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Abstract 

        This thesis focuses on developing high-efficiency perovskite solar cells via 

interface engineering; and on understanding the correlation between open-circuit 

voltage and surface recombination. This work can be divided into four parts: (i) 

introducing an indium-doped TiOx electron transport layer; (ii) developing a one-side 

passivation layer (PMMA:PCBM) to passivate the ETL/perovskite interfaces, where 

PMMA, PCBM and ETL are poly(methyl methacrylate), phenyl-C61-butyric acid 

methyl ester and electron transport layer, respectively; (iii) establishing a double-sided 

passivation design to passivate both ETLs/perovskite and perovskite/HTLs interfaces, 

where HTL is hole transport layer; (iv) exploiting a set of combination ETLs 

(ZnO/MgF2) for substituting the fullerene-based ETLs in inverted perovskite solar cells. 

        We first show that the extrinsic indium-doping improves both the conductivity of 

the transport layer and the band alignment at the ETL/perovskite interface compared to 

pure TiO2, boosting the fill-factor and voltage of perovskite cells. Using the optimized 

transport layers, we demonstrate a high steady-state efficiency of 17.9% for 

CH3NH3PbI3-based cells and 19.3% for Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3-based 

cells, corresponding to absolute efficiency gains of 4.4% and 1.2% respectively as 

compared to TiO2-based control cells. In addition, we report a steady-state efficiency of 

16.6% for a semi-transparent cell and use it to achieve a four-terminal perovskite-silicon 

tandem cell with a steady-state efficiency of 24.5%. 

        Second, we demonstrate an ultrathin passivation layer consisting of a 

PMMA:PCBM mixture that can effectively passivate defects at or near to the 

perovskite/TiO2 interface, significantly suppressing interfacial recombination. The 

passivation layer increases the open circuit voltage of mixed-cation perovskite cells by 

as much as 80 mV, with champion cells achieving Voc ~1.18 V. As a result, we obtain 

efficient and stable perovskite solar cells with a steady-state PCE of 20.4% and 

negligible hysteresis over a large range of scan rates. In addition, we show that the 

passivated cells exhibit very fast current and voltage response times of less than 3 s 

under cyclic illumination. 

        Third, we introduce a double-side passivating contact design using ultrathin 

PMMA films. We demonstrate very high-efficiency (~20.8%) perovskite cells with 



 
 

some of the highest open circuit voltages (1.22 V) reported for the same 1.6 eV bandgap. 

Photoluminescence imaging and transient spectroscopic measurements confirm a 

significant reduction in non-radiative recombination in the passivated cells, consistent 

with the voltage increase. Analysis of the molecular interactions between perovskite and 

PMMA reveals that the carbonyl (C=O) groups on the PMMA are responsible for the 

excellent passivation via Lewis-base electronic passivation of Pb
2+

 ions. 

        At last, we demonstrate a set of effective combination ETLs comprising ZnO (~70 

nm)/MgF2 (~1.5 nm) for the purpose of enhancing the performance of MAPbI3-based 

inverted perovskite solar cells. The outstanding work function, conductivity and hole-

blocking properties of ZnO nanomaterials along with the extra contribution from the 

ultrathin insulating MgF2 layer (diminished the injection barrier of ETLs/Al interfaces, 

thus reducing the contact resistance), make them ideal for use as excellent ETLs that 

can replace and outperform the fullerene-based ETLs in inverted perovskite solar cells. 

Combining the ZnO/MgF2 ETL with an ultrathin PMMA:PCBM passivation film, a 

high PCE of 17.5% with a high FF (~0.795) and negligible hysteresis was achieved for 

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

inverted perovskite cells. 

 

https://en.wikipedia.org/wiki/Poly(3,4-ethylenedioxythiophene)
https://en.wikipedia.org/wiki/Polystyrene_sulfonate
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Introduction 

Thesis Motivation 

        Energy is a basic requirement for productivity and for life itself. The growth and 

modernization of the world economy is significantly reliant on the widespread use of 

fossil energy, such as oil, gas, and coal.
[1-4]

 All this consumption costs draws on the 

earth’s limited, non-renewable resources. Increased consumption of traditional fossil 

energy has a direct impact on the earth’s environment, causing serious pollution to the 

atmosphere and water resources, thus resulting in haze, acid rain, greenhouse effect, 

ozonosphere destruction and similarly catastrophic environmental disasters.
[1-4]

 

        Today, more and more people recognize the growing importance of holistic, 

coordinated, sustainable development and production. Consequently, there is an urgent 

demand for green, clean energy. Solar energy (radiant light and heat from the sun) has 

been regarded as the best solution to substitute the traditional fossil energy.
[2] 

It is a 

sustainable energy that can be harnessed using solar heating, solar thermal energy and 

photovoltaics (PV) technologies.
[5]

 

        Silicon solar cell is a well-developed industrialized PV technology. The silicon PV 

industry has undergone a blooming growth during the past decades. The cost of the 

silicon solar cells is now still expensive that makes its price higher than that of fossil 

energy. It is therefore persuasive to develop new kinds of cost-effective, high-efficiency 

PV technologies.  

        Organic/inorganic hybrid perovskite solar cells have attracted tremendous attention 

and been regarded as one of the most promising candidates for the next generation PV 

technologies due to their cost-effective advantageous and outstanding optoelectronic 

properties.
[6,7] 

Since the first perovskite solar cell reported with a power conversion 

efficiency (PCE) of ~4.0% in 2009,
[8] 

much research effort regarding the development 

of  charge transporting materials
[7,9,10]

 perovskite absorbing materials
[6,11,12] 

and surface 

passivation technologies
[7,13]

 have been reported for perovskite solar cells. To date, the 

record efficiency of the perovskite solar cells is over 22% (certified),
[11] 

which is 

comparable to that of the commercial silicon solar cells,
[14] 

indicating the great potential 

for perovskite PV commercialisation. 

        State-of-the-art perovskite solar cells are based on a sandwich structure of 

ETLs/Perovskite/HTLs or HTLs/Perovskite/ETLs, where ETLs and HTLs are electron 
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transport layers and hole transport layers (variously identified as electron and hole 

selective layers), respectively.
[6,13] 

For the active layer, the best-performing cells use 

mixed cation and mixed halide perovskite compositions with a bandgap (Eg) of ~1.6 eV. 

[6,11]
 The theoretical (Shockley-Queisser) PCE limit for this bandgap is >30%;

[15]
 well 

above the current experimental record.
[6,11] 

 

        Despite their significant progress, perovskite (Eg~1.6 eV) solar cells still suffer 

from low open-circuit voltages (Voc) which are well below the theoretical limit (Voc 

~1.33 V).
[15]

 Defect-induced non-radiative carrier recombination at the 

perovskite/transport layers interfaces has been identified as a major source of efficiency 

loss in perovskite solar cells.
[7,16] 

On a device level, non-radiative recombination via 

these defects reduces the Voc and overall device performance. Interface recombination 

has also been linked to current-voltage hysteresis, and may have an impact on long-term 

stability. It is therefore essential to minimize the sources of recombination in perovskite 

films and their interfaces to further improve the performance of the perovskite solar 

cells. 

 

Thesis Outline 

        This is a thesis by compilation, and the Chapters 2-5 are based on publications. 

        Chapter 1 briefly introduces the outstanding properties of perovskite materials that 

enable their application in a variety of optoelectronic devices, especially in 

photovoltaics. We then summarize the development and progress of perovskite solar 

cells over the past eight years. Different cell designs, including the various material 

choices available for the electron and hole transporting layers, are discussed in 

conjunction with passivation strategies. Finally, we cover the progress, design and 

future challenges in store for state-of-the-art perovskite solar cells. 

        In Chapter 2, we demonstrate efficient ETLs for high-performance normal 

structured perovskite solar cells and tandems based on indium-doped TiOx electron 

transport layers. We show that the extrinsic indium ions (with a valency of +3) can 

effectively passivate/remove the defect or trap state with in TiO2 lattices, thus reducing 

its sub-bandgap states and raising the conduction band. Therefore, by increasing the 

cell’s built-in voltage and improving the ETL conductivity, indium-doped TiOx ETLs 

improve the efficiency of normal structured perovskite cells. 
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        In Chapter 3, we cover the development of one-side passivation technology using 

ultrathin PMMA:PCBM blend films to address the defect/trap states located at or near 

to the mesoporous TiO2/perovskite interfaces, where PMMA and PCBM are 

poly(methyl methacrylate) and phenyl-C61-butyric acid methyl ester, respectively. We 

show that the PMMA:PCBM passivation layer can effectively suppress interfacial 

recombination, thus dramatically boosting the Voc and significantly eliminating current-

voltage hysteresis for mixed cations and mixed halides perovskite solar cells. 

        Chapter 4 presents a two-side passivating contact design using ultrathin PMMA to 

passivate both the ETL/perovskite and perovskite/HTL interfaces. We demonstrate that 

the extra PMMA passivation layer between perovskite and the HTL can provide further 

gains in open-circuit voltage as compared to the one-sided passivation configuration 

presented in Chapter 3. Detailed analysis of the perovskite-PMMA interactions reveals 

that the passivation results from the Lewis-base properties of the carbonyl (C=O) group 

on the PMMA, which can effectively passivate under-coordinated lead atoms (Pb
2+

), 

which are known to cause non-radiative recombination at perovskite surfaces and grain 

boundaries. This two-side passivating contact design significantly reduces the surface 

recombination, thus dramatically boosting the Voc to 1.22 V (theoretical limit, 1.33 V) 

for ~1.6 eV bandgap perovskite solar cells.  

        We show in Chapter 5 that the inorganic bi-layer ETLs (ZnO/MgF2) can serve as 

efficient ETL in MAPbI3-based inverted perovskite solar cells. A detailed analysis of 

ZnO and MgF2 reveals that the ZnO possesses an outstanding work function, 

conductivity and hole-blocking property. Meanwhile, the ultrathin insulating MgF2 

layer reduces the aluminum contact resistance and diminishes the injection barrier at the 

ETL/Al interface. Together these properties make ZnO/MgF2 bi-layers ideal for use as 

excellent ETLs, which can substitute for the conventional PCBM and related fullerene 

derivatives in inverted perovskite solar cells. 

        Finally, Chapter 6 summarizes the highlights of the main works in this thesis. A 

research plan is proposed to further enhance the efficiency and stability of perovskite 

solar cells. 
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Chapter 1: Perovskite Materials and Perovskite 

Solar Cells 

        Since the first perovskite solar cell (efficiency~4.0%) was reported in 2009,
[1] 

perovskite solar cells have rapidly risen to the forefront of emerging photovoltaic 

technologies.
[2-15] 

To date, the champion efficiency of the perovskite solar cells is 22.7% 

(certified),
[16] 

rivalling commercial silicon solar cells, indicating its great potential for 

commercialization.
[16]

 

        In this chapter, we first provide an overview of perovskite materials, and briefly 

introduce the enabling physico-chemical properties of perovskites and their applications. 

Then, we discuss the device structure, working principles and deposition technologies 

relevant to the current generation of perovskite solar cells. Furthermore, we review the 

development of electron and hole transport materials as well as defect passivation 

technology used in the state-of-the-art perovskite solar cells of the past eight years. 

Subsequently, we discuss the progress, design and future challenges of high-efficiency 

perovskite solar cells. A summary and outlook is provided at the chapter’s close. 

 

1.1 Perovskite Materials: Property and Application  

 

Figure 1.1 The schematic diagram of perovskite crystal structure ABX3, where A is 

monovalent cation, B is a divalent metal cation and X is an anion. Adapted from Ref 

[18]. 
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        Perovskite generally refers to a class of crystal materials with chemical formula 

ABX3, where A is a monovalent cation, B is a divalent metal cation and X is an anion 

(see Figure 1.1). Technically speaking, to maintain high symmetry cubic structure, the 

Goldschmidt tolerance factor t (defined by the equation: t = (RA + RX)/{ (RB + RX)}) 

should be close to 1, where RA, RB and RX represent the ionic radii of A, B and X, 

respectively.
[17] 

It is noted that for the ideal symmetry cubic structure, the ionic radii of 

A should be much larger than that of B.
[17]

 

        It is known that perovskite structured materials are widespread in nature as 

naturally-occurring minerals. There are two dominant kinds of perovskite materials: 

oxide perovskites and halide perovskites. Oxide perovskites have been extensively 

investigated over the past century, due to their sought-after physical properties such as 

magneto-resistance, ferroelectricity and superconductivity.
[19] 

Recently, halide 

perovskites, CH3NH3PbX3 (X= Cl, Br, I) being the prime example, have drawn 

substantial attention and interest in the fields of material and photovoltaic research.
[1]

 

       Organic/inorganic hybrid perovskite are characterized by the inclusion of organic 

components (such as CH3NH3 (methylammonium or MA), NH2(CH)NH2 

(formamidinium or FA)) into the halide perovskite structure.
[3,4,7,20] 

The organic 

molecular functional groups are connected with the inorganic framework through 

hydrogen bonds, forming long-range ordered crystals with alternating organic and 

inorganic components. In the organic/inorganic hybrid perovskite, the organic 

composition and inorganic framework have a strict stoichiometric ratio, making it a real 

molecular composite material. In particular, the superior properties (such as structural 

variability, mechanical plasticity, large polarity and processability) of the organic 

components in organic-inorganic hybrid perovskite can enable its large area 

production.
[21-23]

 

        Numerous perovskite compositions have been developed for organic/inorganic 

hybrid perovskite solar cells.
[3,4,7,24-28] 

MAPbI3 was the first material to kickstart 

perovskite photovoltaics, and is still widely used as an absorber in perovskite cells due 

to its outstanding optoelectronic property and controllable, easy deposition processing.
[2]

 

However, it suffers from quite poor stability.
[26] 

Fortunately, FA can be used as an 

effective cation to replace the MA or incorporate with MA to respectively form FAPbI3 

or FAMAPbI3, strengthening the stability of the perovskite materials.
[26] 

In addition, Cl, 

Br anions have also been proven to be good options to form mixed cations (FA
+
, MA

+
) 

and mixed halides (Cl
-
, I

-
,
  

Br
-
) perovskite absorbers, furthering the stability of the 

organic/inorganic hybrid perovskite solar cells.
[29-31] 

Alternatively, The incorporation of 

2



9 

 

Cs
+
,
[4]

 Rb
+[8] 

and the like alkyl cations
[32]

 can effectively control the quality of the triple 

cations, quadruple cations  or multiple cations (more than 5 cations) perovskite films, 

significantly boosting the overall device performance of the perovskite solar cells. Other 

kinds of metal elements (such as In,
[33] 

Sn
[34]

 and the like
[35-39]

) doping have been 

reported to enhance the performance of their perovskite cells as well. 

        In addition to the above-mentioned multi-crystal perovskite materials, 2D,
[40]

 

2D/3D hybrid perovskite materials
[41] 

and inorganic halide perovskite
[42-44]

 have also 

been demonstrated to further improve the device performance in perovskite devices. 

        The outstanding optoelectronic properties of the halide perovskite, such as tuneable 

bandgap, low exciton binding energy, high charge mobility, high extinction coefficient 

and long carrier diffusion lengths are important factors explaining perovskite solar cells’ 

rapid rise to the forefront of thin-film photovoltaics.
[1,4,8,45-47]

 

 

 

1.2 Perovskite Solar Cells: Device Structure, Working 

Principle and Deposition Technology  

 

1.2.1 The Device Structure of Perovskite Solar Cells 

 

Figure 1.2 (a) The schematic diagram of the normal structured (n-i-p) perovskite solar 

cells. (b) The schematic diagram of the inverted (p-i-n) perovskite solar cells.  

        There are two kinds of device structure for the perovskite solar cells: normal 

structured (n-i-p) perovskite solar cells and inverted (p-i-n) perovskite solar cells as 

shown in Figure 1.2. Generally, transparent conducting oxides (TCOs) such as fluorine-

doped tin oxide (FTO) and indium-doped tin oxide (ITO) are used as transparent 
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conducting substrates; while metals (gold, silver and aluminium) are used as top 

electrodes deposited by evaporation or sputtering. 

        For normal structured perovskite solar cells (see Figure 1.2a), the device structure 

is Glass/TCO/ETL/Perovskite/HTL/Electrode. A further division can be made into 

mesoporous and planar structured perovskite solar cells as seen in Figure 1.3. The 

biggest difference between mesoporous and planar perovskite solar cells is that 

mesoporous metal oxide (such as TiO2,
[8,22]

 Al2O3
[48]

) scaffolds facilitate the extraction 

of electrons from the perovskite, and can improve film quality by reducing pinhole 

formation. The normal structured, mesoporous perovskite solar cells using mixed cation 

perovskite have been demonstrated with a champion efficiency of over 22% 

(certified).
[7] 

In addition to the normal structured perovskite solar cells, inverted 

perovskite solar cells also have been developed, where the device configuration is of 

Glass/TCO/HTL/Perovskite/ETL/Electrode (see Figure 1.2b). To date, the record 

certified efficiency of the inverted perovskite solar cells is close to 21 %,
[12] 

which is 

comparable to that of the normal structured perovskite solar cells.
[7]

 

 

Figure 1.3 The schematic diagram of the mesoporous structured normal perovskite 

solar cells (left image); and the planar structured normal perovskite solar cells (right 

image). 

 

1.2.2 The Working Principle of Perovskite Solar Cells 

As depicted in Figure 1.4a, TiO2 and 2,2′,7,-7′-tetrakis(N,N-di-p-

methoxyphenylamine)-9,9′-spirobifluorene (Spiro-OMeTAD) are commonly employed 

as ETLs and HTLs respectively in normal structured (n-i-p) perovskite solar cells. In an 

ideal model, the vacuum energy levels of different layers in the n-i-p perovskite solar 

cell are illustrated in Figure 1.4b, assuming the perovskite is intrinsic. When the 

perovskite solar cell is under illumination, the quasi Fermi-levels of carriers in the 
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perovskite will be split and will be correspondingly relocated according to the Fermi-

level of the TiO2 and Spiro-OMeTAD. The achievable open-circuit voltage under 

illumination is therefore largely decided by the difference between the ETL and HTL 

work functions (the built-in voltage).  

 

Figure 1.4 (a) The schematic diagram of the mesoporous structured normal perovskite 

solar cells (Glass/FTO/c-TiO2/m-TiO2/Perovskite/Spiro-OMeTAD/Au). (b) Diagram 

showing the energy levels of different materials.  

Under working conditions, the photo-generated electrons and holes within 

perovskite active layers will drift and diffuse towards to the selective contacts. These 

principles apply similarly to both normal structure and inverted cells.  

 

1.2.3 The Deposition Technology of Perovskite Solar Cells 

         

 

Figure 1.5 The Schematic illustration of the one-step solution processed deposition 

technology.  

        Following the pioneering perovskite solar cells established by Miyasaka in 2009,
[1] 

substantial research effort has dramatically boosted the PCE of perovskite solar cells 

from ~4.0%
 
to 22.7% (certified).

[16] 
In addition to high quality electron and hole 

transport layers (discussed in the following two sections 1.3 and 1.4), the other key 

parameter is to have a good crystallinity and uniformity of the perovskite film. 
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Numerous efforts regarding the deposition technologies of perovskite active layers have 

been systematically investigated for the enhanced performance perovskite solar cells 

over the past eight years. 

For solution-processed perovskite solar cells, the very first fabrication technology 

to be developed was the one-step deposition method.
[31,49,50]

 In this process, as shown in 

Figure 1.5, the pre-prepared perovskite precursor solution will be loaded on the top of 

TCO substrate, where the TCO substrate is seated on the spinner. The pre-programed 

spinner is then initiated to cast the perovskite precursor thin film. This sample is 

subsequently annealed on a hot-plate (set temperature~100 
o
C) to improve the film 

crystallinity. Although straightforward, it has proven difficult to obtain homogeneous, 

pinhole-free perovskite films using the one-step spin-coating method, which explains 

the relatively low performance of perovskite solar cells at the very earliest stage 

development. 

To improve on the shortcomings of the one step method, two-step deposition was 

developed and led to improved film quality.
[51] 

As demonstrated in Figure 1.6, the steps 

in the two-step method are: (1) spin-casting the pure PbI2 precursor film on the TCO 

substrate; (2) annealing the PbI2 sample at 100 
o
C for 30 ~ 60 min; (3) spin coating the 

MAI solution on the top of PbI2 sample or dip coating the PbI2 sample into MAI 

solution; (4) annealing the perovskite sample again. 

 

Figure 1.6 The Schematic diagram of the two-step solution processed deposition 

technology. 

A modified two-step (also called three-step) deposition
 [52]

 was further developed 

to improve the coverage of the perovskite film and eliminate pinholes. Details of the 

deposition procedures are shown in Figure 1.7a. It is evident that the quality of the 

perovskite film prepared by the modified two-step deposition is much better than the 

perovskite film fabricated by the two-step deposition (see Figures 1.7b and 1.7c).  
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Figure 1.7 (a) The schematic diagram of the modified two-step solution process 

deposition technology. (b) Surface morphology SEM of the perovskite fabricated by the 

two-step deposition technology. (c) Surface morphology SEM of the perovskite 

fabricated by the modified two-step deposition technology. Adapted from our previous 

work Ref [52]. 

However, based on the one-step, two-step and modified two-step deposition 

technologies, we found that it is still a challenge to control the growth of the perovskite 

crystals. To further improve the crystallization of the perovskite films, Xiao et al.
[53] 

proposed a fast deposition crystallization technology (also named anti-solvent 

deposition technology). The schematic illustration of the procedures of the anti-solvent 

deposition is provided in Figure 1.8. As shown in Figures 1.8a to 1.8f, it demonstrates 

that the anti-solvent deposition technology significantly improved the crystallinity and 

uniformity of the perovskite film. 
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Figure 1.8 The schematic illustration of the anti-solvent solution process (also called 

fast deposition-crystallization, FDC) deposition technology (top panel).  In the bottom 

panel, (a) and (b) Low- and high-resolution surface SEM images of the MAPbI3 

deposited by FDC with the anti-solvent of chlorobenzene. (c) TEM image of a MAPbI3 

grain from the film deposited by FDC with the anti-solvent of chlorobenzene. (d) and (e) 

Low- and high-resolution surface SEM images of the MAPbI3 deposited by conventional 

one-step deposition technology.(f) XRD patterns of the films prepared by FDC and one-

step deposition technologies. Adapted from Ref [53]. 

        In addition to the anti-solvent deposition technology, vacuum-flash assisted 

deposition technology
 [22]

 has also been demonstrated for improving/controlling the 

crystallization and uniformity of the solution-processed perovskite films (see Figure 

1.9).  



15 

 

 

Figure 1.9 (a) The schematic diagram of vacuum-flash assisted deposition technology 

(top panel).  (b) Surface morphology SEM image of the perovskite film deposition by the 

conventional process (CP). (c) Surface morphology SEM image of the perovskite film 

deposition by the vacuum-assisted solution process (VASP). Adapted from Ref [22]. 

 

        According to the literature to date, most high-efficiency perovskite solar cells have 

been reported with an active area less than 0.2 cm
2
. Although obtaining larger areas 

would be desirable for demonstrating commercial viability, the above-mentioned 

deposition technologies are not ideal options to achieve high-quality, large-area 

perovskite films. To scale up the perovskite film area, one of the most promising 

deposition technologies is thermal evaporation. The setup of the thermal evaporation is 

illustrated in Figure 1.10a.  Liu et al.
[54] 

demonstrated that the coverage and uniformity 

of the perovskite film prepared by thermal deposition is much better than the perovskite 

film fabricated by the one-step solution processed deposition technology (see Figures 

1.10b to 1.10d), indicating the thermal evaporation technology could satisfy the 

technical requirements of large-scale perovskite production. Alternatively, vapour-

assisted deposition might be another plausible option for fabricating the large-area 

perovskite thin films.
[55]
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Figure 1.10 (a) The schematic illustration of thermal evaporation deposition 

technology.  (b) XRD patterns of the films prepared by thermal evaporation and one-

step solution process deposition technologies (c) Surface morphology SEM image of the 

perovskite film deposition by the thermal evaporation technology.(d) Surface 

morphology SEM image of the perovskite film prepared by the one-step solution 

deposition technology. Adapted from Ref [54]. 

 

1.3 Electron Transport Materials for Perovskite Solar Cells 

        In addition to a high-quality, pinhole-free perovskite absorber, charge transport 

layers also play critical roles in achieving high-efficiency perovskite solar cells.
[2,56,57] 

High-temperature sintered titanium dioxide (ht-TiO2) has been widely used as an ETL 

in perovskite solar cells due to its good chemical resistance, high bandgap, suitable 

work function and good conductivity.
[8] 

Most perovskite solar cells based on ht-TiO2 

ETLs typically produce a decent short-circuit current density (Jsc), but suffer from a low 

Voc and a poor fill factor (FF), thus limiting their efficiencies.
[2,57,58]

 In addition, most of 

them exhibited some current-voltage (J-V) hysteresis.
[9,59]

 

        However, it is challenge to maintain the strict stoichiometry of Ti to O (1:2) for ht-

TiO2, causing some defects/traps such as Ti interstitials, non-stoichiometry oxygen or 
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oxygen vacancies) within TiO2 lattices.
[57,60] 

Indeed, some non-stoichiometry is essential 

for obtaining the n-type property of TiO2 (often designated as TiOx). However, defects 

at the perovskite/TiO2 interface may act as recombination centers, whereas traps can 

reduce the conductivity of the bulk material, thus impacting the performance of finished 

cells.
[57,60]

 

        To overcome the drawback of the ht-TiO2, low-temperature TiOx (lt-TiO2)
[58]

 

nanomaterials were developed as alternatives. It demonstrated that with a small amount 

of TiAcAc additives, the lt-TiO2 films exhibited much lower sub-bandgap states than 

the ht-TiO2 films, resulting in the increased conductivity of the lt-TiO2 films. The use of 

lt-TiO2 ETLs hence resulted in improved FF and efficiency for perovskite cells as 

compared to the ht-TiO2 ETLs. 

         Moreover, doped TiOx were also demonstrated as efficient ETLs to further the 

efficiency of perovskite solar cells.
[2,23,57,61]

 For example, Zhou et al., in Yttrium-doped 

TiO2 (Y-TiO2) study, demonstrated that the Yttrium dopants can effectively tailor the 

work function of the TiO2,
[2] 

providing a better energy level alignment between Y-TiO2 

and perovskite (indicating the realization of a higher Voc in perovskite cells). 

Additionally, the improved conductivity of Y-TiO2 allows for balancing the carrier 

transport, leading to the reduction of the non-ideal space charge distribution. Thus, the 

use of the Y-TiO2 ETLs in MAPbI3-based perovskite solar cells yielded a high PCE of 

19.3% with a high Voc of 1.13 V and a FF of 0.75. 

Another example is lithium-doped TiO2 (Li-TiO2),
[57] 

Giordano et al.
 
reported that 

the incorporation of lithium doping can remove the electronic defects/traps originated 

from the oxygen vacancies, thus reducing the concentration of the sub-bandgap states 

within the TiO2 lattice. As a result, a high PCE of over 19% with negligible J-V 

hysteresis behavior using Li-doped meso-TiO2 as an efficient scaffold was achieved for 

their champion MAPbI3-based perovskite solar cells. 

The third option is to exploit alternative n-type materials, such as SnO2,
[6,62-64] 

ZnO,
[65-67]

 ZnSnO4
[68]

 and C60.
[56] 

For example, Jiang et al.
[6] 

demonstrated that the SnO2 

nanomaterials with a deep conduction band and a high electron mobility enables the 

enhancement of charge transfer from perovskite to electron transport layers, thus 

reducing charge accumulation at the interface. Consequently, an enhanced efficiency of 

~20.5% was reported for their (FAPbI3)0.97(MAPbBr3)0.03-based perovskite solar cells. 

Besides, more complex bilayer-structure ETLs consisting of metal oxides and 

organic materials such as TiOx/PCBM,
[69] 

SnO2/C60
[64]

 and the like
[70,71] 

have also been 

developed. Many of these bilayer-structure ETLs have been shown to increase either the 
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FF or Voc of perovskite solar cells through improved conductivity
 
or improved band 

alignment respectively. 

Hence, further improvement in the overall device performance for perovskite solar 

cells can be gained by tailoring the work function and conductivity of the ETLs as well 

as minimizing the density of defects or traps within the electron transport materials. 

 

1.4 Hole Transport Materials for Perovskite Solar Cells 

Spiro-OMeTAD
[8,10]

 and PTAA
[26,72]

 are widely used as  HTLs in the state-of-the-

art perovskite solar cells due to their outstanding conductivity and suitable work 

function properties, where PTAA stand for poly(triaryl amine). In general, these two 

hole transport materials need Li-TFSI doping-assisted oxidation to enhance their 

conductivity, where Li-TFSI is bis(trifluoromethane)sulfonimide lithium salt.
[8,72]

 

One big disadvantage of Spiro-OMeTAD and PTAA is that the lithium doping 

(from Li-TFSI) can easily diffuse into the perovskite layer and act as defects/traps, 

ruining the performance and stability of the perovskite solar cells during the long-term 

operation.
[73]

 

Dopant-free organic HTLs were developed to substitute the Spiro-OMeTAD and 

PTAA.
[74-76] 

For example, Rakstys et al.
[74] 

reported that the highly ordered 

characteristic face-on organization of the star-shaped D-π-A type KR321 for use as 

efficient dopant-free HTLs in perovskite solar cells, yielding an equivalent device 

efficiency as compared to cells with Spiro-OMeTAD. Among those organic HTLs 

reported, RCP
[75]

 and DORDTS-TFBT
[76]

 were also proven for use as effective HTLs. 

        Inorganic HTLs such as NiOx,
[77] 

Ta-WOx,
[46]

 and CuSCN
[73]

 were also 

investigated to further enhance the stability of the perovskite cells. Yi et al.,
[46] 

in 2017, 

reported the combination of inorganic material Ta-WOx and conjugated polymer 

PDCBT for use as efficient HTLs in improved efficiency perovskite solar cells. They 

showed that the insertion of Ta-WOx formed quasi-ohmic contacts to PDCBT, bridging 

the Schottky-type barrier contact between PDCBT and Au. With the improved Ta-WOx 

doped HTLs interface, they obtained a very high efficiency of 21.2%. In addition, an 

enhanced stability (T95~1000 hours) was also demonstrated for their champion 

perovskite device. 

        Further improvement in the thermal stability of perovskite solar cells was also 

reported by Arora et al in 2017.
[73]

 Inorganic CuSCN was employed as a HTL, which 

was demonstrated to have an outstanding conductivity of ~1.2*10
-3 

cm
2 

v
-1

s
-1

, 
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promoting the efficient transportation of the electrons to the external circuit. Benefiting 

from the excellent physico-chemical property of the CuSCN and reduced graphene 

oxide, their champion device exhibited a stabilized efficiency of 20.5% and 

retained >95% of its initial efficiency after aging at a maximum power point for 1000 

hours at 60 
o
C. 

         Although numerous efforts regarding the hole transport materials’ design have 

yielded promising results, there still remains a large space for furthering the efficiency 

and thermal stability (85 
o
C standard test) of perovskite solar cells by engineering 

dedicated hole transport materials. 

 

1.5 Defect Passivation for Perovskite Solar Cells 

Defects-induced non-radiative recombination within the perovskite devices has 

been identified as a major source of efficiency loss, and it may also impact long-term 

stability.
[78,79] 

The extent of non-radiative recombination has also been shown to 

contribute to the degree of J-V hysteresis in perovskite cells.
[6,8,10,57,69,78-88] 

 

J-V Hysteresis is a very common issue in perovskite solar cells.
[78-88] 

It normally 

occurs between forward scan and reverse scan when the perovskite cells are tested 

under different scan rates, while the cells also have slow Voc and Jsc transient 

behaviour.
[80-84] 

A plausible origin of the J-V hysteresis is through a combination of 

mobile ions and defect-induced interface recombination.
[80-84] 

It is therefore critical to 

passivate/remove the defects/traps to further improve both the overall device 

performance and reduce hysteresis.
[10,79] 

According to the literature, there are four main approaches for reducing the impact 

of defects-induced non-radiative recombination in perovskite solar cells, outlined below. 

The first is to reduce the host materials’ defect density by adding dopants. For 

example, Giordano et al.
[57] 

demonstrated that Li-doping induced a partial reduction of 

Ti
+4

 to Ti
+3

 can effectively passivate the defects/traps in titania, reducing the density of 

sub bandgap states within the TiO2 lattice, thus resulting in the increased Voc from 1.04 

V to 1.14 V. Subsequently, Saliba et al. reported a perovskite solar cell with a stabilized 

PCE of 21.6% and an impressive Voc of 1.18 V by incorporating the Li-doped meso-

TiO2 scaffold and Rb-containing perovskite.
[8] 

In addition, inclusion of a small amount 

of extrinsic dopant with valency +3 (Al-doped TiO2
[60]

) was also reported as an efficient 

way to passivate the traps within TiO2 lattice. 
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The second approach is to use alternative transport layer materials that have lower 

defect densities and/or form better quality interfaces to perovskite.
[6,81] 

For example, 

Jiang et al.
[6]

 demonstrated that the deep conduction band and high electron mobility of 

SnO2 enables the enhancement of  charge transfer from perovskite to electron transport 

layers, reduces charge accumulation at the interface, and thus achieves an enhanced 

efficiency of 20.5% with negligible hysteresis. Correa Baena et al.
[81] 

showed that 

reducing the doping concentration of the Spiro-OMeTAD can suppress interfacial 

recombination, producing a stabilized PCE of approx. 20% with Voc=1.17 V.  

The third approach to reduce interfacial recombination is to introduce a very thin 

passivation layer between the perovskite and transport layers.
[10,69,82-84] 

For example, 

Zhang et al.
[82] 

showed that a very thin fullerene derivative (α-bis-PCBM) layer between 

the perovskite and the Spiro-OMeTAD HTL can passivate defects located at the 

perovskite/HTL interface, yielding a PCE of 20.8%, and Voc= 1.13 V. Similarly, 

Koushik et al.
[83] 

and Wang et al.
[84] 

used ultrathin layers of Al2O3 and PMMA 

respectively to passivate the perovskite/Spiro-OMeTAD interface, resulting in improved 

Voc (1.08V and 1.06V respectively) and reduced hysteresis. Tao et al.
[69]

 introduced the 

PCBM to passivate the TiOx/perovskite interfaces and achieved a stabilized efficiency 

of 17.6% perovskite cell. Recently, Tan et al.
[10] 

reported that chlorine-capped TiO2 

colloidal nanocrystal ETLs can mitigate interfacial recombination and improve interface 

binding, resulting in a high Voc of 1.189 V, a certified PCE of 20.1%, and negligible 

hysteresis. 

The fourth approach is to passivate the perovskite crystal grain boundaries and 

bulk materials.
[85-88] 

For example, Chiang et al.
[85] 

reported that the incorporation of the 

PCBM into the PCBM-perovskite blend films can improve the quality of the perovskite 

film as well as effectively passivate the perovskite crystal grain boundaries, thus 

resulting in an enhanced efficiency with high fill factor of 0.82. Similarly, Li et al.
[86] 

demonstrated that the alkylphosphonic acid ω-ammonium chlorides additives can 

effectively passivate the perovskite surface defects, through strong hydrogen bonding of 

the -PO(OH)2 and -NH3
+
 terminal groups to the perovskite surface, thus improving the 

perovskite solar cells performance. Other passivation materials such as 

thiophene/pyridine,
[87] 

and polystyrene
[88]

 also demonstrated the capability of 

passivating the localized defects/traps at perovskite/transport layers interfaces, and also 

in perovskite films. 

While these examples show that reducing interface recombination is essential for 

improving Voc and cell efficiency, most perovskite solar cells reported so far still suffer 
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from low Voc (less than 1.20 V), well below the theoretical limit (1.33 V).
[78] 

Hence, 

there is a clear need to develop new interface passivation approaches to realize the full 

potential of perovskite photovoltaics. 

 

1.6 High-Efficiency Perovskite Solar Cells: Progress, Design 

and Challenge 

 

Figure 1.11 The historic progress of the efficiencies of different PV technologies. 

Adapted from Ref [16].   

        Since the first perovskite solar cell reported in 2009, tremendous research efforts 

regarding perovskite composition, electron- and hole transport materials design as well 

as the passivation technologies design have been made, with impressive 

results.
[3,10,46,57,73] 

Improvements in each of these research areas have led to the current 

PCE record of 22.7% (certified).
[16] 

Moreover, the stability of perovskite solar cells is 

also increasing, with reports of cells maintaining high-efficiency (>20%) under 

prolonged (~1000 hours) one-sun illumination and at elevated operating temperatures 

(60 
o
C).

[73] 
This rapid progress is encouraging for the future commercialization of 

perovskite PV technology. The historic progress of the efficiencies for perovskite solar 

cells is presented in Figure 1.11.
[16] 

It is astonishing that the perovskite PV technology 

only took 8 years to achieve the milestone of over 22% efficiency, rivalling commercial 

silicon solar cells.
[16]

 



22 

 

        To further boost the efficiency and stability of perovskite solar cells, future works 

are required to address the following four aspects: 

1) Developing UV-stable, thermal-stable charge transport layers with high carrier 

mobility, good charge blocking property and suitable work function. 

2) Developing defect-less, stable perovskite absorbers. 

3) Exploiting new passivation materials to passivate the defects/traps in 

perovskite film and perovskite/transport layers interfaces. 

4) Utilizing stable electrodes. 

 

1.7 Summary and Outlook 

        In this chapter, we briefly introduced the properties and applications of perovskite 

materials. We then reviewed and discussed the development of the electron- and hole 

transport materials, as well as the development of the defect passivation technologies 

for high-efficiency perovskite solar cells. 

       To date, the current record efficiency of perovskite (Eg~1.6 eV) solar cells is 22.7% 

(certified), but still well below the theoretical (Shockley-Queisser) power conversion 

efficiency limit (>30%). In addition, the challenges of scale-up and stability will be the 

biggest obstacles to meet the requirements of commercialization. Much more future 

effort is demanded for furthering the overall performance of the perovskite solar cells. 

        This thesis mainly focuses on developing novel ETLs with tailored work function 

and excellent electron-selective (hole-blocking) property to improve the performance of 

perovskite solar cells; and on exploiting new passivation materials to passivate the 

defects/traps located at or near perovskite/transport layers interfaces to boost the 

perovskite cells’ efficiency as well as to mitigate the J-V hysteresis behaviour. 

        In the following four chapters, we will sequentially discuss the indium-doped TiOx 

ETLs; one-side passivation (passivate the ETLs/perovskite interfaces); two-side 

passivation (passivate both the ETLs/perovskite and perovskite/HTLs interfaces); and 

alternative ETLs design (ZnO/MgF2) to substitute the PCBM and other fullerene 

derivatives. 
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Chapter 2: Efficient Indium-Doped TiOx 

Electron Transport Layers for High-

Performance Perovskite Solar Cells and 

Perovskite-Silicon Tandems 

The use of optimized charge transport layers with suitable work functions, good 

conductivity and excellent charge selectivity is vital to the task of achieving high-

efficiency perovskite solar cells. As discussed in Chapter 1, TiO2 is a highly selective n-

type material suitable for use as an ETL in optoelectronic devices, and has found a 

natural application in perovskite solar cells.
[1-3]

 

Anatase TiO2, in general, needs high temperature (450 
o
C to 500 

o
C) sintering 

under air or oxygen atmosphere to crystallize out of amorphous TiO2.
[1-3] 

It is therefore 

challenging to precisely control the stoichiometry of TiO2 during the fabrication, 

causing oxygen vacancies, Ti interstitial sites and non-stoichiometric oxygen-induced 

defects/trap states within the TiO2 lattice.
[4,5] 

Those defects/trap states can trap injected 

electrons, and act as recombination centres at the interface, thus impacting the overall 

performance of perovskite solar cells.
[4,5]

 

To overcome this problem, we introduced a small amount of indium ions (In
3+

) into 

the TiO2 bulk material. It is shown that the extrinsic indium dopants can effectively 

passivate/remove the defects or trap states, reduce the sub-bandgap states and raise the 

conduction band for TiOx, as evidenced by our detailed x-ray photoelectron 

spectroscopy/ultraviolet photoelectron spectroscopy (XPS/UPS) and Hall-Effect 

measurements. 

Consequently, the use of indium-doped TiOx ETLs enabled us to obtain high 

efficiencies of 18.9% for CH3NH3PbI3-based solar cells and 20.1% for 

Cs0.05(MA0.17FA0.83)0.95-Pb(I0.83Br0.17)3-based cells. A slight J-V hysteresis was still 

present the indium-doped TiOx-based perovskite cells, but these were improved relative 

to the pure-TiO2-based cells. We also applied the optimized indium-doped TiOx ETLs 

to semi-transparent perovskite cells, achieving a steady-state efficiency of 16.6%, and 

used these cells to demonstrate a four-terminal perovskite-silicon tandem cell with an 

efficiency of 24.5%. 
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The detailed results and analysis of indium-doped TiOx ETLs are presented in the 

following paper. 

 

References 

[1] W. S. Yang, B.-W. Park, E. H. Jung, N. J. Jeon, Y. C. Kim, D. U. Lee, et al., 

"Iodide management in formamidinium-lead-halide–based perovskite layers for 

efficient solar cells," Science, vol. 356, pp. 1376-1379, 2017. 

[2] M. Saliba, T. Matsui, K. Domanski, J.-Y. Seo, A. Ummadisingu, S. M. 

Zakeeruddin, et al., "Incorporation of rubidium cations into perovskite solar 

cells improves photovoltaic performance," Science, vol. 354, pp. 206-209, 2016. 

[3] D. Bi, W. Tress, M. I. Dar, P. Gao, J. Luo, C. Renevier, et al., "Efficient 

luminescent solar cells based on tailored mixed-cation perovskites," Sceience 

Advances, vol. 2, pp. e1501170, 2016. 

[4] F. Giordano, A. Abate, J. P. Correa Baena, M. Saliba, T. Matsui, S. H. Im, et al., 

"Enhanced electronic properties in mesoporous TiO2 via lithium doping for 

high-efficiency perovskite solar cells," Nature Commuication, vol. 7, pp. 10379, 

2016. 

[5] S. K. Pathak, A. Abate, P. Ruckdeschel, B. Roose, K. C. Gödel, Y. Vaynzof, et 

al., "Performance and Stability Enhancement of Dye-Sensitized and Perovskite 

Solar Cells by Al Doping of TiO2," Advanced Functional Materials, vol. 24, pp. 

6046-6055, 2014. 

 

 

 

 

 

 

 

 

 

 

 



35 

 

 

 

 

 

 

 



36 

 

 

 

 

 

 

 



37 

 

 

 

 

 

 

 



38 

 

 

 

 

 

 

 



39 

 

 

 

 

 

 

 



40 

 

 

 

 

 

 

 



41 

 

 

 

 

 

 

 



42 

 

 

 

 

 

 

 



43 

 

 

 

 

 

 

 



44 

 

 

 

 



45 

 

 

Chapter 3:  Interface Passivation Using Ultrathin 

Polymer-Fullerene Films for High-Efficiency 

Perovskite Solar Cells with Negligible Hysteresis 

The combination of interface recombination and ion migration have been proven to 

be the main cause of the Voc loss and the commonly-observed J-V hysteresis in many 

perovskite solar cells.
[1-8] 

This implies that the defects/trap-states located at or near to 

the perovskite-transport layers surface or interface need to be passivated or removed for 

achieving high-efficiency, hysteresis-free perovskite solar cells.
[1-3]

 

As we discussed in Chapter 2, extrinsic indium dopants can effectively minimize 

the density of defects/traps within TiOx, thus improving the Voc and considerably 

reducing the J-V hysteresis for peovskite cells. However, the perovskite cells using 

indium-doped TiOx ETLs still exhibited an absolute efficiency variation of ~1% - 1.5% 

for hysteresis and a relative low Voc (~1.10 V).  

To further mitigate the J-V hysteresis and boost the voltage, an ultrathin (less than 

5 nm) PMMA:PCBM passivation layer was introduced into the interface between the 

meso-TiO2 ETL and perovskite active layer. It is evident from our results that the 

PMMA:PCBM passivation layer can significantly passivate the localized defects/traps 

at the meso-TiO2/perovskite interface, as demonstrated by photoluminescence (PL) 

imaging and time-resolved PL analysis. The reduced non-radiative recombination 

allows a significant increment in Voc of as much as 80 mV, leading to a champion 

voltage of 1.18 V and a high efficiency of 20.4% for mixed cation perovskite cells. In 

addition, negligible hysteresis in J-V behavior was also observed in the passivated cells, 

resulting in very fast Voc and Jsc response times of less than 3 seconds under changes in 

illumination.  

Detailed results and discussion are provided in the attached paper.  
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Chapter 4: A Universal Double-Side Passivation 

for High Open-Circuit Voltage in Perovskite 

Solar Cells: Role of Carbonyl Groups in 

Poly(methyl methacrylate) 

According to the Schockley-Queisser theory, the theoretical Voc limit of perovskite 

(Eg ~1.6 eV) is ~1.33 V,
[1] 

however, most perovskite solar cells reported so far still have 

Voc below 1.20 V.
[2-5]

 Defect-induced non-radiative recombination impedes the 

realization of high Voc in perovskite solar cells.
[6,7]

 

The under-coordinated Pb atoms (Pb
2+

) have been identified as a major source of 

recombination-active defects/traps, reducing the Voc as well as the overall device 

performance in perovskite solar cells.
[8,9] 

It is therefore critical to passivate the Pb
2+

 

defects/traps to further efficiency gains.
[8,9]

 

Inspired by our previous work demonstrated in Chapter 3, we developed a two-

sides passivation design using ultrathin polymer PMMA films to passivate both 

ETLs/perovskite and perovskite/HTLs interfaces. The symmetric passivating contact 

provided a significant reduction of non-radiative recombination, furthering the Voc up to 

1.22 V for normal bandgap (~1.6 eV) perovskite composition. Consequently, we 

successfully obtained a very high efficiency of 20.8% perovskite solar cells without 

hysteresis. 

By studying the molecular interactions between PMMA and perovskite precursors 

via Fourier-transform infrared (FTIR), nuclear magnetic resonance (NMR) spectroscopy 

measurements and DFT calculations, we found that the functional carbonyl (C=O) 

groups on the PMMA take the credit for passivating the Pb
2+

 defects/traps. 

Details can be found in the following manuscript. 
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Chapter 5: Inorganic ZnO/MgF2 Bi-Layers as a 

High-Performance Alternative to Fullerene-

Based Electron Transport Layers in Inverted 

Perovskite Solar Cells 

In addition to the normal structured perovskite solar cells, the concept of an 

inverted perovskite cell also has been developed with a structure of 

Glass/TCO/HTL/Perovskite/ETL/Electrode.
[1-9] 

To date, the current record efficiency 

for inverted perovskite solar cells is 21.5%,
[1] 

which is comparable to that of normal 

perovskite solar cells.
[6]

 

        In general, high temperature annealing is essential to prepare TiO2, a widely used 

electron transport layer in normal perovskite cells.
[6] 

Inverted perovskite cells in general 

do not require a high temperature sintering process, which makes them potentially more 

cost-effective for future industrialization.
[1]

 

In inverted perovskite solar cells, PCBM,
[1-3] 

C60
[2,7]

 and other fullerene 

derivatives
[3,8,9]

 are commonly used as ETLs although these n-type materials have 

relatively poor hole-blocking properties and inferior energy level alignment. In addition, 

PCBM and related fullerene derivatives (widely used as acceptors in organic solar 

cells),
[8,9] 

cause considerable optical loss over the whole UV-infrared wavelength range. 

This prohibits the use of PCBM and other fullerene derivatives in highly efficient 

perovskite-silicon tandem solar cells. 

In order to overcome these challenges, we designed a set of inorganic combination 

layers (ZnO/MgF2) that can perfectly substitute the aforementioned n-type materials for 

use as efficient ETLs in inverted perovskite solar cells. Together with an ultrathin (less 

than 5 nm) PMMA:PCBM passivation layer demonstrated in Chapter 3, the use of 

ZnO/MgF2 ETLs yielded a high PCE of 17.5% with a high FF of 0.795 for MAPbI3-

based inverted perovskite solar cells. In addition to the superior physical and electronic 

properties of the ZnO/MgF2, the optical property of the ZnO is much better than that of 

PCBM, indicating that ZnO/MgF2 can be a good candidate for use as an ETL in high-

performance perovskite-silicon tandems. 

Further results and discussion are presented in the following manuscript. 
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Abstract 

        Charge transport layers play a critical role in achieving high-performance 

perovskite solar cells. In inverted perovskite solar cells, PCBM and other fullerene 

derivatives are commonly used as electron transport layers (ETLs), but these materials 

are non-ideal for several reasons. First, as a single-layer ETL they are not sufficiently 

carrier selective to achieve very high efficiencies. Second, they have poor energy level 
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alignment to common electrode materials such as Ag and Al. Third, they have relatively 

strong optical absorption at visible wavelengths, and low refractive indices, which make 

them particularly unsuitable for perovskite-based tandem applications. Here, we 

demonstrate bi-layer inorganic ZnO/MgF2 ETLs as effective substitutes for PCBM and 

organic ETL materials. The bi-layer structure takes advantage of the suitable work 

function, good conductivity and excellent hole-blocking properties of ZnO, and pairs 

this with an ultrathin MgF2 layer to provide low contact resistance between the ZnO and 

Al electrode. When this bi-layer ETL is combined with an ultrathin polymer passivation 

layer at the perovskite/ZnO interface we achieve a champion cell with 17.5% efficiency, 

a fill-factor of 79.5% and negligible hysteresis. This is one of the highest efficiencies 

reported for an inverted cell using PEDOT:PSS as the hole transport layer. Moreover, 

the ZnO/MgF2 ETL is significantly more transparent and has a higher refractive index 

than the organic layers it replaces, making it a promising option for use in monolithic 

perovskite-silicon tandems. 

 

 

Introduction 

        Organic-inorganic hybrid perovskite solar cells have attracted significant research 

attention in the past eight years and are regarded as a promising candidate for next-

generation photovoltaic technology.
[1-12] 

Following the first perovskite solar cells 

reported in 2009 with a power conversion efficiency (PCE) of ~4%,
[1] 

optimization of 

the perovskite composition, the electron and hole transport layers and the interfaces 

between these layers has dramatically boosted their efficiency to more than 22 %.
[10] 

The highest-performing cells (‘normal’ or n-i-p structure) have a layer structure of 

Glass/TCO/ETL/Perovskite/HTL/Metal electrode, where TCO, ETL and HTL are the 

transparent conductive oxide, electron transport layer and hole transport layer 

respectively.
[2, 10] 

‘Inverted’ perovskite cells, where the order of the ETL and HTL 

layers is reversed, have also achieved efficiencies above 20%.
[13-16]

 

        There are many suitable organic and inorganic materials for the bottom (HTL) 

transport layer in inverted cells, including poly(2,3-dihydrothieno-1,4-dioxin)-

poly(styrenesulfonate) (PEDOT:PSS),
[17-20]

 NiOx,
[21-24] 

CuOx,
[25, 26] 

CuSCN,
[27] 

PTAA
[13, 

16]
 and others.

[28-32] 
There are far fewer options, however, for the top (ETL) transport 

layer due to the strict deposition compatibility and thermal processing constraints 

imposed by the underlying perovskite and HTL materials. The most widely-used and 

best-performing ETLs for inverted cells are [6,6]-Phenyl C61 butyric acid methyl ester 
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(PCBM),
[19, 20, 29, 33] 

C60
[16, 23, 25]

 and other fullerene derivatives
[15, 34, 35]

). While these 

materials have allowed impressive efficiencies in a small number of cases, inverted 

perovskite solar cells typically exhibit lower performance (especially in open circuit 

voltage) than ‘normal’ structured cells. This largely due to the relatively poor hole-

blocking property and non-ideal energy level alignment of the fullerene layers.
[13, 16, 25, 29, 

33]
 

        To address the limitations of fullerene-based ETLs, there have been many attempts 

to modify these layers by combining or replacing them with other high bandgap n-type 

materials such as ZnO,
[24, 29, 33] 

TiOx,
[28, 36] 

SnOx,
[23, 37] 

and BCP(bathocuproine)
[13, 16, 26, 

30]
. For example, bi-layer ETLs consisting of PCBM/Ti(Nb)Ox and PCBM/ZnMgO 

ETLs were used in inverted cells with efficiencies >18% in Refs[28] and [38] 

respectively. The highest efficiency inverted perovskite solar cells reported to date 

combined a C60/BCP bi-layer ETL with choline chloride interface passivation to achieve 

a certified efficiency of 20.6%,
[13] 

approaching the performance of the best normal 

structured perovskite solar cells.
[10]

 

        Inverted perovskite cells are also playing an important role in the development of 

monolithic, two-terminal perovskite-silicon tandem cells. The record certified efficiency 

(23.6%) for such a tandem cell was achieved with a planar inverted perovskite top cell 

incorporating an ETL structure of LiF/PCBM/SnO2/Zn-doped SnOx.
[39] 

While relatively 

effective, this ETL stack is complex, and the PCBM film contributes to the parasitic 

optical absorption at short wavelengths. Hence, the development of electrically and 

optically optimized non-fullerene ETLs for inverted cells would be especially beneficial 

for tandem applications.  

        It is known that n-type inorganic metal oxides such as ZnO,
[24, 29, 33] 

TiOx,
[28, 36] 

and 

SnOx
[23, 37]

 demonstrate higher electron mobility (good conductivity), better WF 

(suitable Fermi-level) , larger bandgap (excellent hole-blocking property) and better 

optical properties (transmittance and refractive index) than the above-mentioned organic 

materials. This makes the n-type inorganic metal oxides promising candidates for high-

performance inverted perovskite solar cells and monolithic tandems. However, it is 

challenging to adopt these n-type inorganic metal oxides in inverted perovskite solar 

cells due to the incompatibility of many deposition processes (solvents and temperature) 

with the underlying cell materials. Fortunately, metal oxide nanomaterials can provide a 

way around this issue.  

In this work, we first demonstrate a new combination ETL design integrating a 

highly conductive zinc oxide (ZnO) nanoparticle layer with an ultrathin MgF2 
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tunnelling layer. We show that this structure can successfully substitute PCBM and 

other fullerene derivatives for high-performance inverted perovskite solar cells. In 

addition, we introduce an ultrathin poly(methyl methacrylate): PCBM (PMMA:PCBM) 

passivation layer to effectively suppress interfacial recombination induced by 

defects/trap-states perovskite/ETL interface, as demonstrated previously for normal-

structured cells.
[40] 

We show that the ZnO nanomaterial layer can provide efficient 

electron extraction from the perovskite absorber, while simultaneously blocking holes, 

thus mitigating non-radiative recombination at the ETL/electrode side. The insertion of 

the ultrathin insulating MgF2 tunneling layer decreases the Schottky barrier between 

ZnO and the aluminium electrode, thus reducing the contact resistance. The combined 

properties of the ZnO/MgF2 bi-layer ETL together with the ultrathin polymer 

passivation layer result in a PCE of 17.5% with a high fill factor (FF) of 0.795. This is 

one of the highest efficiencies reported for inverted perovskite solar cells using 

PEDOT:PSS as the HTL.
[15, 17, 18]

 

 

Results and Discussions 

       The ZnO nanomaterials were synthesized according to Ref [41]. Detailed 

experimental information for the synthesis routes and raw materials are provided in 

experimental section. To verify the quality and physical properties of the synthesized 

material, we first characterized the nanoparticle diameter, chemical stoichiometry, WF, 

optical bandgap and valance band maximum (VBM) using transmission electron 

microscopy (TEM) and EDS (energy dispersive spectroscopy, TEM), x-ray 

photoelectron spectroscopy/ultraviolet photoelectron spectroscopy (XPS/UPS), optical 

transmittance and scanning electron microscope (SEM) measurements.   

        The TEM image in Figure 1a shows the size of the as-synthesized ZnO 

nanoparticles is ~10 nm. XPS measurements were conducted to further elucidate the 

chemical composition of nanoparticle films deposited on an ITO substrate. Figure 1c 

shows the Zn 2p1 and Zn 2p3 peaks (with a corresponding single symmetric component 

fitting, respectively) of the ZnO film at binding energies of ~1044.7 eV and ~ 1021.7 

eV, which are consistent with literature values.
[24, 42] 

The XPS spectra of O 1s in Figure 

1d exhibits a degree of asymmetry in its shape, where it can be deconvoluted with two 

different oxygen species. The binding energy of O 1s peak centred at ~530.2 eV can be 

ascribed to O atoms in the ZnO crystal
[24, 42]

 while the second peak binding energy 

(531.5 eV) is attributed to the presence of an oxygen-deficient component (such as zinc 

hydroxide)
[24, 42] 

or hydroxyl adsorbed onto the surface (due to surface contamination 
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from the samples being exposed to air before the XPS measurements).
[42]

 Additionally, 

the surface stoichiometry of the samples was also calculated by comparing the elements’ 

relative peak areas and their corresponding relative sensitivity factors. The atomic ratio 

of Zn:O for the ZnO nanoparticles is about 1:1. 

 

Figure 1. a) TEM image of the synthesized ZnO nanoparticles. b) UPS spectra of a ZnO 

nanoparticle thin film deposited on a Glass/ITO substrate. c) XPS spectra of Zn 2p 

peaks for the ZnO film. d) XPS spectra of O1s peaks for ZnO film.  

UPS measurements were also performed to estimate the ZnO work function (WF) 

and valance band maximum (VBM). The UPS cut-off spectra in Figure 1b shows the 

WF of ZnO is of 4.19 eV, which is similar to literature values.
[24] 

As shown in Figure 

S1a (Supporting Information), the VBM of ZnO is about 3.21 eV. Based on the 

calculated WF and VBM values, the valance band energy of ZnO is 7.4 eV. Considering 

the optical bandgap of ZnO (Eg~3.3 eV, Figure S1b, Supporting Information), the 

calculated conduction band energy is therefore ~4.1 eV, indicating the ZnO 

nanomaterials are heavily doped (which contributes to the high fill-factor of the ZnO-

based perovskite cells presented later). The ~4.1 eV conduction band energy is also 

close to that of the MAPbI3 (~3.9 eV),
[24]

 thus demonstrating that the synthesized ZnO 
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particles are suitable for use as ETLs in  MAPbI3-based perovskite solar cells (see 

Figures 2a,b). In addition, the transmittance of the ZnO film is much higher than that of 

the PCBM film (a common ETL in inverted perovskite solar cells) as seen in the Figure 

S1c (Supporting Information).  

 

Figure 2. a) Schematic of the MAPbI3-based inverted perovskite cell structure studied 

here. b) Diagram showing the energy levels of the different cell materials. c) SEM 

cross-sectional image of the Control 1 dummy device with a structure of 

Glass/ITO/PEDOT:PSS/MAPbI3/PCBM. d) SEM cross-sectional image of the Device 1 

dummy device with a structure of Glass/ITO/PEDOT:PSS/MAPbI3/ZnO.  

We next fabricated inverted perovskite cells with the structure ITO/PEDOT:PSS/ 

/MAPbI3/PCBM (or ZnO)/Al (see Figure 2a), to directly compare cells with ZnO ETLs 

to control cells using a standard PCBM ETL. Figures 2c,d show SEM cross-section 

images of two cells without the rear aluminum electrode. The estimated thickness of the 

ITO, PEDOT:PSS, MAPbI3, PCBM and ZnO layers are around 150 nm, 60 nm, 300 nm, 

50 nm and 70 nm, respectively. Standard SEM and XRD measurements were also 

carried out to probe the formation of MAPbI3 crystal thin films on ITO/PEDOT:PSS 

substrates. Figure S2a (Supporting Information), shows an SEM image of a typical 
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pinhole-free and uniform perovskite film. The corresponding XRD (Figure S2b, 

Supporting Information) shows no obvious PbI2 or other non-perovskite phases, further 

confirming the film quality. 

As shown in Figure 3a, the PCBM-based cell (labeled Control 1) had a PCE of 

11.52% with a current density Jsc = 21.16 mA/cm
2
, Voc = 0.830 V and FF = 0.656, 

measured by reverse J-V scan. The forward scan data is also shown in the figure, 

indicating only minor hysteresis, leading to an absolute PCE difference of 0.3%. The 

ZnO-based device (Device 1, Figure 3b), has a PCE of 13.13%, with Voc = 0.900 V, Jsc = 

21.3 mA/cm
2
 and FF = 0.685, and a 0.8% absolute efficiency variation between reverse 

scan and forward scan. Steady-state efficiency measurements were also performed to 

verify the Control 1 and Device 1 performance shown in Figures S3a,b (Supporting 

Information), resulting in similar efficiency values. 

        It is observed that the Control 1 (PCBM/Al) exhibits a lower Voc (~0.830 V) than 

the Device 2 (ZnO/MgF2/Al) (Voc~0.900 V). Given that PCBM is known to passivate 

the perovskite surface,
[19, 20] 

it seems unlikely that the lower voltage of Control 1 is due 

to a higher density of surface defects. An alternative explanation may be an inferior 

built-in voltage in Control 1. The built-in voltage is determined by the work-function 

difference between the HTL and ETL contact layers, corrected for any surface dipole 

contributions at the two perovskite interfaces.
[8] 

In the absence of knowledge about these 

surface dipoles, the built-in voltage can be estimated by the difference in vacuum work 

functions. This may account for the difference between Device 1 and Control 1 in terms 

of Voc: while ZnO has a vacuum WF of 4.19 eV (determined by UPS measurement), the 

conduction band for PCBM films have been reported in the range of 4.2 - 4.3 eV,
[43-45] 

and should therefore yield a lower built-in voltage (see Figure 2b). 

To further reduce the Al contact resistance, a common strategy is to introduce an ultra-

thin tunneling layer like LiF
[46] 

or low WF metal (e.g. Ca
[15, 17]

) between ETL and Al 

electrode. Here we use a tunneling layer of the insulating material MgF2. As shown in 

Figure 3c, adding an ultrathin MgF2 layer between the ZnO and Al provided a modest 

increase in both Voc and FF for the ZnO/MgF2-based device (Device 2) as compared to 

Device 1. This improvement increased the PCE to 14.26% with a FF of 0.732, although 

we note that the cell still suffered a small amount of current-voltage hysteresis with 

different scan directions. The improved Voc and FF can be attributed to the fact that 

MgF2 can react with Al to form an Al-Mg-F alloy during Al evaporation as suggested 

by previous reports.
[47] 

This alloyed interface decreases the Schottky barrier between the 

ZnO ETL and the Al electrode, thus reducing the contact resistance.
[47] 

We also found 
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the same phenomenon that MgF2 can bridging the injection barrier between the PCBM 

and Al electrode as demonstrated in the Control 2 device 

(ITO/PEDOT:PSS/MAPbI3/PCBM/MgF2/Al) (See Figure S4a, Supporting Information). 

 

Figure 3. Photovoltaic parameters and current density – voltage curves of the different 

inverted perovskite cells. a) Control 1 (Glass/ITO/PEDOT:PSS/MAPbI3/PCBM/Al). b) 

Device 1 (Glass/ITO/PEDOT:PSS/MAPbI3/ZnO/Al). c) Device 2 

(Glass/ITO/PEDOT:PS-S/MAPbI3/ZnO/MgF2/Al). d) Device 3 

(Glass/ITO/PEDOT:PSS/MAPbI3/PMMA:PCBM/Zn-O/MgF2/Al). Note that all devices 

were tested at a 50 mV/s scan rate.  

The combination of ion migration in the perovskite film and carrier recombination 

at perovskite/ETL and perovskite/HTL interfaces is thought to be responsible for the 

observed hysteresis in many perovskite cells.
[40, 48, 49] 

Interface recombination has also 

been identified as the major source of voltage loss in high-efficiency cells.  Therefore, 

inspired by our previous work,
[40] 

we introduced an ultra-thin PMMA:PCBM 

passivation layer between the perovskite and ZnO ETL (labeled as Device 3). As seen 

in Figure 3d, the champion cell with this structure exhibited a PCE of 17.5%, with Voc = 

0.970 V, Jsc = 22.7 and FF = 0.795. The performance distribution of 25 Device 3 cells is 
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also plotted in Figure S5 (Supporting Information), showing an average PCE of 16.8 ± 

0.35%. Steady-state efficiency measurements for Device 2 (ZnO/MgF2/Al), Device 3 

(PMMA:PCBM/ZnO/MgF2/Al), and Control 2 (PCBM/MgF2/Al) are also plotted in 

Figure S6 (Supporting Information).  

External quantum efficiency (EQE) measurements were also made on Control 1 

and Device 3 cells to confirm the current densities obtained from the current-voltage 

scans (see Figure S7). The integrated current densities from the EQE spectra of both 

cells are within 4% of the Jsc values extracted from the J-V curves. We also observe that 

the EQE response of Device 3 is significantly higher than that of the Control 1 due to 

the superior properties of the combination ETL (ZnO/MgF2) as discussed above.  

We note that after the insertion of an ultrathin PMMA:PCBM passivation layer, the 

optimized Device 3 (PMMA:PCBM/ZnO/MgF2/Al) cells show an ~70 mV increase in 

Voc compared to Device 1 (ZnO/Al) cells. To investigate this further, we conducted 

steady-state photoluminescence (PL) and time-resolved PL (TRPL) on thin film 

samples of bare perovskite (labeled as perovskite), perovskite/PCBM (control 1), 

perovskite/ZnO (device 1), perovskite/ZnO/MgF2 (device 2) and 

perovskite/PMMA:PCBM/ZnO/MgF2 (device 3). As depicted in Figure 4a, perovskite 

films capped with ETLs exhibit much lower PL intensity than that of bare perovskite 

film. This is commonly observed and may be attributed to some combination of 

increased recombination at the perovskite/ETL interface
[40]

 and/or improved charge 

extraction.
[16] 

Interestingly, the perovskite/PCBM sample (control 1) shows a higher PL 

intensity than both the perovskite/ZnO (device 1) and perovskite/ZnO/MgF2 (device 2), 

whereas Control 1 cells exhibit a lower Voc (~0.830 V) than both Device 1 (~0.900 V) 

an Device 2 (~0.910 V) cells (see Figure 3). There is also no significant difference in 

the PL intensity of device 1 and device 2 samples, despite a ~10mV difference in Voc. In 

contrast, the passivated Device 3 sample (perovskite/PMMA:PCBM/ZnO/MgF2) has a 

much higher PL intensity than the control 1 (perovskite/PCBM) sample. 
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Figure 4. a) Steady-state PL intensity for thin film samples of bare perovskite, 

perovskite/PCBM (control 1), perovskite/ZnO (device 1), perovskite/ZnO/MgF2 (device 

2) and perovskite/PMMA:PCBM/ZnO/MgF2 (device 3) deposited on quartz substrates. 

b) Time-resolved PL measurements for the same samples as in (a). c) SCLC 

measurement for a non-passivated electron-dominated device with a structure of 

ITO/In-TiOx/ /Perovskite/ZnO/MgF2/Al. d) SCLC measurement for a passivated 

electron-dominated device with a structure of ITO/In-

TiOx/Perovskite/PMMA:PCBM/ZnO/MgF2/Al. Here ‘perovskite’ refers to MAPbI3.  

A similar trend can be observed in the PL transient spectra in Figure 4b for the 

same set of thin film samples. A sum of two exponential functions was applied to fit the 

PL transients, where the detailed extracted parameters (lifetimes and weight) are listed 

in Table S1 (Supporting Information). The bare perovskite film has a fast decay lifetime 

τ1 = 1.8 ns and a slow decay lifetime τ2 = 87.6 ns. In contrast, the perovskite/ZnO 

(device 1) and perovskite/ZnO/MgF2 (device 2) samples exhibit equivalent lifetimes of 

τ1 = 2 ns (2 ns) and τ2 = 6.8 ns (7.1 ns), respectively. The perovskite/PCBM (Control 1) 

sample shows a slightly higher lifetime (τ1 = 3.8 ns, τ2 = 11.0 ns) as the PCBM is 

known to passivate the perovskite surface defects.
[19, 20] 

The observed PL quenching 
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(steady-state and time-resolved) in the perovskite/ZnO and perovskite/ZnO/MgF2 

samples is consistent with an increase in interface recombination, in contrast to the 

improved voltage observed in cells with these ETL layers. This provides further indirect 

evidence to support the aforementioned explanation of why Device 1 yields a higher Voc 

(0.900 V) than Control 1 (Voc~0.830 V) ie: Voc is strongly influenced by the WF-

induced built-in voltage in these cells. 

The second longest transient PL lifetimes (τ1 = 5.3 ns and τ2 =19.4 ns) are 

measured for the perovskite/PMMA:PCBM/ZnO/MgF2 sample (Device 3). This further 

supports our conclusions from the full cell results and steady-state PL measurements 

that the ultra-thin PMMA:PCBM film effectively reduces non-radiative recombination 

at the perovskite/ZnO interface by reducing the density of defects and trap states, 

resulting in a ~75 mV increase in Voc for Device 3 cells compared to Device 1 cells. 

Additional evidence for reduced surface defects is presented in Figures 4c,d in the 

form of space charge limited current (SCLC) measurements. These were conducted on 

two electron-dominated devices designed to replicate the ETL sides of Devices 2 and 3 

with structures ITO/In-TiOx/MAPbI3/ZnO/MgF2/Al and ITO/In-

TiOx/MAPbI3/PMMA:PCBM/Zn-O/MgF2/Al respectively. Current-voltage 

measurements on both samples (plotted on a log-log scale in Figures 4c,d) show three 

distinct operating regimes (ohmic contact regime, trap-filled regime and SCLC regime) 

as expected.
[16] 

Generally, in the SCLC model, the density of the defects/trap states can 

be estimated from the equation VTFL=(e*nt*d
2
)/(2*Ɛ*Ɛ0), where VTFL is the trap-filled 

limit (when all available defects/trap states are filled by injected carriers), and e, nt, d, Ɛ 

and Ɛ0 are electronic charge, trap density, device thickness, perovskite dielectric 

constant and permittivity of free space, respectively.
[16] 

Figures 4c,d, show that the VTFL 

of the ITO/In-TiOx/MAPbI3/ZnO/MgF2/Al sample is ~0.65 V, compared to ~0.44 V for 

the passivated ITO/In-TiOx/MAPbI3/PMMA:PCBM/ZnO/MgF2/Al sample. Referring to 

the equation above, this is indicative of the passivated sample having a significantly 

lower trap density than the unpassivated sample, consistent with the cell performance 

and photoluminescence measurements. 

 

 

Conclusion 

        In summary, we have demonstrated an inorganic bi-layer ETL (ZnO (~70 

nm)/MgF2 (~1.5 nm)) that can directly replace and out-perform widely-used PCBM in 

MAPbI3-based inverted perovskite solar cells. The good work function alignment, high 
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conductivity and excellent hole-blocking properties of ZnO nanomaterials, combined 

with the ultrathin MgF2 layer to improve contact resistance to the Al electrode, make 

them ideal for use as ETL in inverted perovskite solar cells. Combining this ETL 

structure with an ultrathin (<5nm) PMMA:PCBM passivation layer at the 

perovskite/ETL interface, enabled a champion cell with a PCE of 17.5%, a high fill 

factor (~0.795) and negligible hysteresis. Analysis of the ZnO nanomaterial and MgF2 

tunneling layers reveals the critical role of charge transport layers in controlling 

recombination, minimizing recombination losses and maximizing carrier extraction in 

order to achieve high solar cell efficiencies.  

        It is noteworthy that the cells fabricated in this work are all based on MAPbI3, and 

use a standard PEDOT:PSS HTL, which has not been modified or optimized in any way. 

Thus, although our cell efficiencies are not the highest reported for inverted perovskite 

cells, they are some of the highest reported for PEDOT:PSS cells, which rarely achieve 

open circuit voltages above 1V.
[15, 17, 18] 

Thus, it is quite likely that the performance of 

our champion passivated cells is currently limited by the HTL side. We expect that 

higher cell efficiencies could be achieved by replacing the PEDOT:PSS HTL with a 

superior hole transport material, and incorporating with a suitable mixed cation 

perovskite absorber. Finally, we observe that the refractive index and transparency of 

the ZnO/MgF2 ETLs make them better suited to monolithic perovskite-silicon tandem 

cells than low-index, low-bandgap organics such as PCBM, potentially providing a 

further boost to this high-efficiency technology. 

 

Experimental Section 

Detailed experimental information is provided in Supporting Information.  
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Supporting Information is available from the Wiley Online Library or from the author. 
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Chapter 6: Summary and Future Work 

6.1 Summary 

In summary, this thesis demonstrates the development of highly efficient, 

hysteresis-free perovskite solar cells enabled by electron transport materials with well-

matched work functions and high-conductivity, as well as through passivation of the 

perovskite/contact layer interfaces. We demonstrated that indium-doped TiOx is better 

than intrinsic TiO2 for use as an ETL in normal-structured perovskite solar cells; 

enhanced steady-state efficiencies of 19.3% and 24.5% were obtained for standalone 

perovskite cells and perovskite-silicon 4-terminal tandems, respectively. Second, a one-

side passivation strategy was introduced to improve the open-circuit voltage (Voc ~1.18 

V) and efficiency (PCE~20.4%) of normal-structure perovskite solar cells. Furthermore, 

a remarkably high Voc of 1.22 V and a high efficiency of 20.8% were achieved using 

two-sided passivation in a normal-structured cell. Finally, the performance of inverted 

perovskite cells was improved through the use of combination (ZnO/MgF2) ETLs in 

place of the standard fullerene derivatives, resulting in higher efficiencies and fill 

factors (PCE~17.5% with a high FF of 0.795). 

 

6.1.1 Passivating the Defects/Trap States within TiO2 Lattices 

        TiO2 is widely used as an ETL in optoelectronic devices due to its advantageous 

properties: a suitable work function, good electron mobility and high bandgap (~3.3 eV). 

Inevitably, it is challenging to control the stoichiometric ratio of Ti to O during the 

fabrication of TiO2, resulting in the formation of many lattice defects.  

        We introduced indium-doped TiOx to overcome this challenge, using a precursor 

In-TiOx which can be easily prepared by straightforwardly mixing the indium and 

titania precursors in the correct proportion. Based on the analysis of XPS and UPS, we 

have shown that a small amount of valency +3 indium ions can effectively passivate 

defects, reduce the sub-bandgap states and raise the conduction band. 

The indium-doping improves the efficiency of perovskite cells through two 

separate mechanisms. First, it increases the carrier density and hall mobility, and hence 

the conductivity of the In-TiOx ETL compared to the standard TiO2 ETL, dramatically 

improving the FF of completed cells. Second, the indium-doping allows us to tune the 
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work function of the ETL to improve the band alignment at the ETL/perovskite 

interface, thus enhancing the Voc. As a result, a high steady-state efficiency of 17.9% for 

MAPbI3-based cells and 19.3% for Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3 was achieved 

using the optimized In-TiOx ETLs, corresponding to absolute efficiency gains of 4.4% 

and 1.2% respectively relative to pure TiO2 controls. Furthermore, we demonstrated a 

high steady-state PCE of 16.6% for a semi-transparent cell and used it to achieve a 

steady-state efficiency of 24.5% in a four-terminal tandem arrangement with a silicon 

bottom cell. This represented a record efficiency for perovskite-Si tandems at the time 

of publication. 

        Although the use of In-TiOx ETLs demonstrates an avenue for improving the 

performance of perovskite solar cells, TiOx materials are not UV-stable, making them 

less than ideal as an ultimate solution. 

 

6.1.2 One-Side Passivation: Passivating the Electron Transport 

Layer/Perovskite Interfaces 

        Defect-induced interface recombination and ion migration have been thought to be 

responsible for the Voc loss and the current-voltage hysteresis in many perovskite solar 

cells. 

        We show that ultrathin PMMA:PCBM blend films can effectively passivate the 

perovskite/meso-TiO2 interface, leading to a significant reduction in interfacial 

recombination and a dramatic increase in Voc from 1.1 V (control cell) to 1.18 V 

(passivated cell). Photoluminescence imaging and time-resolved photoluminescence 

studies reveal that a better perovskite solar cell should yield more radiative 

luminescence. Indeed, our passivated cells exhibit a considerably higher 

photoluminescence signal than unpassivated cells by a factor of six. 

        By optimizing the PMMA:PCBM ratio to achieve both high Voc and fill-factor we 

obtained stable perovskite solar cells with a steady-state PCE of 20.4% and negligible 

hysteresis. The optimized cells also exhibit an exceptionally rapid current and voltage 

response when illuminated, reaching steady-state Voc or Jsc in less than 3s. This new 

passivation approach addresses one of the main limitations of current high-efficiency 

perovskite solar cells - interface recombination - and demonstrates the potential for 

ultrathin passivation layers to significantly improve cell performance.  

        Furthermore, our finding that pure PMMA films provided the best passivation, but 

insufficient conductivity, indicates the potential for further improvements if new n-type 
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polymer materials can be developed with appropriate band alignment and carrier 

mobility. 

 

6.1.3 Double-Side Passivation: Passivating the Perovskite/Transport 

Layers Interfaces 

Inspired and encouraged by our one-side passivation design, we then demonstrated 

double-side passivated perovskite solar cells incorporating ultrathin PMMA-films at the 

perovskite-ETL and perovskite-HTL interfaces. The outstanding passivation properties 

of the PMMA enabled Voc values of up to ~1.22 V, which is one of the highest reported 

for ~1.6 eV bandgap perovskites. A high PCE of 20.8% with negligible hysteresis was 

achieved for the champion passivated cells. Analysis of perovskite-PMMA interactions 

reveals that the passivation results from the Lewis-base properties of the carbonyl (C=O) 

group on the PMMA, which can effectively passivate under-coordinated lead atoms 

(Pb
2+

), known to cause non-radiative recombination at perovskite surfaces and grain 

boundaries.  

Although it provides excellent interface passivation, PMMA is an insulating 

polymer so the passivated cells did have a slightly reduced fill-factor as a result of 

increased series resistance. This was mitigated on the ETL side by using a 

PMMA:PCBM blend, as demonstrated in Chapter 3, but future development of novel 

conducting polymers with C=O groups may lead to even further efficiency gains.  

 

6.1.4 Combination ETLs (ZnO/MgF2) for Inverted Perovskite Solar 

Cells: Substituting the Organic Electron Transport Materials  

        It is known that the charge transport layers play critical roles in achieving high-

performance perovskite solar cells. In inverted perovskite solar cells, PCBM, C60 and 

other fullerene derivatives are commonly used as ETLs although the PCBM, C60 and 

other fullerene derivatives are not ideal ETLs due to their poor hole-blocking property, 

mismatched energy level alignment issue and considerable optical absorption.  

        To substitute the aforementioned n-type organic materials, we demonstrated a set 

of combination ETLs (ZnO (~70 nm)/MgF2 (~1.5 nm)) for enhanced performance 

MAPbI3-based inverted perovskite solar cells. The outstanding work function, 

conductivity and hole-blocking properties of ZnO nanomaterials, along with the 

additional effect of the ultrathin insulating MgF2 layer (which reduces the aluminium 
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contact resistance and diminishes the injection barrier at the ETL/Al interface), makes 

the bi-layer combination ideal for use as an excellent ETL for inverted perovskite solar 

cells. Together with ultrathin (less than 5 nm) PMMA:PCBM passivation layers, a high 

PCE of 17.5% with a high FF (~0.795) and negligible hysteresis was achieved for our 

champion inverted perovskite cells. 

        A further increase in PCE for inverted perovskite cells can be obtained by 

substituting the PEDOT:PSS with other superior hole transport materials and using 

mixed cation perovskite absorbers as well. In addition, this finding may provide an 

efficient combination ETL to further develop the performance of perovskite-silicon 2-

termianl tandems. 

 

6.2 Future Work  

We consider four aspects as being essential to further improvements of perovskite 

cell efficiency and stability: passivation of defects within perovskite bulk material; 

developing UV-stable electron transport layers; exploiting thermally-stable hole 

transport layers; and utilizing stable electrodes. These are discussed in further detail 

below. 

 

6.2.1 Passivating the Perovskite Bulk Defects 

        It is known that thermal annealing is critical to the proper growth of perovskite 

crystals, but this step never result in perfect crystals. Crystallographic defects and 

impurities may act as recombination centers that degrade the overall efficiency.
[1,2]

 It is 

therefore clearly desirable to develop passivation strategies that address the presence of 

bulk defects, in complement to the interfacial strategies presented here. A more drastic 

strategy would be to pursue 2D, and combined 2D/3D perovskite materials as plausible 

options to further the overall device performance of perovskite solar cells.  

 

6.2.2 Developing UV-Stable Electron Transport Layers 

TiO2 is a photocatalyst that is very sensitive to the UV light. Under UV 

illumination, the electrons of the TiO2 will be excited from valence band to conduction 

band, the electrons and holes will migrate to the surface of the TiO2 to form electron-

hole pairs. The electrons will induce the reduction of Ti
+4

 to Ti
+3

;
[3,4] 

and the holes will 
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react with the surface bridging oxygen ion to form oxygen vacancies.
[3 4] 

The Ti
+3

 sites 

and oxygen vacancies are defects that will induce the perovskite degradation during 

long-term operation.
[5,6] 

That makes the TiO2 less than ideal as an electron transport 

layer for perovskite solar cells, although a stop-gap solution might be to include UV-

filters in the cell design. Thus, UV-stable electron transport layers with suitable work 

function, good conductivity and excellent hole blocking properties are critical to further 

enhance the stability of perovskite solar cells. Deep energy level metal oxide materials 

such SnOx might be good candidates for addressing this challenge. 

 

6.2.3 Exploiting Thermal-Stable Hole Transport Layers 

        Spiro-OMeTAD and PTAA have been widely used as hole transporting layers, but 

normally need Li-TFSI additives and oxidation to enhance their conductivity.
[6,7] 

Problematically, the lithium ions from Li-TFSI source can easily diffuse into the 

perovskite layer, potentially acting as recombination centres or mobile ions which will 

affect the performance and stability during long-term operation.
[6,8,9] 

The tolerance of 

the Spiro-OMeTAD and PTTA HTLs becomes even worse when these are tested under 

elevated-temperatures.
[6,8,9] 

It is therefore strongly desirable to develop thermally-stable 

substitutes for Spiro-OMeTAD and PTAA. One plausible solution is to develop 

inorganic metal oxides (such as NiOx,
[10] 

CuSCN
[9]

) as these have been shown to yield 

high hole motilities, suitable work-functions, excellent electron-blocking properties and 

outstanding thermal stability. 

 

6.2.4 Utilizing Stable Electrodes 

        Gold, silver and aluminium are common metal electrodes for perovskite solar cells. 

Unfortunately, it has been discovered that silver and aluminium can easily penetrate and 

diffuse into the perovskite through the organic transport layers, where they can react 

with the perovskite components triggering decomposition of the perovskite crystals. 

Even for the gold materials, penetration and diffusion seems to be inevitable and 

induces defect-mediated recombination. Consequently, physically and chemically stable 

electrodes materials are urgently needed to address the stability of perovskite solar cells. 
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Appendix  

The appendix contains the supporting documents from four manuscripts presented in the 

body of the thesis.  
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Experiment Section 

ZnO nanoparticle synthesis. The ZnO nanoparticles were synthesized according to the 

Ref [1]. In a typical preparation: (1) Weigh and prepare 30 mL of 0.552 M N(Me)4OH-

5H2O (tetramethylammonium hydroxide) in EtOH ( noted as Solution A). (2) Weigh 
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and prepare 90 mL solution of 0.101 M Zn(CH3COO)2-2H2O in DMSO (noted as 

Solution B). (3) Add solution A dropwise at approximately 3 mL/min to Solution B 

under constant stirring (noted as Solution C). (4) After 2 hours, add ethyl acetate (1:1 

v/v) into the Solution C to wash the zinc oxide nanoparticle; and then use centrifuge to 

separate the zinc oxide nanoparticle from the solution; and then repeat the washing step 

one more time; after that, collect the ZnO particle and dry under vacuum at room 

temperature. (6) Then, the final products suspend in IPA (3~5 mg/ml). 

 

Device fabrication. First, around 60-nm-thick PEDOT:PSS films were deposited on the 

pre-cleaned ITO substrates via spin coating the PEDOT:PSS (PVP Al 4083) solution at 

4500 rpm/s with a ramp of 4500 rpm/s for 40 s. These samples were immediately 

annealed at 125 
o
C for 20 min, and then transferred into nitrogen-filled glovebox for the 

next deposition. Second, the MAPbI3 films were deposited on the ITO/PEDOT:PSS 

substrates by spin coating the MAPbI3 precursor solution at 3500 rpm with a ramp of 

3500 rpm/s for 60 s, where the MAPbI3 precursor was prepared by dissolving 1 mol 

methylamine iodine (MAI) and 1 mol PbI2 in 1 mL anhydrous dimethyl sulphoxide 

(DMSO) and N,N-dimethylformamide (DMF) (2:8, v/v). During the spin coating 

process, around 200 μL Chlorobenzene was poured on the spinning substrates after 10 s. 

Substrates were then annealed at 100 
o
C for 10 min. Third, for the PCBM ETL, it was 

deposited on MAPbI3 via spin coating the PCBM solution (20 mg/ml, in chlorobenzene) 

at 1000 rpm/s with a ramp of 1000 rpm/s for 40 s; while for the ZnO ETL, it was 

deposited on MAPbI3 via spin coating the ZnO solution at 5000 rpm/s with a ramp of 

5000 rpm/s for 10 s, and then repeated this process for three times. In addition, for the 

ultrathin PMMA:PCBM passivation layer, it was deposited on MAPbI3 via spin coating 

the PMMA:PCBM
[2]

 blend solution (4 mg/ml (1:3, w/w), in chlorobenzene) at 5000 

rpm/s with a ramp of 5000 rpm/s for 30 s. Finally, around 100 nm gold was deposited 

through by a mask (cell’s effective area, 0.16 cm
2
). 

 

J-V measurements. All devices were tested under 1 sun conditions (100 mW/cm
2
, AM 

1.5G, 25 
o
C) in a solar simulator system (model #SS150 from Photo Emission Tech Inc) 

equipped with a Xenon lamp. The light intensity was calibrated using a certified 

Fraunhofer CalLab reference cell. For the perovskite solar cells, all cells’ J-V curves 

were tested at a 50 mV/s scan rate in a custom-built vacuum measurement jig without 

aperture mask. Note that reverse scan is from Voc to Jsc (forward bias → short circuit, 
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1.1 V → -0.1V), and forward scan is from Jsc to Voc (short circuit → forward bias, -0.1 

V → 1.1 V). No preconditioning protocol has been used before the characterization. 

EQE measurements. The external quantum efficiency (EQE) spectra of our perovskite 

cells were measured with a commercial EQE system (Newport). 

Characterization—TEM.  A JEOL 2100F FEGTEM system was used to investigate the 

ZnO nanoparticle. 

Characterization—XPS and UPS. X-ray photoelectron spectroscopy (XPS) and 

ultraviolet photoelectron spectroscopy (UPS) measurements were carried out on an XPS 

machine (Escalab 250 Xi, Thermo Fisher), with a monochromatic Al Kα (1486.7 eV) 

X-ray source for XPS and a He I (21.2 eV) gas discharge lamp for UPS. 

Characterization—SEM. A tapping mode atomic force microscope (Multimode, Bruker) 

and a FEI Verios scanning electron microscope (SEM) were used to investigate the 

surface morphology of samples. 

Characterization—XRD. X-ray diffraction analysis was performed with a Bruker D2 

Phaser diffractometer operated at 30 kV, 10 mA at 2θ (Cu Kα) 10–80°, step 0.02° and 

scan speed 2.3° min
-1

. 

Characterization—Transmittance. A PerkinElmer Lambda 1050 UV/Vis/NIR 

spectrophotometer was used to investigate the transmittance of samples.  

Characterization—TRPL. Time-resolved photoluminescence (TRPL) decay 

measurements were performed using LabRAM HR Evolution system with a time-

correlated single photon counting (TCSPC) system (DeltaPro-DD, Horiba). A 508nm 

diode laser (DD-510L, Horiba) with pulse duration of 110ps, fluence of ~10 

μJ/cm
2
/pulse, and a repetition rate of 312.5 kHz was used for excitation. The PL signal 

was extracted at 770 nm. Both the incident light and the reflected light went through a 

50x objective lens (LEICA PL FLUOTAR L 50x/0.55), which resulted in a spot size of 

~2 µm. The samples were kept in N2 environment during the measurements. For the 

analysis of the time-resolved PL decay, a bi-exponential model in the Decay Analysis 

software was used to fit the experimental result and extract the lifetime. 

Characterization—SCLC. Space charge limited current (SCLC) measurements were 

performed on electron-dominated devices with a structure of ITO/In-TiOx (~50 nm) 

/MAPbI3/(w/wo) PMMA:PCBM (less than 5 nm)/ZnO (~70 nm)/MgF2 (~1.5 nm) Al 
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(~100 nm), where the device without PMMA:PCBM layer is the control device (non-

passivated cell), Note that the In-TiOx films were prepared according to the Ref[3]; the 

electron-dominated devices were prepared by the same procedures as described in the 

aforementioned device fabrication; then, ~50 nm PCBM was deposited by spin-coating 

20 mg/mL PCBM in CB at 1000 rpm/s for 40 s; and then, ~100 nm Al was deposited by 

thermal evaporation at a deposition rate of 1 Å/s. All SCLC tests were carried out at 

room temperature and under dark. 
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Figure S1.  a) Valance band maximum (UPS) spectra of a ZnO nanoparticle thin film 

deposited on a Glass/ITO substrate. b) Optical bandgap of a ZnO nanoparticle (~70 nm) 

thin film deposited on a quartz substrate. c) Transmittance spectra of ZnO nanoparticle 

(~70 nm) and PCBM (~50 nm) thin films deposited on quartz substrates. Note that the 

ZnO and PCBM films deposited on quartz substrates were prepared by the same 

procedures as described in the aforementioned device fabrication. 
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Figure S2. a) Scanning electron microscopy (SEM) image of a 

Glass/ITO/PEDOT:PSS/MAPbI3 sample. b) XRD spectra of a MAPbI3 perovskite thin 

film deposited on Glass/ITO/PEDOT:PSS substrate.  
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Figure S3. a) Steady-state current density and efficiency of the Control 1 

(ITO/PEDOT:PSS/MAPbI3/PCBM/Al) cell tested at Vmpp = 0.67 V. b) Steady-state 

current density and efficiency of the Device 1 cell (ITO/PEDOT:PSS/MAPbI3/ZnO/Al ) 

tested at Vmpp = 0.72 V.  
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Figure S4. Current density-voltage curves of a Control 2 cell with a structure 

ITO/PEDOT:PSS/MAPbI3/PCBM/MgF2/Al. Note that the Control 2 was tested at a 50 

mV/s scan rate. 
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Figure S5. The PCE distribution of Device 3 cells with a structure of  

ITO/PEDOT:PSS/MAPbI3/PMMA:PCBM/ZnO/MgF2/Al. Note the PMMA:PCBM film 

is ultrathin (less than 5 nm). All PCEs were collected from reverse scans (tested at a 50 

mV/s scan rate). 
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Figure S6. Steady-state current density and efficiency of the different structured 

inverted perovskite cells. a) Control 2 (ITO/PEDOT:PSS/MAPbI3/PCBM/MgF2/Al) 

tested at 0.79 V. b) Device 2 (ITO/PEDOT:PSS/MAPbI3/ZnO/MgF2/Al) tested at 0.75 

V. c) Device 3 (ITO/PEDOT:PSS/MAPbI3/PMMA:PCBM/ZnO/MgF2/Al) tested at 0.82 

V. Note the PMMA:PCBM film is ultrathin (less than 5 nm) 
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Figure S7. a) EQE spectra of Control 1 (ITO/PEDOT:PSS/MAPbI3/PCBM/Al ) and 

Device 3 (ITO/PEDOT:PSS/MAPbI3/PMMA:PCBM/ZnO/ MgF2/Al) cells.  
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Table S1. The detailed parameters of lifetimes (1, 2) and weight (A1, A2) extracted 

from the measured PL transient decay curves.  

Sample τ1 (ns) A1 (%) τ1 (ns) A2 (%) 

Perovskite 1.8 41.57 87.6 58.43 

control 1 3.8 27.46 11.0 72.54 

device 1 2.0 35.24 6.8 64.76 

device 2 2.0 33.87 7.1 66.13 

device 3 5.3 34.45 19.4 65.55 
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