3°. The modified films were measured under nitrogen atmosphere. Each GIWAXS image was 

azimuthally integrated to obtain 1D X-ray diffraction patterns and plotted as 2D intensity maps 

with respect to time (abscissa) and the 2theta (ordinate). The intensity was normalized with the 

storage ring current. 

 

Photoluminescence and UV-Vis Absorption 

Photoluminescence spectra of the perovskite films were measured and recorded using 

Fluorolog3-22 spectrofluorometer. The emission was measured upon excitation at 450 nm. The 

absorption spectra of the perovskite thin films were measured in an ultraviolet, visible, near-

infrared spectrophotometer (PerkinElmer Lambda 950S).  
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Time-resolved Photoluminescence 

Time-resolved photoluminescence (TrPL) decays were acquired on a time-correlated single-

photon counting (TCSPC) FL900 spectrometer from Edinburgh Analytical Instruments with a 

Hamamatsu MCP-PMT R3809U-50, and a PicoQuant LHD-DC-440 pulsed laser diode at λexc = 

440 nm (pulsewidth < 80 ps; F = 9.7 nJ cm-2). The instrument response was recorded using Ludox 

samples. At least 1,000 counts in the peak channel were accumulated for the lifetime 

determination. The emission decays were analyzed using exponential functions. The films used 

for TrPL measurement were prepared under the same condition as GIWAXS experiment. 

 

Table A.2.1 Photovoltaic parameters of 3D perovskite solar cells without and with heating 

(considering a statistic of 16 devices) 

Treatment 
VOC 
(V) 

JSC 
(mA cm-2) 

FF 
PCE 
(%) 

3D – Control 1.086 ± 0.008 23.42 ± 0.19 0.77 ± 0.01 19.5 ± 0.2 
3D – Heated 50°C – 100 mins. 1.066 ± 0.007 22.84 ± 0.03 0.74 ± 0.01 18.1 ± 0.4 
 

 

Calculation of XRD Peak Position 

The interplanar distance in a 2D perovskite can be calculated by the formula:435 

d = E + n*T 

Where, E is the length of the spacer and T the thickness of one perovskite layer and n the 

number of layers. For n=1 and n=2 we have, respectively:435 

d (n=1) = E + T      Equation (1) 

d (n=2) = E + 2T    Equation (2) 

As E has not been reported for TMA+ yet, we used the n=1 and n=2 synthetized perovskites to 

estimate d by Bragg’s law and calculated E and T using the equations (1) and (2). We found T 

equals 0.62 nm, which is very consistent with value reported in the literature and with the size 

of the inorganic octahedron.436, 437 We found that the length of the TMA spacer in the 2D 

perovskites is 0.82 nm consistent with the length of the benzylammonium (0.91 nm) which have 

similar structure. The tables 1 and 2 shows the experimental, theorical and deviation between 

then for n=1 and n=2 perovskites, respectively. Using these two parameters (T and E), equation 

1 and Bragg’ law, we estimated the XRD peak positions for n=3 to n=10 for different diffraction 

orders. Table A.2.4 shows the calculated values. 
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Table A.2.2 Experimental and calculated XRD peaks positions for n=1 2-TMAI 2D perovskite 

XRD order peak 
Experimental Theorical 

Deviation (%) 
q (nm-1) d (nm) q (nm-1) 

1 4.4 1.42 4.36 1.26 
2 8.7 1.44 8.72 0.16 
3 13.1 1.44 13.09 0.14 
4 17.4 1.45 17.45 0.35 
5 21.7 1.45 21.87 0.42 
6 26.0 1.45 26.17 0.55 

* Average d equal 1.44 nm 

 

Table A.2.3 Experimental and calculated XRD peaks positions for n=2 2-TMAI 2D perovskite 

XRD order peak 
Experimental Theorical 

Deviation (%) 
q (nm-1) d (nm) q (nm-1) 

1 3.1 2.04 3.05 1.06 
2 6.1 2.06 6.10 0.19 
3 9.1 2.06 9.15 0.05 
4 12.2 2.07 12.19 0.27 
5   15.24  
6 18.2 2.07 18.29 0.42 
7 21.2 2.07 21.34 0.54 

* Average d equal 2.06 nm 
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Table A.2.4 Calculated XRD peak positions. 

n XRD order q(nm-1) 
3 1 2.34 
3 2 4.69 
3 3 7.03 
3 4 9.37 
3 5 11.72 
4 1 1.90 
4 2 3.81 
4 3 5.71 
4 4 7.61 
4 5 9.51 
5 1 1.60 
5 2 3.20 
5 3 4.80 
5 4 6.41 
5 5 8.01 
6 1 1.38 
6 2 2.77 
6 3 4.15 
6 4 5.53 
6 5 6.91 
7 1 1.22 
7 2 2.43 
7 3 3.65 
7 4 4.87 
7 5 6.08 
8 1 1.09 
8 2 2.17 
8 3 3.26 
8 4 4.34 
8 5 5.43 
9 1 0.98 
9 2 1.96 
9 3 2.94 
9 4 3.92 
9 5 4.90 
9 6 5.89 
9 7 6.87 
10 1 0.89 
10 2 1.79 
10 3 2.68 
10 4 3.58 
10 5 4.47 
10 6 5.37 
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Figure A.2.1 XRD patterns of n=1 and n=2 2-TMAI 2D 

 

 

 
Figure A.2.2 (a) X-ray diffraction maps in function of time and temperature of pristine 

perovskite films, respectively, (b) respective intensity of the main peaks in function of time 

and (c) respective x-ray diffraction pattern in different times. 
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Figure A.2.3 PL spectra (not normalized) of (a) PEAI 2D/3D and (b) 2-TMAI 2D/3D under 

thermal aging upon excitation at 450 nm from the front side 

 

 
Figure A.2.4 PL spectra of 2D/3D perovskite films employing (a) 2-TMAI and (b) PEAI as the 

large cation upon slow aging in dark and dry environment at room temperature. 
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Figure A.2.5 Normalized TrPL decays (λexc = 440 nm; λPL = 780 nm) of the 3D control sample 

(black curves), PEAI (red curves), and 2-TMAI (blue curves) 2D/3D modified perovskite thin-

films as function of the heat time at T = 50 ºC: t= 0 (a), 15 (b), and 30 min (c). 

 

 
Figure A.2.6 Average augment of the charge-carrier lifetimes of the 2-TMAI (red), PEAI (blue), 

and 3D control (black) samples along the thermal aging treatment at 50°C. 
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Figure A.2.7 Absorption spectra of the 3D perovskite thin-film and 2D/3D perovskite thin-films 

employing 2-TMAI and PEAI as the large organic cations. 

 

 
Figure A.2.8 External quantum efficiency (EQE) spectra of the 3D PSC and 2D/3D PSCs 

employing 2-TMAI and PEAI as the large organic cations. 
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Appendix B: Supplementary Information to 
Chapter 4 
 

 

Experimental Methods 

Synthesis of thiophenemethylammonium halides 

A concentrated aqueous solution of an acid HX (1.1 eq, where X:Cl, Br or I) was added drop by 

drop to 1.0 M ethanol solution of thiophenemethylamine (1.0 eq) at 0°C under stirring. The 

mixture was allowed to reach room temperature gradually and then it was poured into an excess 

of diethyl ether (Et2O). The precipitate was separated and washed thoroughly with Et2O. The 

salts were recrystallized from ethanol (EtOH) and Et2O mixtures, resulting in crystalline solids 

of the salts. 

 

Perovskite thin-film and solar cells devices fabrication 

Fluorine-doped tin oxide (FTO) substrates (Nippon Sheet Glass) were patterned by chemical 

etching process using zinc powder and aqueous HCl solution (3.0 M) and cleaned with the 

detergent (Hellmanex), water, acetone, and isopropanol subsequently. On top of the cleaned 

substrates, a 30-nm think of compact TiO2 layer as electron transporting layer was spray-

deposited from the titanium diisopropoxide bis(acetylacetonate) solution (Sigma-Aldrich) 

precursor diluted in isopropanol (1:15 by volume fraction) at 450 °C, followed by the deposition 

of a 100 nm thick mesoporous TiO2 layer by spin-coating a diluted TiO2 paste solution in ethanol 

(1:8 w/v) at 5000 rpm for 20 s and sintering at 500°C for 20 min. A 20 nm of tin oxide layer as a 

passivation layer was formed from the aqueous tin (IV) chloride solution (12 μL SnCl4 for 1mL 

solution) by depositing the SnCl4 precursor at 3000 rpm for 30 s, followed by annealing at 100°C 

for 10 min and 190°C for 60 min. UV-ozone treatment was carried out for 15 min before both 

SnO2 layer deposition and perovskite layer deposition.  

 

A triple-cation based 3D perovskite precursor solution (1.3 M) with the composition of 

[(FAPbI3)0.87(MAPbBr3)0.13]0.92(CsPbI3)0.08 was prepared by mixing the starting materials (FAI 

(GreatCellSolar), MABr (GreatCellSolar), CsI (ABCR), PbI2 (TCI), and PbBr2 (TCI)) in DMF and 

DMSO mixture with the volume ratio of 0.78:0.22. An excess of PbI2 by 5% towards FAI was 

used in the precursor solution in order to control the growth of the 2D perovskite layer. The 3D 

perovskite layer was deposited by spin-coating the precursor solution at 2000 rpm for 12 s and 

5000 rpm for 30 s. Chlorobenzene was poured on top of the spinning substrate 15 s prior to the 
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end of the spin-coating process. The deposited 3D perovskite film was annealed at 100°C for 60 

min. Then, the film was allowed to cool down to the room temperature and the corresponding 

thiophene methylammonium halide cations (60 mM in isopropanol) was deposited dynamically 

under 4000 rpm for 30 s. The film was then annealed at 100°C for 6 min on a hotplate. Spiro-

OMeTAD (Merck) with a concentration of 60 mmol in 1 mL of chlorobenzene as hole-

transporting material doped with 31.28 μL of 4-tert-butylpyridine (Sigma-Aldrich), 18.57 μL of 

Li-bis (trifluoromethanesulphonyl) imide (Aldrich) from the stock solution (196 mg in 379 μL 

acetonitrile), and 13.69 μL of FK 209 Co(III) TFSI (GreatCellSolar) from the stock solution (99 

mg in 263 μL acetonitrile) was deposited by spin-coating at 4000 rpm for 30 s. Finally, a gold 

counter electrode (70 nm) was deposited by physical vapor deposition process under high 

vacuum. 

 

Thin-films Characterizations 

Photoluminescence 

Steady-state photoluminescence spectra were recorded on a Fluorolog3-22 spectrofluorometer 

upon excitation at 450 nm. The emission was measured from both top and bottom surface of 

the film.  

 

UV-Vis absorption 

An ultraviolet, visible, near-infrared spectrophotometer (PerkinElmer Lambda 950s) was used 

to measure the absorption spectra of the perovskite thin-films. 

 

X-ray diffraction (XRD) 

XRD patterns were acquired by measuring the perovskite thin-films using Bruker D8 Advance 

diffractometer and non-monochromated Cu-radiation. For the 2D/3D perovskite thin films, 

measurements under grazing incident diffraction (GID) geometry were performed on Bruker 

D8 Discover diffractometer with non-monochromated Cu-radiation at the incident angle of 2° 

in order to obtain the XRD patterns on the surface of the films. 

 

Scanning electron microscopy (SEM) 

SEM micrographs (cross-section and surface) were recorded in the FEI Teneo scaning electron 

microscope using in-lens detector under the accelerating voltage of 3 kV and 5 kV. 
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Ultra-violet photoemission spectroscopy (UPS) depth profiling (DP)  

The samples were transferred to an ultrahigh vacuum chamber (ESCALAB 250Xi), with a base 

pressure of 2*10-10 mbar, for UPS DP measurements. UPS measurements were performed using 

a double-differentially pumped He gas discharge lamp emitting He I radiation (hν=21.22 eV) 

with a pass energy of 2 eV and a bias of -5 V in order to ensure secondary electron onset 

detection. The UPS spectra are shown as a function of the binding energy with respect to the 

Fermi Energy. The energy edge of the valence band features is used to determine the valence 

band level position with respect to the Fermi level. The onset of the valence band was analysed 

using a linear presentation of the UPS spectra. The secondary electron onset was used to 

determine the vacuum level with respect to the Fermi level. The conduction bands were 

estimated using the optical gaps of the 2D and 3D materials. Cluster etching was performed 

using large Ar clusters generated by the MAGCIS Dual Beam Ion Source (Thermo Scientific) 

with an energy of 4000 eV.  

 

Absolute Photoluminescence  

Excitation for the PL measurements was performed with a 445 nm continuous wave laser 

(Insaneware) through an optical fibre into an integrating sphere. The intensity of the laser was 

adjusted to a 1 sun equivalent intensity by illuminating a 1 cm2 size perovskite solar cell under 

short-circuit and matching the current density to the JSC under the sun simulator (22.0 mA cm−2 

at 100 mW cm−2, or 1.375 × 1021 photons m−2 s−1). A second optical fiber was used from the output 

of the integrating sphere to an Andor SR393i-B spectrometer equipped with a silicon charge-

coupled device camera (DU420A-BR-DD, iDus). The system was calibrated by using a calibrated 

halogen lamp with specified spectral irradiance, which was shone into to integrating sphere. A 

spectral correction factor was established to match the spectral output of the detector to the 

calibrated spectral irradiance of the lamp. The spectral photon density was obtained from the 

corrected detector signal (spectral irradiance) by division through the photon energy (hf) and 

the photon numbers of the excitation and emission obtained from numerical integration using 

Matlab. In a last step, three fluorescent test samples with high specified PLQY (≈70%) supplied 

from Hamamatsu Photonics were measured where the specified value could be accurately 

reproduced within a small relative error of less than 5% 

All PL measurements were performed on complete cells, prepared fresh, and immediately 

encapsulated in a glovebox under N2 atmosphere. The PL of the samples was readily recorded 

after mounting the sample and after an exposure of 1 s at each laser intensity subsequently, the 

incident laser was blocked by a shutter and the filter wheel position adjusted while the sample 
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was kept in dark conditions avoiding any effects induced by constant illumination. The cell was 

illuminated through the glass/ITO side. It was noted that all absolute PL measurements were 

performed on films with the same HTL, ETL, and perovskite thicknesses as used in the 

operational solar cells. 

 

Photovoltaic characterization 

The current density–voltage (J–V) curves were measured under 1 sun illumination (AM 1.5G) in 

the ambient atmosphere and temperature using xenon lamp solar simulator (450 W, Oriel, AAA 

class). The light intensity was calibrated to 1 sun by using a Si reference equipped with an IR-

cutoff (KG5) filter (Oriel 91150V). The current responses were measured using a digital source 

meter (Keithley 2400) by applying an external voltage bias. A metal mask with aperture of 0.16 

cm2 was used during the measurement in order to determine the active area. The J-V curves 

were scanned with the rate of 50 mV/s. No pre-biasing was applied prior to the measurements. 

External quantum efficiency (EQE) measurement was carried out by using IQE200B (Oriel).  

 

 

Quantification of the QFLS in partial cell stacks 

To calculate the quasi-Fermi level splitting, we can use the Shockley-Queisser equation which 

links the radiative recombination density of free charges (𝐽678) with the chemical potential per 

free electron-hole pair (µ) or the quasi-Fermi level splitting (QFLS) in the active material.141, 438 

 
 𝐽678 = 𝐽),678	exp	(µ/𝑘9𝑇) (eq. 1) 

 
Here, 𝐽),678  is the radiative thermal recombination current density in the dark, 𝑘9  the 

Boltzmann constant and  𝑇 the temperature. We note that equation 2 is a simplification of 

Würfel’s generalized Planck law which is only valid for a QFLS that is a few 𝑘9𝑇 smaller that the 

bandgap 𝜇 < 𝐸: − 3𝑘9𝑇. If radiative recombination comes only from free charges, the radiative 

recombination current is identical to the photoluminescene yield times the elementary charge, 

that is 𝐽678 = 𝜙;< ⋅ 𝑒. Moreover, we can define the photoluminescence quantum yield (PLQY) 

as the ratio of radiative to total recombination (𝐽=,>?> ), where the latter is identical to the 

generation current density (𝐽:) under open-circuit conditions (𝑉@A): 

 
 PLQY =

𝐽678
𝐽=,>?>

=
𝐽678
𝐽:

 (eq. 2) 

 

Therefore, we can relate the QFLS to the measured PLQY in the following way 
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 𝜇 = 𝑘9𝑇	ln	(PLQY ∗

𝐽:
𝐽),678

) (eq. 3) 

 
We also note that equations 2 and 4 are only valid if the spectral dependence of 𝐽678 is identical 

to 𝐽),678, meaning recombination goes through the same channels regardless of the QFLS.  

In order to quantify the intensity dependence of the QFLS, we consider the following points. 

Firstly, equation 4 shows that the QFLS depends on the temperature. We note that we have 

measured the temperature on the samples during the illumination at various light intensities 

using an infrared sensor. Even at an intensity of 5 equivalent suns, which is the upper limit for 

the results shown in the main text, we observe a negligible temperature increase on the sample 

(~1°C). We attribute this to the fast dissipation of heat from the rather small illumination spot 

area (1 cm2) during the measurement. 

 

Secondly, the parameters 𝐽:  and 𝐽),678  were obtained in the following way: The generation 

current density 𝐽: was approximated with the short-circuit current density of the complete solar 

cell. Similarly, the 𝐽),678  was estimated by integrating the overlap of the external quantum 

efficiency of the device (EQE) with the black body spectrum ϕ99 at 300 K over the energy.  

 

 𝐽),678 = ∫ EQE	𝜙99	𝑑𝜖 (eq. 4) 
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Figure B.1 XRD patterns of 3D perovskite films as the control. 

 

 

Figure B.2 UV-Vis absorption spectra of 2D/3D perovskite thin films based on 2-TMAI, 2-TMABr, 

and 2-TMACl, and 3D control. 
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Figure B.3 Photoluminescence spectra of (a) the 3D control film and 2D/3D films employing (b) 

2-TMAI, (c) 2-TMABr, and (d) 2-TMACl upon top (2D perovskite side) and bottom side (3D 

perovskite side) excitation exciting at 450 nm.  
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Figure B.4 Hysteresis measurement between reverse scan (RS) and forward scan (FS) of (a) the 

3D control device and 2D/3D PSCs employing (b) 2-TMAI, (c) 2-TMABr, and (d) 2-TMAI. 
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Figure B.5 Comparison of the VOC measurements with and without metal mask of the 3D control 

PSC and 2D/3D PSCs employing 2-TMAI, 2-TMABr, and 2-TMACl cations. 

 
Figure B.6 External quantum efficiency (EQE) of 2D/3D PSCs based on 2-TMAI, 2-TMABr, and 

2-TMACl, and 3D control. 
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Figure B.7 UPS spectra of reference 3D sample (a) etched under identical conditions with the 

2D/3D perovskite films and (b) without etching. 

 

 

Figure B.8 UPS depth measurement of (a) 2-TEAI and (b) 3-TMAI-based 2D/3D perovskite 

interface. Measured UPS spectra of 2-TEAI and 3-TMAI 2D/3D perovskite. (c) The 

corresponding energetic level diagrams of 3-TMAI and 2-TEAI with the 3D perovskite layer.  
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Figure B.9 Drift-diffusion simulation for different system investigate in this work. (a) Simulated 

band structure of the 3D perovskite device as the control, (b) the 2D/3D system implementing 

2-TMABr as cation, and (c) the 2D/3D system implementing 2-TMACl. Notably, in the image, 

the thickness of the transport layer is artificially reduced compared to the true simulation values, 

in order to better visualize the perovskite interfaces. (d)-(f) Electron and hole density in the 

different layers of the device for the corresponding three systems in (a)-(c). (g),(h) Drift 

diffusion simulation J-V for the system depicted in (a)-(c). 

 

 
Figure B.10 Photoluminescence quantum yield (PLQY) analysis of the neat perovskite materials 

and solar cells. (a) PL spectra of neat perovskite materials. (b) PL spectra of perovskite solar 

cells devices. (c) PLQY of neat perovskite materials and solar cells devices. 
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Table B.1 Statistics of the photovoltaics parameters of 3D control and 2D/3D PSCs based on 2-

TMAI, 2-TMABr, and 2-TMACl over 74 devices. 

 
VOC (V) JSC (mA cm-2) FF PCE (%) 

2-TMAI 1.09 ± 0.01 23.9 ± 0.3 0.75 ± 0.01 19.5 ± 0.2 
2-TMABr 1.13 ± 0.02 23.1 ± 0.2 0.76 ± 0.01 19.9 ± 0.4 
2-TMACl 1.14 ± 0.01 23.0 ± 0.2 0.73 ± 0.02 19.1 ± 0.5 
Control 1.09 ± 0.02 23.8 ± 0.2 0.77 ± 0.02 19.9 ± 0.5 

 

Table B.2 Photovoltaics parameters of 3D control and 2D/3D PSCs based on 2-TMAI, 2-TMABr, 

and 2-TMACl upon the hysteresis scan. 

Treatment 
Scan 

direction 
VOC  
(V) 

JSC 
(mA cm-2) 

FF PCE (%) 
Hysteresis 

Index 
2-TMAI Reverse 1.122 23.79 0.735 19.62 0.009 
 Forward 1.105 23.79 0.739 19.44  
2-TMABr Reverse 1.137 23.09 0.767 20.15 0.043 
 Forward 1.122 23.08 0.744 19.28  
2-TMACl Reverse 1.142 23.07 0.746 19.67 0.051 
 Forward 1.125 23.09 0.719 18.67  
Control Reverse 1.079 23.65 0.787 20.08 0.108 
 Forward 1.053 23.63 0.720 17.91  
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Appendix C: Supplementary Information to 
Chapter 5 
 

 

Experimental Methods 

Synthetic details 

Materials 

All commercially available reagents were purchased from Sigma-Aldrich, Across, Tokyo 

Chemical Industry Co., Ltd. (TCI), and Merck and were used without further purification, unless 

otherwise noted. All reactions were performed under N2. Thin- layer chromatography (TLC) was 

conducted with pre-coated TLC-sheets ALUGRAM® SIL G/UV254 and visualized with UV. Flash 

column chromatography was performed using Silicycle P60, 40-63 μm (230-400 mesh). 1H and 
13C NMR spectra were recorded with 400 MHz Bruker NMR spectrometer and are reported in 

ppm using solvents as an internal standard (CDCl3 at 7.26 ppm and 77.16 ppm, for 1H and 13C 

NMR spectra respectively). Data reported as: s = singlet, d = doublet, t = triplet, m = multiplet, 

dd = doublet of doublets, ddd = doublet of doublet of doublets, br = broad signal, coupling 

constant(s) in Hz; integration. Thermogravimetric analysis (TGA) data were collected using 

TGA 4000 from PerkinElmer. MS were recorded on 6530 Accurate-Mass Q-TOF LC/MS (Agilent 

Technologies) using electrospray ionization (ESI) and atmospheric pressure photoionization 

(APPI) techniques or Axima-CFR plus (Shimadzu) using matrix-assisted laser 

desorption/ionization (MALDI) technique. 

 

General synthetic scheme 

 
Scheme C.1 Synthetic route for tris(5-((tetrahydro-2H-pyran-2-yl)oxy)pentyl)phosphine oxide, 

THPPO. 
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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 tetrahydrofuran 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 colorless 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 (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.  

 

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 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 solution. The solvent was removed in vacuo and 
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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.  

 

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 (Helmanex), deionized water, 

acetone, and isopropanol in an ultrasonic bath. A 30 nm-thick compact-TiO2 layer was used as 

the electron 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 dissolving 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 perovskite 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 concentration 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, 2,2′,7,7′-

tetrakis-(N,N-di-p-methoxyphenyl-amine)-9,9′-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 
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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-cutoff (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 spectrophotometer (PerkinElmer Lambda 950S).  

 

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. 
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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 VersaProbe 

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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Figure C.1 ESI-QTOF-MS spectra in wide and narrow mass ranges of THPPO.  
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Figure C.2 1H, 13C and 31P NMR (CDCl3) spectrum of THPPO. 
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Figure C.3 Absorption spectra of control and THPPO-treated perovskite thin films. 

 

Table C.1 Bi-exponential decay function, y = y0 + A1 e-x/t1 + A2e-x/t2 fitted PL lifetime curves of 

perovskite films. 

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 
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Figure C.4 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) 

 

Table C.2 Quantitative analysis of Pb 4f spectra presenting the ratio of Pb0 in perovskite films 

with various concentrations of THPPO. 

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 
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Figure C.5 Molecular modeling 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. 

 

 
Figure C.6 Ultraviolet photoelectron spectroscopy (UPS) spectra of control perovskite film and 

THPPO passivated perovskite films showing (a) secondary cut-off and (b) onset.  

 

Table C.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 0.610 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 
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Figure C.7 EQE spectrum and the integrated JSC of the THPPO-passivated HTL-free PSC. 

 

Table C.4 Average values of PV parameters of 96 PSCs according to various conditions of 

THPPO. 

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 
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Figure C.8 Statistics of (a) short-circuit current density and (b) fill factor of HTL-free devices. 

 

 

Figure C.9 J-V curve of the best performing HTL-free PSC using 0.010 M of trioctylphosphine 

oxide (TOPO) as a passivating agent. 
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Figure C.10 31P NMR spectra of 0.030M THPPO-treated perovskite films dissolved in DMSO-d6 

(a) without chlorobenzene washing and (b) with chlorobenzene washing. 

 

We performed 31P NMR spectroscopy to see the effect of chlorobenzene solvent on the THPPO 

layer during the deposition of spiro-OMeTAD on top of it by spin coating. Two perovskite films 

with 0.030M THPPO were prepared and one of them was washed with chlorobenzene by spin 

coating at 4000 rpm for 30 s, but the other was not washed as a control film. For the 

measurement, the films were dissolved in DMSO-d6. 31P NMR spectra of both specimens clearly 

showed a phosphorus peak at the same position (46.27 and 46.26 ppm) confirming that the 

passivation agent, THPPO can still remain on the perovskite film despite the deposition of 

spiro-OMeTAD. The presence of THPPO might be attributed to the formation of Lewis adduct, 

PbI2 · THPPO based on a dative bond that may render it insoluble by chlorobenzene. 
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Table C.5 Average values of PV parameters of PSCs employing spiro-OMeTAD as an HTL. 

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 

 

 

 
Figure C.11 EQE spectrum and the integrated JSC of the THPPO-passivated PSC with HTL. 

 

 
Figure C.12 J-V hysteresis characteristics of (a) HTL-based PSCs with 0.010M THPPO passivation 

and (b) control device. 
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Figure C.13 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%. 

 

 
Figure C.14 Thermogravimetric analysis (TGA) of THPPO. The high decomposition 

temperature (Td) of 251 °C was determined at the 5 % weight loss of THPPO. 

  



 

 222 

 

  



 

 223 

Appendix D: Supplementary Information to 
Chapter 6 
 

D.1 Isomeric carbazole-based hole-transporting materials: Role of linkage 

position on the photovoltaic performance of perovskite solar cells 

 

Experimental Methods 

 

Materials and characterization 

All the chemical reagents were procured from commercial sources and used as received without 

any further purification. Solvents for reactions were distilled under nitrogen atmosphere by 

conventional distillation method using sodium/benzophenone, and halogenated solvents were 

distilled using calcium hydride as drying agent. Silica gel (230 mesh size) was used as stationary 

phase for column chromatography. 1H NMR and 13C NMR were recorded on a Bruker instrument 

at 500 MHz and 125 MHz respectively. Deuterated acetone (Acetone-d6) and chloroform (CDCl3) 

were used as solvent and the chemical shifts were calibrated using the residual peak (Acetone-

d6 at δ 2.05 and CDCl3 at δ 7.26) for 1H and (Acetone-d6 at δ 206.26 and CDCl3 at δ 77.0) for 13C 

NMR spectra respectively. UV-Vis absorption spectra were recorded at room temperature in a 

quartz cuvette using JASCO V-600 UV-Vis spectrophotometer. Thermogravimetric analysis 

(TGA) was carried out using a Perkin Elmer TGA-7 instrument under nitrogen as a carrier gas. 

Differential pulse voltammetry experiments were performed using a CHI621C Electrochemical 

Analyzer (CH Instruments) with a conventional three-electrode system (a platinum disk 

working electrode, an auxiliary platinum wire electrode, and a non-aqueous Ag reference 

electrode) and supporting electrolyte of 0.1 M tetrabutylammonium hexafluorophosphate 

(TBAPF6) in o-dichlorobenzene solution. All electrochemical potentials were calibrated against 

Fc/Fc+ internal standard (at 0.64 V). 

 

Synthesis of Car[1,3] (1) 

A mixture of 1,3,6,8-tetrabromo-9-butyl-9H-carbazole 4 (0.1 g, 0.19 mmol), 4-methoxy-N-(4-

methoxyphenyl)-N-(4-(tributylstannyl)phenyl)aniline 5 (0.50 g, 0.84 mmol), Pd(PPh3)4 (88 mg, 

0.076 mmol) and toluene (30 mL) was refluxed under nitrogen atmosphere for 24 h. After 

completion of reaction, the reaction mixture was allowed to room temperature and quenched 

by addition of water. The organic compound was extracted using dichloromethane and washed 

with brine solution. The combined organic layer was dried over sodium sulfate and 
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concentrated to get crude sample which then purified by column chromatography. Eluent: 

Hexane/ethyl acetate (3:1). Pale yellow solid. Yield 0.12 g (44%). 1H NMR (500 MHz, CDCl3): 8.27 

(s, 2 H), 7.57 (d, J = 5.2 Hz, 4 H), 7.49 (s, 2 H), 7.34 (d, J = 8.5 Hz, 4 H), 7.11-7.00 (m, 16 H), 6.86 

(d, J = 2.5 Hz, 8 H), 6.85 (d, J = 2.1 Hz, 16 H), 3.81 (s, 24 H), 3.73 (t, J = 13.3 Hz, 2 H), 1.85-1.64 (m, 

4 H), 0.93 (t, J = 7.3 Hz, 3 H). 13C NMR (125 MHz, CDCl3): 155.85, 155.63, 147.91, 147.40, 141.23, 

141.02, 138.99, 134.11, 132.72, 132.41, 130.01, 127.60, 126.99, 126.47, 126.21, 121.52, 120.21, 116.42, 114.73, 

114.65, 55.48, 45.19, 31.90, 19.54, 13.36. HRMS (m/z, FAB+): calcd for C96H85N5O8 1435.6398, found 

1435.6393. 

 

Synthesis of Car[2,3] (2) 

It was prepared from a mixture of 2,3,6,7-tetrabromo-9-butyl-9H-carbazole 3 (0.1 g, 0.19 mmol), 

4-methoxy-N-(4-methoxyphenyl)-N-(4-(tributylstannyl)phenyl)aniline 5 (0.50 g, 0.84 mmol), 

Pd(PPh3)4 (88 mg, 0.076 mmol) and toluene (30 mL) by following the procedure described for 

Car[1,3]. Eluent: Hexane/Ethyl acetate (3:1). Pale Yellow solid. Yield 0.14 g (51%). 1H NMR (500 

MHz, Acetone-d6): 8.20 (s, 2 H), 7.56 (s, 2 H), 7.11-7.07 (m, 8 H), 7.05-7.02 (m, 16 H), 6.97-6.87 

(m, 16 H), 6.81 (d, J = 8.0Hz, 8 H), 4.54 (t, J = 7.2 Hz, 2 H), 3.79 (s, 12 H), 3.78 (s, 12 H), 1.95-1.93 

(m, 2 H), 1.49 (m, 2 H), 0.95 (t, J = 7.5 Hz, 3 H).). 13C NMR (125 MHz, Acetone-d6): 157.07, 156.92, 

148.20, 147.77, 142.23, 142.07, 141.61, 139.74, 136.57, 136.36, 133.22, 132.02, 127.28, 127.09, 122.96, 

122.81, 121.56, 121.20, 115.75, 111.15, 55.90, 43.62, 32.21, 21.27, 14.44. HRMS (m/z, FAB+): calcd for 

C96H85N5O8 1435.6398, found 1435.6393. 

 

Perovskite thin-films and solar cells fabrication 

Fluorine-doped tin oxide (FTO) glass substrates (TEC-9, Nippon Sheet Glass) were used as 

transparent conducting electrodes. Prior to use, FTO substrates were laser-patterned and 

washed sonically in detergent (Helmanex), deionized water, acetone, and isopropanol (IPA) for 

15 min in each solvent. The cleaned FTO substrates were treated with UV-Ozone for 20 min 

before TiO2 layer deposition. A 30 nm-thick compact TiO2 layer was then deposited on top of 

the cleaned substrates by spray pyrolysis at 450°C from the diluted titanium diisopropoxide 

bis(acetylacetonate) solution (Sigma Aldrich) in isopropanol (1:15 v/v). After cooling down to 

room temperature, a 100 nm-thick mesoporous TiO2 layer was deposited by spin-coating TiO2 

paste (GreatCellSolar, 30NR-D, diluted in ethanol at 1:8 w/v ratio) at 5000 rpm for 20 s. The 

mesoporous TiO2 layer was then annealed at 100℃ for 10 min and 500℃ for 20 min. A 20 nm-

thick SnO2 layer was spin-coated at 3000 rpm for 30 s from the aqueous SnCl4 precursor (Acros, 

12 µL in 988 µL water), followed by annealing at 100℃ for 10 min and 190℃ for 60 min. The 
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substrates were treated with UV-Ozone for 20 min prior to the deposition of SnO2 and 

perovskite layer. Perovskite precursor was prepared by mixing of FAI (GreatCellSolar), MABr 

(GreatCellSolar), CsI (ABCR), PbI2 (TCI), and PbBr2 (TCI) in DMF and DMSO (0.78:0.22 v/v), 

resulting in 1.3 M triple cation perovskite solution with the composition of 

[(FAPbI3)0.87(MAPbBr3)0.13]0.92(CsPbI3)0.08. An excess PbI2 of 5% in respect to FAI (PbI2:FAI = 1.05:1) 

was used in the precursor solution. To form the perovskite layer, 40µL of perovskite precursor 

was spin-coated at 2000 rpm for 12 s and 5000 rpm for 30 s. 125µL ethyl acetate as anti-solvent 

was dispensed 15 s before the end of spin-coating process. The deposited perovskite film was 

then annealed at 100℃ for 60 min. The hole-transporting layer (HTL) was deposited by spin-

coating the hole-transporting materials (HTMs) solutions on top of perovskite layer at 4000 

rpm for 30s. For spiro-OMeTAD based PSCs, 60 mM solution of 2,2′,7,7′-tetrakis-(N,N-di-p-

methoxyphenyl-amine)-9,9′-spirobifluorene (spiro-OMeTAD, Merck) was prepared in 

chlorobenzene and doped using Li-bis (trifluoromethanesulphonyl) imide (Li-TFSI, Aldrich), 

FK-209 Co(III) TFSI (GreatCellSolar), and 4-tert-butylpyridine (tBP, Sigma-Aldrich). The 

dopant ratio used was Li-TFSI:tBP:FK209 = 0.5:3.3:0.055 (mol/mol spiro-OMeTAD). For the 

carbazole-based HTMs (Car[1,3] and Car[2,3]), a 36 mM HTM solution was prepared in 

chlorobenzene with the dopant ratio of 0.5:3.3:0.03 (Li-TFSI:tBP:FK209 in mol/mol HTM). 

Finally, a gold electrode with the thickness of 70 nm was deposited on top of HTM by physical 

vapor deposition process. 

 

Photovoltaic characterization 

Current density-voltage (J-V) characteristics were obtained by scanning the current response of 

the solar cells at the applied bias under 1-sun AM1.5G illumination generated by xenon lamp 

solar simulator (450 W, Oriel Sol3A, AAA class) with the scan rate of 50 mV/s. The current 

response was recorded with a Keithley 2400 source meter. Prior to each use, the light intensity 

was calibrated by using Si reference with an IR-cutoff (KG5) filter. The active area was defined 

by using a black metal mask with the aperture of 16 mm2. The incident photon to current 

conversion efficiency (IPCE) spectra were recorded using IQE200B (Oriel). Long-term stability 

tests under continuous light exposure were performed under 1-sun illumination generated by 

LED lamps and an inert (N2) atmosphere without any encapsulation. The PSCs were tracked at 

their maximum power point (MPP) for the stability measurement. 
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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 miscroscopy (SEM) 

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 was used to acquire the cross-section and top-view images. 

 

Hole-drift mobility 

Drift mobility measurement of Car[1,3] and Car[2,3] were carried out using the xerographic 

time-of-flight (XTOF) technique. Samples are prepared under drop casting technique on Al 

coated glass plates using THF as solvent, sample thickness was 2.0–2.3 µm. The corona charging 

used to create electric field 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 

small charge transients were measured with the wide frequency band electrometer and 

Tektronix DPO 4032 oscilloscope. The transit time was determined by the kink on the curve of 

the transient in linear scale for Car[2,3] (Gaussian charge transport). For Car[1,3], transit time 

was find in double logarithmic plot (dispersive charge transport). The drift mobility was 

calculated by the formula µ=d2/U0tt, where d is the layer thickness, U0 – the surface potential, tt 

– transit time.  

  

Computational details 

The interactions between perovskite surface and the hole transporting materials were modelled 

within the Density Functional Theory (DFT), applying Perdew-Burke-Ernzerhof (PBE)439 

density functional, based on generalized gradient approximation (GGA), along with Grimme’s 

dispersion correction.440 DZVP-MOLOPT atomic basis set441 was used to describe the 

wavefunction, charge density was expanded in plane wave basis set with 600 Ry cutoff, while 

the core region was treated using Goedecker-Teter-Hutter pseudopotentials.442 The number of 

valence electrons for Cs, I/Br, O, N, Pb/C and H was 9, 7, 6, 5, 4 and 1, respectively. The Brillouin 

zone was sampled at the Γ-point. All calculations have been performed using CP2K code.443 The 

visualization of structures is accomplished using VMD program.444 To model the interactions of 

Car[1,3] and Car[2,3] hole-transporting materials (HTM) with perovskite a molecule of each 
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was placed on top of perovskite surface. Using the obtained structures, the Born-Oppenheimer 

Molecular Dynamics was performed for about 3 ps with a time step of 1 fs at the constant 

temperature of 300K, maintained applying velocity rescaling algorithm, to allow the molecules 

freely interact with perovskite surface. 

 

Lateral conductivity 

Conductivity measurement of carbazole-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. Carbazole-based HTMs and spiro-OMeTAD were deposited from a 

chlorobenzene solution (36 mM and 60 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 were recorded with KickStart software program. 

The channel width and height are 10 mm and 40 nm, respectively, and the gate capacity is 15nF. 

The conductivity was calculated from linear fit of the current-voltage measurement and Ohm’s 

law.  

 

Water contact angle  

Water contact angle on the top of thin layers of carbazole-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 36 mM HTM solutions 

onto FTO layers. The image was recorded 1 second after the interaction of the water drop with 

the HTM layer. 
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Table D.1.1 Estimated cost for the synthesis of Car[2,3]/1g from our synthetic routes. 

Chemical Vendor Amount Price ($) Amount required Price ($) 
g mL g mL 

2,7-dibromo-
9H-carbazole 

Local 100  310 0.5  1.55 

4-bromoaniline Alfa Aesar 1000  259 2.3  0.6 
4-iodoanisole Local 500  348 8.0  5.6 
n-BuLi Sigma  800 142  5.0 0.89 
Sn(Bu)3Cl Alfa Aesar 1000  283 2.6  0.74 
Pd(PPh3)4 Acros 

Organics 
100  1317 0.64  8.43 

Other solvents and reagents ~9.5 
Total ~27.3 

 

 

 

 
Figure D.1.1 1H NMR spectrum of Car[1,3] recorded in CDCl3. 
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Figure D.1.2 13C NMR spectrum of Car[1,3] recorded in CDCl3. 
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Figure D.1.3 HRMS spectrum of Car[1,3]. 
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Figure D.1.4 1H NMR spectrum of Car[2,3] recorded in Acetone-d6. 

 

 
Figure D.1.5 13C NMR spectrum of Car[2,3] recorded in Acetone-d6. 
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Figure D.1.6 HRMS spectrum of Car[2,3]. 
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Figure D.1.7 Differential pulse voltammograms (DPV) of (a) the carbazole compounds and (b) 

spiro-OMeTAD recorded in o-C6H4Cl2 with addition of ferrocene as internal standard, which 

the oxidation potential was calibrated at -5.08 eV. The HOMO of spiro-OMeTAD is calculated 

as HOMO = -(4.44+0.64+0.08) = -5.16 eV. 
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Figure D.1.8  TGA curves for Car[1,3] and Car[2,3]. 

 

 

 
Figure D.1.9 Optimized geometry of frontier molecular orbital diagrams for the model 

compounds. 
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Table D.1.2 Predicted vertical excitation obtained by B3LYP/6-31G* method. 

Compound Transition 
state 

Configuration Eg (eV) λmax (nm) f 

Car[1,3] S1 H→ L (94%) 3.23 384 0.14 
S2 H→ L+1 (82%) 3.36 370 0.98 
S3 H-1→ L (87%) 3.40 365 0.03 

Car[2,3] S1 H→ L (93%) 3.10 400 0.25 
S2 H-1→ L (91%) 3.14 395 0.29 
S3 H-3→ L (10%) 

H-2 → L (84%) 
3.31 375 0.46 

 

 

 
Figure D.1.10 Cross-section scanning electron microscope (SEM) images of PSCs employing (a) 

Car[1,3] and (b) spiro-OMeTAD as HTMs. 
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Figure D.1.11 Top-view SEM images of PSCs employing (a) Car[1,3], (b) Car[2,3] and (c) spiro-

OMeTAD as HTMs. 

 

 

Table D.1.3 Photovoltaic parameters statistics of PSCs incorporating Car[1,3], Car[2,3], and 

spiro-OMeTAD as HTMs over 30 devices. 

HTM VOC (V) JSC (mA cm-2) FF PCE (%) 
Car [1,3] 1.032 ± 0.004 22.89 ± 0.02 0.674 ± 0.025 15.9 ± 0.6 
Car [2,3] 1.062 ± 0.013 22.93 ± 0.08 0.769 ± 0.008 18.7 ± 0.4 

Spiro-OMeTAD 1.106 ± 0.008 22.97 ± 0.08 0.779 ± 0.012 19.8 ± 0.3 
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Figure D.1.12 Statistics of the photovoltaics parameters of PSCs fabricated with Car[1,3], Car[2,3], 

and spiro-OMeTAD as HTMs over 30 devices: (a) PCE, (b) VOC, (c) JSC, and (d) FF. 

 

 
Figure D.1.13 Incident photon to electron conversion efficiency (IPCE) spectra and integrated 

short-circuit current density of PSCs employing Car[1,3], Car[2,3] and spiro-OMeTAD as HTMs. 
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Figure D.1.14 J-V curves showing the hysteresis behavior of PSCs employing (a) Car[1,3], (b) 

Car[2,3], and (c) spiro-OMeTAD upon reverse and forward scan. 

 

 
Figure D.1.15 The conductivity of Car[1,3], Car[2,3] and spiro-OMeTAD measured on OFET 

substrates. 
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Table D.1.4 Conductivities of the Car[1,3] and Car[2,3] HTMs and the reference spiro-OMeTAD. 

HTMs σ (S cm-1) 

Car[1,3] 3.79 x 10-5 

Car[2,3] 7.22 x 10-5 

spiro-OMeTAD 9.65 x 10-4 
 

 

Table D.1.5 PL intensity quenching of perovskite thin-films employing various HTLs in respect 

to the bare perovskite layer as a reference 

HTL PL Quenching (%) 
Car[1,3] 32.1 
Car[2,3] 91.5 

Spiro-OMeTAD 76.7 
 

 

Table D.1.6 Fitting parameters of TrPL spectra according to the stretched exponential function 

of 𝑦 = 	𝑎	𝑒B
#
$%

&

+	𝑦) , where 𝜏C  is the characteristic lifetime of the exponential and, 𝛽  is the 

distribution factor. The stretched exponential can be interpreted as a sum of exponential 

function with a distribution stretched exponential 𝛽. We can derive a averaged lifetime from <

𝜏 >	= 	 D%
E
Γ _3

E
`	, where Γ is the gamma function. 

HTMs a 𝜏c (ns) 𝛽 y0 <𝜏> (ns) 
Perovskite 0.99 430.32 0.68 0.00 559.94 

Car[1,3] 2.00 22.17 0.40 0.03 74.00 
Car[2,3] 2.00 17.38 0.59 0.02 26.96 

Spiro-OMeTAD 2.00 22.54 0.78 0.01 26.05 
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Figure D.1.16 Stability test of the unencapsulated devices employing Car[2,3] and spiro-

OMeTAD under ambient atmosphere (relative humidity <15%) in dark condition. 

 

 
Figure D.1.17 Water contact angle measurement on top of (a) Car[1,3], (b) Car[2,3] and (c) spiro-

OMeTAD films. 

 

 

 
 
 
 
 



 

 241 

D.2 Stable Perovskite Solar Cells Using Molecularly Engineered 

Functionalized Oligothiophenes as Low-cost Hole-transporting Materials  

 

Experimental Methods 

Materials and characterization  

All the chemical reagents were procured from commercial sources and used as received without 

any further purification. Solvents for reactions were distilled under nitrogen atmosphere by 

conventional distillation method using sodium/benzophenone, and halogenated solvents were 

distilled using calcium hydride as drying agent. Silica gel (230 mesh size) was used as stationary 

phase for column chromatography. 1H NMR and 13C NMR were recorded on a Bruker instrument 

at 500 MHz and 125 MHz respectively. Deuterated acetone (Acetone-d6) was used as solvent and 

the chemical shifts were calibrated using the residual peak of Acetone-d6 at δ 2.05 for 1H and δ 

206.26 for 13C NMR spectra respectively. UV-Vis absorption spectra were recorded at room 

temperature in a quartz cuvette using JASCO V-600 UV-Vis spectrophotometer. 

Thermogravimetric analysis (TGA) was performed using a Perkin Elmer TGA-7 instrument 

under nitrogen as a carrier gas and the reported decomposition temperatures indicate the 

temperature corresponding to 5% weight loss. Differential pulse voltammetry experiments were 

performed using a CHI621C Electrochemical Analyzer (CH Instruments) with a conventional 

three-electrode system (a platinum disk working electrode, an auxiliary platinum wire electrode, 

and a non-aqueous Ag reference electrode) and supporting electrolyte of 0.1 M 

tetrabutylammonium hexafluorophosphate (TBAPF6) in o-dichlorobenzene solution. All 

electrochemical potentials were calibrated against Fc/Fc+ internal standard (at 0.64 V). 

 

Synthesis 

4,4',4'',4'''-([2,2'-bithiophene]-3,3',5,5'-tetrayl)tetrakis(N,N-bis(4-methoxyphenyl)aniline) 

BT-4D (1) 

A mixture of 3,3',5,5'-tetrabromo-2,2'-bithiophene 4 (0.1 g, 0.21 mmol), 4-methoxy-N-(4-

methoxyphenyl)-N-(4-(tributylstannyl)phenyl)aniline 7 (0.55 g, 0.92 mmol), Pd(PPh3)4 (97 mg, 

0.084 mmol) and toluene (30 mL) was refluxed under nitrogen atmosphere for 24 h. After 

completion of reaction, the reaction mixture was allowed to room temperature and quenched 

by addition of water. The organic compound was extracted using dichloromethane and washed 

with brine solution. The combined organic layer was dried over sodium sulfate and 

concentrated to get crude sample which then purified by column chromatography. Eluent: 

Hexanes/Ethyl acetate (3:2). Yellow solid. Yield 0.14 g (48%). 1H NMR (500 MHz, Acetone-d6): 
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7.48 (d, J = 8.5 Hz, 4 H), 7.33 (s, 2 H), 7.07 (d, J = 8.5 Hz, 8 H), 7.03 (d, J = 8.5 Hz, 4 H), 6.97 (d, J 

= 9.0 Hz, 8 H), 6.91 (d, J = 9.0 Hz, 8 H), 6.86-6.81 (m, 12 H), 6.70 (d, J = 8.0 Hz, 4 H), 3.79 (s, 12 

H), 3.74 (s, 12 H). 13C NMR (125 MHz, Acetone-d6): 157.56, 157.06, 149.75, 148.61, 144.96, 142.41, 

141.92, 141.47, 129.82, 127.96, 127.25, 127.17, 124.87, 121.54, 120.94, 115.90, 115.73, 55.93. HRMS (m/z, 

FAB+): calcd for C88H74N4O8S2 1378.4948, found 1378.4943. 

4,4',4'',4'''-([2,2':5',2''-terthiophene]-3,3'',5,5''-tetrayl)tetrakis(N,N-bis(4-

methoxyphenyl)aniline)  TT-4D (2) 

It was prepared from a mixture of 3,3'',5,5''-tetrabromo-2,2':5',2''-terthiophene 5 (0.1 g, 0.18 

mmol), 4-methoxy-N-(4-methoxyphenyl)-N-(4-(tributylstannyl)phenyl)aniline 7 (0.53 g, 0.90 

mmol), Pd(PPh3)4 (83 mg, 0.07 mmol) and toluene (30 mL) by following the procedure described 

for BT-4D. Eluent: Hexanes/Ethyl acetate (3:2). Yellow solid. Yield 0.14 g (54%). 1H NMR (500 

MHz, Acetone-d6): 7.51 (d, J = 8.5 Hz, 4 H), 7.26 (s, 2 H), 7.21 (d, J = 8.5 Hz, 4 H), 7.09 (d, J = 8.5 

Hz, 8 H), 7.04 (d, J = 9.0 Hz, 8 H), 6.94-6.91 (m, 10 H), 6.87-6.83 (m, 16 H), 3.79 (s, 12 H), 3.73 (s, 

12 H). 13C NMR (125 MHz, Acetone-d6): 157.69, 157.38, 149.89, 149.63, 143.28, 141.76, 141.43, 137.12, 

130.97, 129.08, 128.12, 127.77, 127.23, 126.90, 126.33, 121.11, 120.78, 115.96, 55.98. HRMS (m/z, FAB+): 

calcd for C92H76N4O8S3 1460.4825, found 1460.4820. 

4,4',4'',4'''-([2,3':2',2'':3'',2'''-quaterthiophene]-5,5',5'',5'''-tetrayl)tetrakis(N,N-bis(4-

methoxyphenyl)aniline) QT-4D (3) 

It was prepared from a mixture of 5,5',5'',5'''-tetrabromo-2,3':2',2'':3'',2'''-quaterthiophene 6 (0.1 g, 

0.15 mmol), 4-methoxy-N-(4-methoxyphenyl)-N-(4-(tributylstannyl)phenyl)aniline 7 (0.39 g, 

0.66 mmol), Pd(PPh3)4 (69 mg, 0.06 mmol) and toluene (30 mL) by following the procedure 

described for BT-4D. Eluent: Hexanes/Ethyl acetate (3:2). Yellow solid. Yield 0.12 g (52%). 1H 

NMR (500 MHz, Acetone-d6): 7.77 (s, 2 H), 7.58 (d, J = 8.5Hz, 4 H), 7.30 (d, J = 8.5 Hz, 4 H), 7.26 

(d, J = 4.0 Hz, 2 H), 7.12-7.04 (m, 10 H), 7.03-7.02 (m, 8 H), 6.95-6.94 (m, 8 H), 6.91-6.87 (m, 12 

H), 6.76 (d, J = 9.0 Hz, 4 H), 3.82 (s, 12 H), 3.79 (s, 12 H). 13C NMR (125 MHz, Acetone-d6): 157.63, 

157.43, 150.12, 149.42, 148.39, 147.10, 145.39, 141.49, 141.36, 138.38, 136.83, 128.07, 127.82, 127.68, 

127.42, 127.15, 122.84, 122.62, 121.02, 120.75, 115.91, 115.83, 55.94. HRMS (m/z, FAB+): calcd for 

C96H78N4O8S4 1542.4702, found 1542.4697. 

 

Thin-films and device fabrication 

Fluorine-doped tin oxide (FTO) substrate was patterned by laser etching and cleaned with 

detergent (Helmanex), deionized water, acetone, and isopropanol (IPA) in an ultrasonic bath 

for 15 min in each solvent. A 30 nm-thick electron-transporting layer (ETL) was deposited on 

top of cleaned FTO substrate by spraying titanium diisopropoxide bis(acetylacetonate) solution 
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(Sigma Aldrich) diluted in isopropanol (1:15 v/v) at 450 °C. A 100 nm-thick mesoporous titanium 

dioxide (mp-TiO2) layer was spin-coated by diluting TiO2 paste (GreatCellSolar, 30NR-D) in 

ethanol (1:8 w/v) at 5000 rpm for 20 s. The layer was then heated at 100 °C for 10 min, followed 

by thermal sintering at 500 °C for 20 min. A 20 nm-thick tin oxide (SnO2) was then deposited 

by spin-coating aqueous SnCl4 solution (Acros, 12 µL in 988 µL water) at 3000 rpm for 30 s and 

heated at 100 °C for 10 min followed annealing at 190 °C for 1 h. A 1.3 M triple cation-based 

perovskite solution with the composition of [(FAPbI3)0.87(MAPbBr3)0.13]0.92(CsPbI3)0.08 was 

prepared by mixing the corresponding salts (FAI (GreatCellSolar), MABr (GreatCellSolar), CsI 

(ABCR), PbI2 (TCI), and PbBr2 (TCI)) in DMF and DMSO (0.78:0.22 v/v).  A 5% excess PbI2 

(PbI2:FAI = 1.05:1) was used in the precursor solution. To deposit the perovskite layer, the 

prepared perovskite solution was spin-coated at 2000 rpm for 12 s and 5000 rpm for 30 s. Ethyl 

acetate was used as an anti-solvent and dropped at 15 s before the spin coating finished. The 

hole-transporting layer (HTL) was deposited by spin-coating the corresponding hole-

transporting materials (HTMs) solutions at 4000 rpm for 30s. A 60 mM solution of 2,2′,7,7′-

tetrakis-(N,N-di-p-methoxyphenyl-amine)-9,9′-spirobifluorene (spiro-OMeTAD, Merck) was 

prepared in chlorobenzene and doped using Li-bis (trifluoromethanesulphonyl) imide (Li-TFSI, 

Aldrich), FK-209 Co(III) TFSI (GreatCellSolar), and 4-tert-butylpyridine (tBP, Sigma-Aldrich) 

with the ratio of Li-TFSI:tBP:FK209 = 0.5:3.3:0.055 (mol/mol spiro-OMeTAD). For the 

thiophene-based HTMs (BT-4D, TT-4D, and QT-4D), a 36 mM solution was prepared in 

chlorobenzene and doped with Li-TFSI:tBP:FK209 = 0.5:3.3:0.03 (mol/mol HTM). Finally, a 70 

nm-thick gold counter electrode was deposited using physical vapor deposition under high 

vacuum. 

 

Thin-films characterization 

Photoluminescence (PL) 

PL spectra of the thin-films were recorded 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. 

 

Lateral conductivity measurement 

Conductivity measurement of BT-4D, TT-4D, QT-4D 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 with acetone and ethanol washing then 20 min. oxygen plasma 
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cleaning. BT-4D, TT-4D, QT-4D HTMs and spiro-OMeTAD solutions were doped with FK-209, 

Li-TFSI, t-BP in a chlorobenzene solution (36 mM) and were deposited on the substrates by 

spin-coating (at 4000 rpm for 30 s). Conductivity measurements were carried out with gold 

electrodes 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 were recorded with KickStart software program. 

The channel width and height are 10 mm, and 40 nm, respectively, and the gate capacity is 15nF. 

The conductivity was calculated from linear fit of the current-voltage measurement and Ohm’s 

law. 

 

Solar cells 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-cutoff (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). Long-term stability 

test was performed on the PSCs without any encapsulation at room temperature. The stability 

measurement set up from Candlelight Instrument was used. The devices were placed inside a 

testing chamber which was conditioned under an inert atmosphere by using Argon gas. The 

testing chamber was equipped with the LED light source which gave continuous illumination 

of 1-sun intensity (100mW/cm2). The devices were connected into a source meter and the 

photovoltaics parameters are recorded continuously under maximum power point (MPP) 

tracking. 

 

Computational experiment 

Interaction of HTMs with perovskite was modelled within the Density Functional Theory (DFT) 

performing Born-Oppenheimer molecular dynamics simulations, as implemented in CP2K 

code,443 employing Perdew-Burke-Ernzerhof (PBE)439 density functional with Grimme’s 

dispersion correction,440 DZVP-MOLOPT atomic basis sets,441 auxiliary plane wave basis set with 

600 Ry cutoff and Goedecker-Teter-Hutter pseudopotentials.442 The molecules were placed on 

top of the perovskite surface and allowed to freely interact with it, maintaining the temperature 

constant at 300K applying velocity rescaling algorithm. 
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Impedance spectroscopy 

Impedance spectra were measured by SP-200 (BioLogic Science Instruments) in the dark at 0 V 

of applied bias voltage and AC perturbation of 20 mV. 

 

Table D.2.1 Previous reports on the thiophene/bithiophene-based HTM with triphenylamine 

substitution 

Molecules 
Name 

Core Substitution Dopants PCE 
(%) 

References 

BT-4D Bithiophene Triphenylamine 
substitution on 
3,3’,5,5’-position of 
2,2’-bithiophene 

tBP/Li-
TFSI/Co-TFSI 
(FK-209) 

19.34% This work 

KTM3 Bithiophene Triphenylamine 
substitution on 
2,2’,5,5’-position of 
3,3’-bithiophene 

tBP/Li-
TFSI/Co-TFSI 
(FK-269) 

11.4% 415 

H111 Thiophene Triphenylamine 
substitution on 
2,3,4,5-position of 
thiophene  

tBP/Li-
TFSI/Co-TFSI 
(FK-102) 

15.4% 417 

H112 Bithiophene Triphenylamine 
substitution on 
4,4’,5,5’-position 
of 2,2’-bithiophene  

tBP/Li-
TFSI/Co-TFSI 
(FK-102) 

15.2% 417 

H-3,4 Thiophene Triphenylamine 
substitution on 
3,4-position of 
thiophene 

Li-
TFSI/TBP/Co-
TFSI (FK102) 

9.05% 414 

H-2,5 Thiophene Triphenylamine 
substitution on 
2,5-position of 
thiophene 

Li-
TFSI/TBP/Co-
TFSI (FK102) 

15.13% 414 

PEH-3 Bithiophene Triphenylamine 
substitution on 
5,5’-position of 
2,2’-bithiophene 

tBP/Li-TFSI/ 
Co-TFSI 
(FK209) 

12.56% 418 
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Table D.2.2 Estimated cost for the synthesis of BT-4D/1g from our synthetic routes. 

Chemical Vendor Amount Price ($) Amount required Price ($) 

g mL g mL 

Bithiophene Molbase 1000  426 0.3  0.13 

Bromine Alfa Aesar 5000  483 1.6  0.16 

4-bromoaniline Alfa Aesar 1000  259 2.5  0.65 

4-iodoanisole Local 500  348 8.8  6.12 

n-BuLi Sigma  800 142 5.5  0.98 

Sn(Bu)3Cl Alfa Aesar 1000  283 2.9  0.82 

Pd(PPh3)4 Acros 
Organics 

100  1317 0.7  9.22 

Other solvents and reagents 8.1 

Total ~26.2 

 

 

 

Figure D.2.1 1H NMR spectrum of BT-4D recorded in Acetone-d6. 
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Figure D.2.2 13C NMR spectrum of BT-4D recorded in Acetone-d6. 
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Figure D.2.3 HRMS spectrum of BT-4D. 

 

Experimental Data 
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Figure D.2.4 1H NMR spectrum of TT-4D recorded in Acetone-d6. 

 

 

Figure D.2.5 13C NMR spectrum of TT-4D recorded in Acetone-d6. 
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Figure D.2.6 HRMS spectrum of TT-4D. 

 

Experimental Data 
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Figure D.2.7 1H NMR spectrum of QT-4D recorded in Acetone-d6. 

 

 

Figure D.2.8 13C NMR spectrum of QT-4D recorded in Acetone-d6. 
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Figure D.2.9 HRMS spectrum of QT-4D. 

 

Experimental Data 
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Figure D.2.10 Differential pulse voltammograms (DPV) of the compounds recorded in o-C6H4Cl2 

with addition of ferrocene as internal standard, which the oxidation potential was calibrated at             

-5.08 eV. 

 

 
Figure D.2.11 Cyclic voltammograms (CV) of the compounds in tetrahydrofuran (THF) 

0.5 0.7 0.9 1.1 1.3 1.5
E, V vs. NHE

BT-4D
TT-4D
QT-4D
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Figure D.2.12 Optimized geometry of frontier molecular orbital diagram for the model 

compounds. 

 

Table D.2.3 Predicted vertical excitation obtained by B3LYP/6-31G* method 

Compound Transition 
state 

Configuration Eg (eV) λmax (nm) f 

BT-4D S1 H→ L (98%) 2.65 468 0.56 
S2 H-1→ L (92%) 2.87 431 0.09 
S3 H-2→ L (94%) 2.94 422 0.62 

TT-4D S1 H→ L (97%) 2.50 495 0.78 
S2 H-1→ L (88%) 2.73 453 0.33 
S3 H-3→ L (82%) 

H-2 → L (16%) 
2.82 440 0.41 

QT-4D S1 H → L (97%) 2.62 473 0.69 
S2 H-1 → L (89%) 2.83 437 0.14 
S3 H-2 → L (96%) 2.88 430 0.77 
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Figure D.2.13 Thermogravimetric analysis (TGA) curves of the compounds. 
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Drift mobility measurements 

 

The xerographic time-of-flight (XTOF) technique was used to characterize charge transport in 

the films of thiophene series hole transporting materials (HTM). Samples are prepared under 

drop casting technique on Al coated glass plates using THF as solvent. Samples thickness were 

1.9 µm for BT-4D, and 1.8 µm for QT-4D. Only for TT-4D sample doctor blade method was used 

due strong layer unevenness when used drop casting technique and sample thickness was about 

1 µm. The corona charging was used to create electric field in the HTM layer. Charge carriers 

were generated at the layer surface by illuminating 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 3 % 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 measured 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 linear scale for BT-4D. These materials are 

characterized by Gaussian charge transport. For QT-4D and TT-4D transit time was found in 

double logarithmic plot and are characterized by dispersive charge transport. The drift mobility 

was calculated by the formula µ=d2/U0tt, where d is the layer thickness and U0 is the surface 

potential at the moment of illumination. The hole mobility results are shown in standard plot 

for organic compounds (Fig. 1b). In all the cases investigated, the mobility µ is approximated by 

the formula 𝜇 = 𝜇)exp	(𝛼√𝐸) , where µ0 is the zero-field mobility, a is field dependence 

parameter, and E is electric field strength. The mobility defining parameters µ0 and a values as 

well as the mobility value at the 6.4×105 V/cm field strength are given in Table D.2.4. 

 

Table D.2.4 Hole mobility data 

HTM 
µ0 

(cm2 V-1 s-1) 
µ (cm2/V.s) 

a 
(cm/V)0.5 

BT-4D 5.6×10-6 0.8×10-3 0.0062 
TT-4D 5.0×10-6 1.0×10-3 0.0066 
QT-4D 4.7×10-6 0.9×10-3 0.0066 
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Figure D.2.14 Cross-section SEM images of complete perovskite solar cells employing (a) TT-4D, 

(b) QT-4D, and (c) spiro-OMeTAD as HTLs. 
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Figure D.2.15 Top-view SEM images of (a) BT-4D, (b) TT-4D, (c) QT-4D, and (d) spiro-OMeTAD 

deposited on top of perovskite layer. 
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Figure D.2.16 Differential scanning calorimetry (DSC) analysis of (a) BT-4D, (b) TT-4D, and (c) 

QT-4D. 

 

Table D.2.5 Photovoltaic parameters statistics of PSCs employing BT-4D, TT-4D, QT-4D as 

HTMs over 32 devices 

HTM VOC (V) JSC (mA cm-2) FF PCE (%) 
BT-4D 1.050 ± 0.005 23.06 ± 0.08 0.790 ± 0.005 19.13 ± 0.14 
TT-4D 1.043 ± 0.002 22.63 ± 0.08 0.681 ± 0.022 16.08 ± 0.55 
QT-4D 1.040 ± 0.011 22.55 ± 0.25 0.679 ± 0.023 15.92 ± 0.56 
Spiro-OMeTAD 1.113 ± 0.011 23.08 ± 0.10 0.770 ± 0.012 19.78 ± 0.18 
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Figure D.2.17 Statistics of (a) PCE, (b)VOC, (c) JSC, and (d) FF of PSCs employing BT-4D, TT-4D, 

QT-4D, and spiro-OMeTAD as HTLs over 32 devices. 

 

 
Figure D.2.18 IPCE spectra and the integrated current density of PSCs employing (a) BT-4D, (b) 

TT-4D, (c) QT-4D, and (d) spiro-OMeTAD as HTLs. 

 



 

 261 

 
Figure D.2.19 Thin-film absorption spectra of BT-4D, TT-4D, QT-4D, and spiro-OMeTAD. 

 

 
Figure D.2.20 IPCE and thin-film absorption spectra of (a) BT-4D, (b) TT-4D, (c) QT-4D, and 

(d) spiro-OMeTAD. 
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Figure D.2.21 Hysteresis measurement of PSCs employing (a) BT-4D, (b) TT-4D, (c) QT-4D, and 

(d) spiro-OMeTAD as HTLs. The hysteresis was measured by scanning the J-V curve in both 

reverse and forward direction. 

 

 
Figure D.2.22 Impedance spectra for (a) capacitance vs frequency and (b) Cole-Cole plot with 

different HTM. 
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Figure D.2.23 The conductivity of BT-4D, TT-4D, QT-4D and spiro-OMeTAD measured on 

OFET substrates. 

 

Table D.2.6 Conductivities of the BT-4D, TT-4D, QT-4D HTMs and the reference spiro-

OMeTAD. 

HTM σ (S cm-1) 

BT-4D 4.89 x 10-4 

TT-4D 3.02 x 10-4 

QT-4D 4.83 x 10-5 

spiro-OMeTAD 5.83 x 10-4 
 

Table D.2.7 PL Quenching of perovskite thin-films employing different HTMs in respect to the 

bare perovskite layer as a reference 

HTM PL Quenching (%) 
BT-4D 74.27 
TT-4D 62.23 
QT-4D 54.00 

Spiro-OMeTAD 73.32 
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Table D.2.8 Fitting parameters of TrPL spectra based on biexponential decay function of y = y0 

+ A1 e-x/t1 + A2e-x/t2 

HTM x0 y0 A1 A2 t1 (ns) t2 (ns) 
Perovskite 0.005 0.66 0.29 0.71 113.8 329.9 

BT-4D 0.006 1.27 0.89 0.62 22.0 80.3 
TT-4D 0.007 1.52 0.72 0.42 50.1 167.3 
QT-4D 0.007 0.92 0.63 0.55 36.5 157.5 

Spiro-OMeTAD 0.006 0.97 1.00 0.32 40.4 134.9 
 

 

 

 
Figure D.2.24 Shelf-life stability of unencapsulated PSCs employing BT-4D and spiro-OMeTAD 

as HTMs stored under dark and ambient atmosphere (relative humidity <15%). 
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Table D.2.9 Comparison of stable doped-HTMs under light illumination as reported in the 

literature 

Molecules 
Name 

Dopants Aging Condition PCE Stability References 

BT-4D tBP/Li-
TFSI/Co-
TFSI (FK-

209) 

Unencapsulated, 1-sun 
continuous illumination, 

inert (Ar) atmosphere, 
room temperature 

98% after 
1186h 

This work 

MeSBA-
DMPA 

tBP/Li-
TFSI/Co-
TFSI (FK-

209) 

Unencapsulated, 1-sun 
continuous illumination, 

inert (Ar) atmosphere, 
room temperature 

88% after 
1000h 

222 

DM tBP/Li-TFSI Encapsulated, 1-sun 
continuous illumination, 

room temperature 

92.6% after 
310h 

392 

HTM-1 tBP/Li-TFSI Unencapsulated, 1-sun 
continuous illumination, 

inert (Ar) atmosphere, 
room temperature 

90%, after 
400h 

433 

EH44 tBP Unencapsulated,  1-sun 
continuous illumination, 

ambient air condition 

94% after 
1000h 

434 

PEH-9 tBP/Li-
TFSI/Co-

TFSI 
(FK209) 

Encapsulated, 
under ambient condition 

93% after 
400h 

418 
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Figure D.2.25 Water contact angle characterization performed on (a) BT-4D, (b) TT-4D, (c) QT-

4D, and (d) spiro-OMeTAD thin-films deposited on top of FTO substrates. Top images show 

the initial contact angle and bottom images shows the evolution of the contact angle after 20 s. 
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