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Abstract 

Organo-metallic halide perovskite solar cells (PSCs) are considered as a promising 

alternative photovoltaic technology due to the advantages of low-cost solution fabrication 

capability and high power conversion efficiency (PCE). PSCs can be made using a conventional 

(n-i-p) structure and an inverted (p-i-n) configuration. PCE of the conventional p-i-n type PSCs 

is slightly higher than that of the inverted n-i-p type PSCs. However, the TiO2 electron 

transporting layer adopted in the conventional PSCs is formed at a high sintering temperature 

of >450 °C. The TiO2 electron transporting layer limits the application of conventional PSCs 

using flexible substrates that are not compatible with the high processing temperature. The hole 

extraction layer (HEL) in the inverted p-i-n type PSCs can be prepared by low-temperature 

solution fabrication processes, which can be adopted for achieving high performance large area 

flexible solar cells at a low cost. Inverted PSCs with a PCE range from 10 to 20% have been 

reported over the past few years. In comparison with the progresses of other photovoltaic 

technologies, the rapid enhancement in PCE of the PSCs offers an attractive option for 

commercial viability.  

The aim of this PhD project is to study the origin of the improvement in the performance of 

solution-processable inverted PSCs. The surface morphological and electronic properties of the 

HEL are crucial for the growth of the perovskite active layer and hence the performance of the 

inverted PSCs. Enhancement in short circuit current density (Jsc), reduced loss in open circuit 

voltage (Voc), improvement in charge collection efficiency (ηcc) through suppression of charge 

recombination were investigated systematically via controlled growth of the perovskite active 

layer in solution-processed inverted PSCs. Poly (3,4-ethylenedioxythiophene): poly (4-

styrenesulfonate) (PEDOT:PSS) is one of the widely used solution processable conductive 
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materials for hole transporting in different optoelectronic devices. However, it has been 

reported that PEDOT:PSS HEL is related to the deterioration in the stability of PSCs due to its 

acidic and hygroscopic nature. Modification of PEDOT:PSS using solvent additives or 

incorporating metallic oxide for improving the processability and the performance of the 

inverted PSCs were reported. This work has been focused primary on realizing the controlled 

growth of perovskite active layer via HEL/perovskite interfacial modification using sodium 

citrate-treated PEDOT:PSS HEL and WO3-PEDOT:PSS composite HEL. Apart from 

investigating the properties of the modified PEDOT:PSS HELs, the purpose of the work is to 

improve the understanding of the effect of modified HEL on the growth of the perovskite layer, 

revealing the charge recombination processes under different operation conditions, analyzing 

change extraction probability, and thereby improving the overall performance of the PSCs. PCE 

of >11.30% was achieved for PSCs with a sodium citrate-modified PEDOT:PSS HEL, which 

is >20% higher than that of a structurally identical control device having a pristine PEDOT:PSS 

HEL (9.16%). The incident photon to current efficiency (IPCE) and light intensity-dependent 

J−V measurements reveal that the use of the sodium citrate-modified PEDOT:PSS HEL helps 

to boost the performance of the inverted PSCs in two ways: (1) it improves the  processability 

of perovskite active layer on HEL, and (2) it enables to enhance the charge extraction efficiency 

at the HEL/perovskite interface. The suppression of charge recombination in the PSCs with a 

modified HEL also was examined using photocurrent−effective voltage (Jph−Veff) and transient 

photocurrent (TPC) measurements. Morphological and structural properties of the perovskite 

layers were investigated using the scanning electron microscope (SEM) and X-ray diffraction 

(XRD) measurements. The results reveal that high-quality perovskite active layer on the 

modified HEL was attained forming complete perovskite phase. The surface electronic 

properties of the modified PEDOT:PSS and pristine PEDOT:PSS layers were studied using X-

ray photoelectron spectroscopy (XPS) and ultraviolet photoelectron spectroscopy (UPS) 
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measurements. XPS results reveal that treatment of sodium citrate partially removes the PSS 

unit in the PEDOT:PSS, resulting in an increase in the  ratio of PEDOT to PSS from 0.197 for 

a treated PEDOT:PSS HEL to that of 0.108 for the pristine PEDOT:PSS HEL. UPS 

measurements also show that there is an observable reduction in the work function of the 

modified HEL, implying that sodium citrate-modified PEDOT:PSS HEL possesses an 

improved electron blocking capability, which is beneficial for efficient operation of the inverted 

PSCs. 

The performance enhancement in MAPbI3-based PSCs with a tungsten oxide (WO3)-

PEDOT:PSS composite HEL also was analyzed. The uniform composite WO3-PEDOT:PSS 

HEL was formed on indium tin oxide (ITO) surface by solution fabrication process. The 

morphological and surface electronic properties of WO3-PEDOT:PSS composite film were 

examined using AFM, XPS, UPS and Raman Spectroscopy. SEM images reveal that the 

perovskite films grown on the composite HEL had a full coverage without observable pin holes. 

XRD results show clearly that no residual of lead iodide phase was observed, suggesting a 

complete perovskite phase was obtained for the perovskite active layer grown on the composite 

HEL. The volume ratio of WO3 to PEDOT:PSS of 1:0.25 was optimized for achieving enhanced 

current density and Voc in the PSCs. It is demonstrated clearly that the use of the WO3-

PEDOT:PSS composite HEL helps to improve the charge collection probability through 

suppression of the charge recombination at the MAPbI3/composite HEL interface. The charge 

extraction efficiency at the perovskite/PEDOT:PSS and perovskite/composite HEL interfaces 

were investigated by analyzing the PL quenching efficiency of the MAPbI3 active layer. It is 

shown that the PL efficiency quenching at the MAPbI3/composite HEL samples is one order of 

magnitude higher than that measured for the perovskite/pristine PEDOT:PSS sample, 

suggesting an enhanced hole extraction probability at the MAPbI3/composite HEL interface. 

The combined effects of improved perovskite crystal growth and enhanced charge extraction 
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capabilities result in the inverted PSCs with a PCE of 12.65%, which is 22% higher than that 

of a structurally identical control device (10.39%). The use of the WO3-PEDOT:PSS composite 

HEL also benefits the efficient operation of the PSCs, demonstrated in the stability test, as 

compared to that of the control cell under the same aging conditions.  

With the progresses made in improving the performance of MAPbI3-based PSCs, the 

research was extended to study the performance of efficient PSCs with mixed halide of 

MA0.7FA0.3Pb (I0.9Br0.1)3. The effect of the annealing temperature on the growth of the mixed 

MA0.7FA0.3Pb (I0.9Br0.1)3 perovskite active layer was analyzed. It was found that the optimal 

growth of the mixed perovskite active layer occurred at an annealing temperature of 100°C. 

UPS results reveal that the ionization potential of 5.76 eV measured for the mixed cation 

perovskite is lower than that of MAPbI3-based single cation perovskite layer (5.85 eV), while 

the corresponding electron affinity of the mixed perovskite was 4.28 eV and that for the MAPbI3 

layer was 4.18 eV, respectively. The changes in the bandgap and the energy levels of the 

MA0.7FA0.3Pb (I0.9Br0.1)3 and MAPbI3 active layers were examined using UV-vis absorption 

spectroscopy and UPS measurements. Compared to the MAPbI3-based control cell, a 23% 

increase in Jsc, a 15% increase in Voc and an overall 25% increase in PCE for the MA0.7FA0.3Pb 

(I0.9Br0.1)3 were achieved as compared to that of the MAPbI3-based PSCs. An obvious 

improvement in charge collection efficiency in MA0.7FA0.3Pb (I0.9Br0.1)3-based PSCs operated 

at different Veff was clearly manifested by the light intensity dependent J–V characteristic 

measurements. PL quenching efficiency also shows the charge transfer between MA0.7FA0.3Pb 

(I0.9Br0.1)3 and PEDOT:PSS HEL is one order of magnitude higher as compare to that in the 

MAPbI3-based PSCs, suggesting the formation of improved interfacial properties at the 

MA0.7FA0.3Pb (I0.9Br0.1)3/HEL interface. The impact of incorporating mixed MA0.7FA0.3Pb 

(I0.9Br0.1)3 perovskite active layer on PCE and the stability of the PSCs was further studied using 

a combination of TPC measurement and aging test. The stability of MA0.7FA0.3Pb (I0.9Br0.1)3- 



 

vi 

 

and MAPbI3-based PSCs with respect to the aging time was monitored for a period of >2 

months. The MA0.7FA0.3Pb (I0.9Br0.1)3-based PSCs are more stable compared to the MAPbI3-

based PSCs aged under the same conditions. The aging test supports the findings made with the 

TPC and light intensity dependent J−V measurements. It shows that the improved interfacial 

quality at the perovskite/HEL and the enhanced charge extraction capability are favorable for 

efficient and stable operation of MA0.7FA0.3Pb (I0.9Br0.1)3-based PSCs.  
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Chapter 1 : Introduction 

1.1. Background and Motivation 

Renewal energy is collected from renewable sources, which are natural abundant resources, 

e.g., solar energy.  Development of renewable energy technologies has attracted a significant 

attention and is one of the timely global research topics, due to the potential energy crisis and the 

deteriorating environmental pollutions caused by the burning of the fossil fuels. Renewable energy 

resources, such as wind power, tidal, bio-mass energy and solar energy, have all been explored to 

tackle the serious issues. Among all these renewable energies, solar energy has been considered to 

be one of the greenest energy sources. To make use of solar energy, the most direct way is to 

convert it into electricity by using an energy conversion device, known as a solar cell or a 

photovoltaic (PV) cell. Solar cells are becoming increasingly important in the sustainable 

development of the modern life. It requires that the high performing lost-cost solar cells can be 

prepared by solution fabrication approaches, with desired power conversion efficiency (PCE). 

Different photovoltaic technologies, including silicon based solar cells1, II-VI compound 

semiconductor thin film solar cells, solution-processable solar cells based on organic 

semiconductors, hybrid composites, or inorganic semiconductors2. However, the manufacturing 

cost of these PV technologies is still high limiting their use in large scale PVs. 

1.2. Recent Progresses in Perovskite Solar Cells (PSCs) 

Perovskite solar cells have the combined advantages of low cost and high PCE and have 

attracted increasing attention as an alternative PV technology. The first attempt to use 

methylammonium lead halide (CH3NH3PbX3) sensitizer for application in dye-sensitized solar 

cells (DSSCs) with a liquid electrolyte was reported by Kojima et al in 2009, achieving a PCE of 
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3.81%3. The PCE of this types of solar cells increased to about 6.5% for CH3NH3PbI3-based 

perovskite solar cell4 in two years time, using slightly more stable electrolytes. It was demonstrated 

that the use of the a thin TiO2 charge extraction layer is more favorable for the perovskite sensitizer. 

In 2012, significant developments were noted in the field of PSCs5,6. The conventional 

configuration PSCs with a solid-state mesoporous architecture, similar to that of the DSSCs, were 

developed. In this mesoporous device architecture, perovskite active layer is used for photon 

absorbance. Instead of liquid electrolyte materials, a thin film hole extraction layer of 

N2,N2,N2′,N2′,N7,N7,N7′,N7′-octakis(4-methoxyphenyl)-9,9′-spirobi[9H-fluorene]-2,2′,7,7′-

tetramine, Spiro-OMeTAD  is utilized. PCE of 10% for PSC with this configuration was realized 

5,6. 

This rapid progress made in the PSCs attracts photovoltaic community across the world. 

Within 10 years of development, the record PCE of PSCs has exceeded 22%, approaching of the 

efficiency of the commercialized solar cells7. According to the theoretical prediction,  PCE of 

PSCs can be further increased approaching 31.4%8, suggesting that there is still a large room to 

boost up the device performance. The progress in the efficiency of the PSCs, best cell efficiencies 

of the solar cells reported by National Renewable Energy Laboratory, is shown in Fig. 1-1. 
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Fig. 1-1 Efficiency charts showing various OPVs technologies progress. 

With the initial progresses made in solid state mesoporous structure PSCs, it was observed that 

the planar PSCs can also be made, though the overall PCE was lower9. The main reason is due to 

the possible high charge recombination rate at the perovskite/contact interface, a relatively low fill 

factor (FF) and high loss to the open-circuit voltage (VOC).10An appropriate charge extraction is 

desired for the planar PSCs. In addition it was also found that the charge carrier diffusion length 

of MAPbI3 (100 nm) can be further tuned to 1 micrometer for MAPbI3-XClx film
11,12.  

Compare to the thin film organic solar cells and the II-VI semiconductor-based solar cells, e.g., 

CIGS solar cells, organometal trihalide perovskite also possess stacked multilayer structure. 

Depending on the sequence of the functional layers being formed on the substrate, the planar 

heterojunction perovskite solar cells have two device structures: (1) n-i-p or often referred as 

conventional configuration in which electron extraction layer is formed on the front transparent 

cathode, (2) p-i-n or known as the inverted configuration having the hole extraction layer overlaid 

on the front transparent anode. 
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 For conventional perovskite solar cell, the perovskite active layer is sandwiched between a 

pair of a TiO2 electron extraction layer and a Spiro-MeOTAD hole extraction layer. TiO2 electron 

extraction layer is sintered typically at a high process temperature of > 500OC, therefore it is the 

great challenge for the development of PSCs having a conventional device configuration on large 

area flexible substrate using roll-to-roll process..  

To overcome this issue p-i-n type structure is considered as a more favorable option for flexible 

PSCs, that can be fabricated under low process temperatures of <150OC. The planar heterojunction 

(PHJ) PSCs with a p-i-n configure was reported in 2013 by Guo et al., which is analogous to the 

concept of donor/acceptor BHJ-based conventional organic solar cells13. The use of the inverted 

PSCs has several advantages such as high throughput and flexible material choices required for 

all-solution fabrication process.  

The efficient generation of photoexcited charges and charge extraction are crucial processes 

for a solar cell. In a PSC, the photo-excited charges are generated in the perovskite active layer 

upon illumination. The efficient light absorbance in a PSC is closely associated with the bandgap 

of perovskite layer and the device configuration. Photons with the energy higher than the bandgap 

of the perovskite layer can be absorbed for generating photo-excited charge carriers. The charge 

diffusion length in the perovskite active is necessary. This ensures that the photo-excited charge 

carriers can be extracted at the perovskite/electrode interfaces prior to their recombination. The 

perovskite layer with large grain size is beneficial for suppressing the interface defect-induced 

charge recombination occurred at the grain boundaries. The structural and morphology induced 

defects in the perovskite active layer can also lead to device hysteresis and reduced device lifetime. 

Hence the controlled growth of the perovskite film with improved crystallinity and large grain size 

is essential for high performance inverted PSCs. In an inverted PSCs, the front indium-doped tin 
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oxide (ITO) contact serves as an anode for collecting the holes, while the upper metal contact, e.g. 

Ag, serving as the electrode to collect the holes. The charge extraction layers, e.g., HEL and ETL, 

are interposed between the perovskite layer and electrodes to assist in charge extraction. The use 

of the interface layers helps to passivate the perovskite surface defects to suppress the possible 

interfacial charge recombination and also to reduce the energy barrier at the perovskite/anode and 

perovskite/anode interfaces for achieving high charge collection efficiency. As we know, the 

photovoltage of the PSCs is closely associated with the energy difference between the highest 

occupied molecular orbital (HOMO) level of HEL and the lowest unoccupied molecular orbital 

(LUMO) level of the EEL. As such an interface engineering is required so as to attain the efficient 

charge collection processes.       

Different morphology control and interface engineering approaches are reported for enhancing 

the performance of the planar inverted PSCs 14. It is shown that the inverted PSCs enable to 

suppress the hysteresis effects, making the inverted structure more promising for efficient 

operation of PSCs 15. 

1.3. Project Objectives 

The encouraging progresses made in the inverted planar PSCs have offered an alternative 

solution-process fabrication method for high performing PSCs as compared to the cells with 

conventional configuration.  Although the conventional configuration PSCs have showed slightly 

higher champion PCE than that the inverted cells, the use of the high sintering temperature TiO2 

EEL has a limitation for the development of  large size PSCs at low cost. On the other hand, high 

performing inverted PSCs offer a promising alternative photovoltaic technique that can be 

prepared by solution-fabrication process at low temperature, which is beneficial for the 

development of large size flexible solar cells at a low-cost.  
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The quality of the underlying HEL in inverted PSCs is very important for enhancing the charge 

extraction efficiency and also reducing the interfacial carrier recombination losses at the 

perovskite/electrode 16. A solution-processed PEDOT:PSS layer is often adopted hole extraction 

materials for use in planar inverted PSCs,  with an initial PCE of ~4% reported for the inverted 

PSCs in 201313. 

PEDOT has both excellent electrical conductivity and good optical properties, however, it is 

insoluble conjugated polymer17. Due to these advantages, PEDOT has been widely used for a 

variety of applications including organic photodetectors, organic solar cells, organic light-emitting 

diodes (LEDs), and field-effect transistors. Poly (4-styrenesulfonate) (PSS) is attached to PEDOT 

to improve the PEDOT solubility, forming an aqueous PEDOT:PSS dispersion allowing for 

preparing PEDOT:PSS-based HEL via low-cost solution fabrication process techniques.  

However, the  PEDOT:PSS-based HEL has acidic nature and is not an ideal choice for the 

long-term  stability of the solar cells18,19,20. The hygroscopic nature and the poor electron blocking 

feature21 also result in a small open circuit voltage (Voc) of around ~0.90 V in inverted PSCs22,23. 

The acidic behavior of PEDOT:PSS is mainly caused by the anionic PSS dispersant due to the 

combined effects of: (a) PSS is an anionic polymer that can be dissolved in water, (b) however the 

non-conjugated polymer component PSS is not conducive and has the limitation for  attaining 

efficient hole extraction.24 

Modification of the properties of PEDOT:PSS using different polar organic solvents has 

been reported. Dimethylsulfoxide (DMSO)25, N,N-dimethylformamide (DMF)26, ethylene glycol 

(EG)25 and sorbitol27 are among those solvents serving as additives to further improve and enhance 

the conductivity of PEDOT:PSS layer by 2~3 orders of magnitude. Apart from improving the 

conductivity, the modification of the PEDOT:PSS also contributes in the overall stability of the 
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solar cells. Recently it was reported that the hygroscopic PSS portion can be removed by spin 

washing the PEDOT:PSS with graphene oxide solution28, enhancing the moisture resistivity and 

lowering the contact barrier at the HEL/perovskite interface, resulting an obvious enhancement in 

the cell performance. Such modification in the PEDOT:PSS HEL enables to suppress the carrier 

recombination and achieve highly efficient charge collection at the HEL/active layer interface. 

However, the modification of PEDOT:PSS with these chemical materials, such as DMF and 

DMSO etc., has a limitation in practical application, because they are primarily toxic, expensive 

and non-environment friendly.  

Incorporation of graphene oxide (GO)28,29, and metal oxide nanoparticles including nickel 

oxide (NiOx)
30 , molybdenum oxide (MoOx)

31 and tungsten oxide (WO3)
32,33 in PEDOT:PSS was 

reported for improving its electric conductivity. Recently, doping of WO3 nanobelt into 

PEDOT:PSS as a hybrid hole injection and simultaneously tuning the work function for improve 

the charge balance have been reported for application in quantum dot light emitting diodes 

(QLEDs)34. WO3 nanobelt-PEDOT:PSS-based hole injection layer was used in OLEDs, reducing 

the charge injection barrier at the electrode/polymer interface and thereby improvement of device 

performance. WO3 was also utilized in conventional, tandem and inverted polymer solar cells 

resulting in obvious reduction in the shunt resistance and improved fill factor35. However, most of 

studies on WO3 for OLEDs and polymer solar cells are using electron beam evaporation, thermal 

evaporation, or hot filament vapor deposition high cost vacuum-based. The vacuum-based 

deposition techniques have limitation for low cost scalable production by solution processed roll-

to-roll fabrication process.   

WO3 layer has also been used as the electron extraction layer for conventional structure 

PSCs36. The thin films of tungsten trioxide and titanium dioxide core shell and various WO3 
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nanostructures were employed for efficient electron transportation, but the complicated synthesis 

approach, such as electro spraying and hydrothermal  routes, seems to be a hurdle in opting this 

approach at large scale37. The use of solution-processed low processing temperature WOx electron 

extraction layer in conventional PSCs was reported, but the performance of the cells, such as Voc, 

FF and PCE , was less than satisfactory38. 

In this research, we proposed two approaches for modifying the interfacial properties at the 

perovskite/PEDOT:PSS interface. Firstly, the surface electronic properties of the PEDOT:PSS 

HEL were modified by washing it with sodium citrate aqueous solution. The outcomes of work 

are quite exciting, as the enhancement in the performance of the PSCs can now be realized using 

an environmental friendly and low cost aqueous solution approach. The effect of the sodium citrate 

solution-treated PEDOT:PSS HEL on cell performance, including charge collection properties, 

suppression of the interfacial charge recombination, VOC and PCE, was analyzed. In addition to 

the development of new PEDOT:PSS modification approach for enhancing the processability of 

the subsequent perovskite layer, we observed that sodium citrate solution-treated PEDOT:PSS 

HEL also acts as effective electron blocking layer to promote an efficient hole extraction in PSCs. 

Keeping the benefits of WO3 from the reported works such as improved hole extractions, 

chemically stable/high work function39, low toxicity and air/photo stable32. Secondly we proposed 

all solution processed approach of WO3-PEDOT:PSS composite HEL for inverted PSCs.  The use 

of composite PEDOT:PSS-WO3 HEL, optimized with a volume ratio of PEDOT:PSS solution to 

WO3 solution (1:0.25), helps a simultaneous improvement in Jsc, VOC and charge collection 

efficiency, and thereby an enhanced PCE of 12.83%. This is >22% higher as compared to that of 

the control device using a pure PEDOT:PSS HEL (10.51%). In addition PSCs with a WO3-
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PEDOT:PSS composite HEL also are more stable than that of the control cells with a pristine 

PEDOT:PSS HEL during the aging test for a period of >40 days. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

With the progress made, we further extended our work the performance of the inverted PSCs 

by in cooperating mixed cation (MA0.7FA0.3Pb (I0.9Br0.1)3) based perovskite active layer. The effect 

of annealing temperature on the growth of the MA0.7FA0.3Pb (I0.9Br0.1)3-based perovskite active 

layer was examined. The optical properties of MA0.7FA0.3Pb (I0.9Br0.1)3 and MAPbI3 were analyzed. 

The change in the of MA0.7FA0.3Pb (I0.9Br0.1)3 phase in the ambient environment was examined 

using XRD and SEM. Finally, the performance of the PSCs made with two different MA0.7FA0.3Pb 

(I0.9Br0.1)3 and MAPbI3 active layers was analyzed. Results show that the optimized MA0.7FA0.3Pb 

Device fabrications 

Device characterization 

1. To study the effect of modified 

PEDOT:PSS HEL on the growth of the 

functional perovskite layer using a 

combination of morphology, growth 

mechanism, charge extraction and 

transient photocurrent studies. 

 

2. To reveal the charge recombination 

processes under different operation 

conditions, analyzing change extraction 

probability, and thereby improving the 

overall performance of the inverted 

PSCs. 

 

3. To enhance the stability of solution-

processable inverted PSCs through 

controlled growth of crystalline 

perovskite active layer and enhanced 

charge extraction probability. 

Performance 

optimization 

Fig. 1-2 Flow of research work in this thesis. 

Fig. 1-3 The outline in this research work. 
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(I0.9Br0.1)3 based PSCs are more stable during the aging test over the period of 40 days. The 

objectives and the aims of this research work are briefly summarized in Fig. 1-2. 

1.4. Thesis Organization 

This thesis includes six chapters. Chapter 1 consists of a brief discussion on the status and 

progresses made in renewable energy resources, including the development of photovoltaic 

technologies, the opportunities, challenges, and the latest progresses in PSCs. The objectives of 

research work are outlined in Chapter 1 of this thesis.  

The physics of perovskite solar cells, all experimental and characterizations details are 

discussed in Chapter 2. Firstly, chemical structure of perovskite active material and its growth 

mechanism are discussed. Furthermore, the device structures, role of charge extraction layers, the 

optical optimization of perovskite active layer in the inverted PSCs through a combination of 

optical simulation and experimental optimization is presented in this chapter. The operational 

principles of different characterization techniques, e.g., surface electronic, morphological, optical 

characterization tools and transient photocurrent measurements adopted in this research work, are 

discussed in this chapter. The results of sodium citrate modified PEDOT:PSS HEL on improved 

perovskite growth and hence the overall performance of inverted-PSCs are discussed in Chapter 

3.  

The effects of WO3-PEDOT:PSS composite HEL on the perovskite growth, improved charge 

extraction probability via suppression of charge recombination, and the stability of the inverted 

planar PSCs are discussed in Chapter 4.  

The performance of MAPbI3 and MA0.7FA0.3Pb (I0.9Br0.1)3-based planar inverted PSCs is 

discussed in Chapter 5. The optical properties of underlined materials have been analyzed. A 

comprehensive study on stability of solution-processable MA0.7FA0.3Pb (I0.9Br0.1)3-based inverted 
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planar PSCs through controlled growth of crystalline perovskite active layer and enhanced charge 

extraction probability is presented in this chapter. The understanding of the charge recombination 

processes under different operation conditions, HEL engineering for enhanced change extraction 

probability, and thereby improving the overall performance of the inverted PSCs, are summarized 

in Chapter 6. 
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Chapter 2 : Physics of Perovskite Solar Cells 

2.1. Structures of Organic and Inorganic Perovskite Materials 

Perovskite material has a ABX3 structure, where A is the organic/inorganic monovalent cation 

located at the eight corners of a cubic unit cell, B is divalent metal cation surrounded by 6 X halide 

anions in at the center of the [PbI6]
4- octahedron, X in ABX3 formula can be Cl, Br and I. For the 

case of CH3NH3PbI3, CH3NH3
+ methylammonium cation occupies the central A site which is 

surrounded by12 nearest-neighbor iodide ions in corner-sharing PbI6 octahedra as shown in Fig. 

2-1.   

This CH3NH3PbI3 perovskite is a promising material for application in photovoltaic devices. The 

perovskite semiconductor materials have the following excellent properties: a) high absorption to 

the visible light wavelength range covering from 300 to 800 nm,
40 b) the high hole mobility of 1–

8 cm2 V-1 s-1 and electron mobility of 5–12 cm2 V-1 s-1 and ambipolar charge-transport 

capabilities41,42 c) the perovskite materials have a relatively low exciton binding energy of 50-70 

meV, d) the electrons and holes have relatively long diffusion lengths of the orders of one hundred 

to one micrometer for MAPbI3 and MAPbI3-XClx respectively. The bandgap (Eg) over a range from 

1.5 to 1.61 eV was reported for CH3NH3PbI3 with generally a higher Eg for the polycrystalline 

films possibly due to the quantum confinement. 
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Fig. 2-1 Schematic perovskite structure of CH3NH3PbI3.  Ref 43 

2.2. Growth of Perovskite Active layer 

Inverted planar PSCs, made with different active layer thicknesses, having high power 

conversion efficiency over the range from 10-20% have been reported, due to the efficient light 

absorption, charge generation, transport and extraction. One of the main challenges in the organic-

inorganic hybrid perovskite-based devices is the controlled growth of a high quality active layer 

with a smooth morphology and full coverage on charge extraction layer without pin holes. It is 

shown that the key cell parameters, such as charge dissociation efficiency, charge transport and 

charge diffusion length, are also dependent on the crystallinity of the perovskite film12,44.   The 

deposition methods, material compositions and solvents used in the device process, types of 

surfaces (surface chemistry, degree of hydrophilicity, surface structure) are closed associated with 

the growth and the crystallization of the perovskite active layer in PSCs.   

In the case of mesoscopic perovskite solar cells, mesoporous regardless of any metallic oxide 

layer, provide a physical constraint on the crystal dimensions leading to a good film quality even 

with a thick film thickness. It is considered that the good film quality is one of the main reasons 

for attaining excellent cell performance45. One important point to note in the mesoscopic devices, 

A 

B 

X 
A, Methylammonium cation (CH3NH3

+) 

B, Lead (Pb) 

X, Iodide (I) 
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is that a perovskite overlayer is still necessary for good device performance46. The perovskite 

overlayer with a much large grain size (100-1000 nm) is essential for enhanced charge transport. 

Due to the performance sensitivity of perovskite-based solar cells to their film morphology, the 

control of the crystallization in the cell fabrication plays an important role in the performance of 

these cells. Crystallization is a complex process that involves two main steps of crystal nucleation 

and film growth. Nucleation from a continuous phase can occur homogeneously or 

heterogeneously. The classical theory arises from the work by Gibbs, Volmer and others47. 

Homogeneous nucleation is a matter of considering the free energy. This aside, the heterogeneous 

nucleation, which occurs on the foreign nuclei or surfaces, imposes a consideration of surface or 

interface contact energy due to the wetting on foreign surfaces. Therefore factors affecting surface 

properties, such as chemistry of the surfaces- types of materials (TiO2 or PEDOT:PSS), thermal 

treatment on surfaces, surface morphology (mesoporous vs. compact layer) become very important 

in addressing this type of nucleation. Nucleation barrier is much lower for heterogeneous 

nucleation compared to homogeneous nucleation because of the shape of nucleus. The free energy 

needed for heterogeneous nucleation (ΔGheterogeneous) is related to that needed for homogeneous 

nucleation (ΔGhomogeneous) by the following expression and the terms are defined in the schematic 

shown in Fig. 2-2. 

ΔGheterogeneous = ΔGhomogeneous X ƒ(Ѳ) 

 

Fig. 2-2 Schematic diagram illustrating the formation of a heterogeneous nucleation on a 

surface. 
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This essentially means that the energy barrier for heterogeneous nucleation on solid/liquid 

interfaces is lower than that for homogeneous nucleation. Better wetting (smaller contact angle, Ѳ) 

will lower the nucleation barrier. It is consequently expected that nucleation and hence growth of 

perovskite crystals will occur more easily when the perovskite film is formed on the substrate with 

a large surface area or a higher hydrophilicity, since perovskite materials are generally dissolved 

in more polar solvents such as Ƴ-butyrolactone (GBL), N,N-dimethylformamide (DMF) and 

dimethylsulfoxide (DMSO). On top of this, in the case of mesoporous scaffolds, regardless if the 

scaffold participates in the electron transport, the curvature is towards the liquid, the contact angle 

will be further reduced, hence further reducing the energy barrier. Therefore, one of the criteria for 

the growth of the perovskite film with a uniform morphology is to provide a heterogeneous 

nucleation, which can be done with the use of a mesoporous scaffold (large surface area), making 

the surface hydrophilic (reduced dihydroxylation of the oxide film). 

For both mesoscopic and planar structures, a variety of methods have been demonstrated to 

control the growth kinetics of the perovskite film. Factors such as solution concentration, precursor 

ratio, solvent, deposition method (one-two step), annealing temperature and film substrate 

interfacial interaction are found to affect the film formation48. As mentioned above, pinholes and 

incomplete surface coverage of perovskite film in a device may result in low-resistance shunting 

pathways (via direct contact of n-type electron-transporting layer and p-type hole-transporting 

layer) and contribute to the loss in photon absorption; both are detrimental to the device 

performance. Therefore, effective ways to manipulate nucleation and growth of perovskite crystals 

in solution-processed systems, particularly in planar systems, for achieving optimum film 

morphology are highly sought after. The strategies for attaining high performance PSCs through 
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controlled growth and the morphology of perovskite film will be discussed in the following 

chapters. 

2.3. Configuration, Optical Optimization and Fabrication of Perovskite Solar Cells 

2.3.1. Mesoporous and Planar PSCs 

PSCs with a mesoporous (n-i-p) and a planar (p-i-n) device structures are adopted49,50. A 

common mesoporous architecture has a meso-TiO2 layer, assisting as a porous support for the 

deposited perovskite layer. Remarkably, the PSCs with PCE of over 20% are generally made with 

a mesoporous device structure. The mesoporous PSCs have the limitations of high sintering 

temperature as well as hysteresis phenomenon. On the other hand, planar PSCs, which can be 

fabricated by the direct deposition of a perovskite layer on compact or planar charge extraction 

interlayer, like that of the organic solar cells. The planar PSC configuration has the advantages of 

a low-cost solution fabrication avoiding the high temperature TiO2 sintering process. The inverted 

planar PSCs using organic electron transporting materials (ETM)s and organic hole transporting 

materials (HTMs) have shown negligible hysteresis. 

   

Fig. 2-3 Schematic diagram (a) conventional, (b) inverted structure perovskite solar cells. 
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2.3.2. Charge Extraction Layers in Inverted Planar PSCs 

Hole extraction layer (HEL): 

 

The mismatch between the HOMO level of CH3NH3PbI3 (-5.4) and the work function of ITO 

(-4.6 eV) in the inverted PSCs hinders the photo voltage output and the efficient collection of 

holes51. To reduce the energy loss at the electrode/perovskite interface, a hole extraction layer is 

often interposed between the perovskite active layer and the transparent anode in the PSCs. In an 

ideal case, a high-quality hole extraction layer should meet the following requirements: a) The 

HOMO level of HEL matches with that of the perovskite active layer, b) a high hole mobility is 

essential for effective hole collection at the perovskite/anode interface, c) high optical transparency 

in the visible wavelength range. For the inverted PSCs, the incident light passes through the HEL 

before being absorbed by the perovskite layer. To avoid the waste of photon energy in the HEL, 

the absorption of light in the HEL should be minimized, d)process compatibility with the 

underlying and the subsequent layer fabrication. The HEL material should be chemically stable 

with the adjacent functional layers in the inverted PSCs. An appropriate wettability of the surface 

is desired for the growth of the functional layer of the perovskite from the precursor solutions, e) 

full-solution-process capability to meet the future PSC mass production via solution fabrication 

approach. 

Importance of HEL can be explained from charge transfer mechanism in PSCs. Once 

perovskite material absorbs the light, the electrons are excited to the perovskite. Since electrons 

and the holes in the perovskite materials have balanced diffusion length and the mobility, therefore 

the photo-generated electrons/holes can transport across the perovskite layer in the cell. Under 

matched energy levels of each layer of the device, the HOMO of the HTM is slightly higher than 

that of perovskite, the presence of the HEL assists in hole extraction at the ITO/perovskite interface. 
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The presence of a large energy barrier between the LUMO of perovskite and that of HTM allows 

efficient electron blocking, enabling HTM to suppress the leakage current. The aligned energy 

levels prevent the accumulation of holes at the interface, reducing the probability of charge 

recombination. From this concept, it is clear that a compatible interfacial HEL plays a critical role 

in enhancing the charge collection efficiency, and thereby achieving high PCE in PSCs. 

A thin layer of PEDOT:PSS-based HEL is commonly used in the inverted PSCs13. 

PEDOT:PSS HEL also is widely used in organic optoelectronics due to its tunable conductivity 

and high optical transmittance in the visible light wavelength range52. However, the acidic nature 

of the PEDOT:PSS-based HEL also has some limitations53. ITO electrode could be corroded due 

to the acidic PEDOT:PSS HEL, the migration of indium (In) in the PEDOT:PSS HEL was also 

reported54. The PEDOT:PSS may also react with the perovskite, due to the existence of the basic 

methyl amine in the structure of organomental trihalide perovskite. Secondly, a thin layer of 

PEDOT:PSS is often prepared using the aqueous solution. The PSS content in the PEDOT:PSS 

hybrid system is hygroscopic. This may induce the potential instability since the organomental 

trihalide perovskite is unstable under humid environments. Third, mismatch in energy level 

between the work function of the pristine PEDOT:PSS (-5.2 eV to -4.9 eV, depending on the 

content of PSS) and the HOMO level of CH3NH3PbI3 (-5.4 eV)55.  The low work function of 

PEDOT:PSS HEL limits the VOC in inverted PSCs56. It is noted that the VOC of the inverted PSCs 

with a PEDOT:PSS HEL is  often lower than 1.0 V. A pristine PEDOT:PSS layer is not an ideal 

choice of HEL for inverted PSCs, hence there is an urgency for developing a suitable solution-

processable HEL for high performance inverted PSCs. Up to now, the alternative to PEDOT:PSS 

can be classified into three categories: modified PEDOT:PSS, p-type inorganic materials and p-

type organic materials. 
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Modification of PEDOT:PSS have been widely studied in organic electronic devices, such 

as OPVs and organic light emitting diodes (OLEDs)57. In inverted PSCs, the strategy of 

PEDOT:PSS modification was also explored to improve the device performance. Tuning the work 

function by doping the material in to PEDOT:PSS have been reported as well. The conductivity 

of PEDOT:PSS can also be tuned through doping methods. In some cases the modification of 

PEDOT:PSS induced better perovskite film morphology, due to better nucleation and crystal 

growth. Furthermore by incorporating another p-type layer stacking with PEDOT:PSS into the 

inverted PSCs gives the enhanced device performance. All these modifications of PEDOT:PSS 

have delivered the better HELs and the improved device performance. However, as 

aforementioned, the potential instability issues induced by PEDOT:PSS have not been well 

addressed yet.  

Other two alternatives to PEDOT:PSS are p-type inorganic and organic HELs. Inorganic p-type 

materials are considered as more stable substitute for HEL. P-type organic semiconductors also 

have many advantages, like materials diversity and low temperature solution processability. 

Electron Extraction Layer (EEL): 

For inverted PSCs, the EEL is deposited on top of perovskite film. Generally, n-type materials 

are utilized for EEL. Due to the uniqueness of perovskite film it is very important to choose best 

suitable materials for electron extraction purpose. Few requirements for EEL materials are, a) high 

electron mobility and hole blocking property, b) perovskite active layer cannot be damaged by 

subsequent processing of the EEL, e.g. the perovskite materials are sensitive to moisture and 

alcohol, therefore, those n-type semiconductor materials which are only soluble in water or 

methanol are not suitable. c) It requires the EEL to have a good wettability so as to form a uniform 

coverage on the surface of the perovskite active layer. This will help to avoid direct contact 
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between active layer and back contact to prevent the current leakage. d) For better interface 

between perovskite and EEL, minimize the potential reaction among the two layers are necessary. 

e) Optimum thickness of EEL. There are three kinds of EEL materials reported for inverted PSCs, 

fullerene-based materials, n-type conjugated polymer and n-type metal oxide. In this work, 

PC60BM- and BPhen-based EETs were used for assisting electron extraction and hole blocking. 

 

2.3.3. Optical Optimization of Perovskite Active Layer 

The optical properties of the thin film solar cells, the optimization of the functional layer 

thickness can also be analyzed using optical simulation approach. In this work, the broadband light 

absorption in PSCs with different device configurations were studied using a combination 

theoretical simulation and experimental optimization. The FDTD simulation was used, considering 

nonlinear material properties and a wide frequency range with a single simulation run in the 

calculation. 

The optical and optimal studies of PSCs were analyzed using FTDT simulation. The absorption 

spectra calculated for inverted PSCs with a different active layer thicknesses of 260 nm, 280 nm 

and 320 nm are shown in Fig. 2-4, revealing that a thinner perovskite layer primary limits the 

absorption of long visible wavelength light. The perovskite thickness was optimized for achieving 

the broadband absorption enhancement for high PCE. 
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Fig. 2-4 Absorption profile of the perovskite active layer, calculated by the FTDT 

simulations, , as a function of its layer thickness. 

2.3.4. Solvent Engineering for Attaining High Quality Perovskite Active Layer 

Initially perovskite layer can be formed by either using one or two step methods, but the 

reproducibility of uniform films was hard to control. To overcome this problem a new method was 

demonstrated by Jeon et al. known as solvent engineering, as illustrated in Fig. 2-5., which is an 

attractive approach to overcome the inhomogeneous perovskite film formed by the one-step 

process, hampering the reproducibility of PSCs45.  A precursor solution, dissolved in a mixture of 

dimethylsulfoxide (DMSO) and g-butyrolactone (GBL) (in a volume ratio of DSMO to GBL of 

3:7) was used for the deposition of the perovskite layer. DMSO is used due to its strong 

coordination with PbI2 to form a lead halide–solvent complex, while GBL with a higher boiling 

temperature behaves purely as a solvent. Toluene was chosen due to its miscibility with both 

DMSO and GBL, yet it does not dissolve the precursor materials. The toluene drip, therefore, 

removes excess DMSO solvent and this encourages supersaturation in the cast film and hence fast 

nucleation. PbI2-DMSO impedes the rapid reaction between perovskite precursors, leaving a 

highly uniform CH3NH3I–PbI2–DMSO complex film. This complex film can be converted into a 

crystalline perovskite when DMSO escapes from the film during annealing. These intermediate 

complex species essentially moderate the rate of formation of the final perovskite. Consequently, 

ITO (180 nm) 

PEDOT:PSS (40 nm) 

CH
3
NH

3
PbI

3
 (320 nm) 
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this improvement in the control of the crystallization process is translated to higher reproducibility 

in the fabrication of DMSO based perovskite devices. This method was adopted in our experiments 

by taking the advantages of solvent engineering approach. 

 

Fig. 2-5 Schematic flow illustrating the preparation of the perovskite thin film using solvent 

engineering procedure. 

2.3.5. Device Fabrication 

Photovoltaic devices that can be prepared using solution fabrication process at low 

temperatures are very attractive for large area flexible solar cell fabrication. The solution-

processable planar inverted PSCs that can be prepared at the process temperature <120°C could 

be a commercially viable option for large scale flexible solar cell production at low cost.   

Spin-coating is one of the solution fabrication procedures for coating uniform layers on flat 

substrates. In a spin-coating process, the functional materials are formulated using one solvent or 

mixed solvents, a small amount of solution is applied on the center of the substrate, which is either 

spinning at low speed or not spinning at all. The substrate is then rotated at a desired rotation speed 

to spread the coating material by a centrifugal force. A spin coater, or simply spinner as shown in 

Fig. 2-6, was used for film coating. The film thickness can be adjusted by controlling the rotation 

speed during the spin-coating process. The volatile solvent used in the spin-coating process also is 

simultaneously evaporated forming a uniform film on the substrate. The film thickness decreases 

with the increase in the rotation speed. The concentration of the solution, viscosity and types of 

the solvents used in the spin-coating also affect the film thickness. In our experiments, the spin-
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coating method was used for fabrication of PSCs, including the perovskite active layer, hole and 

electron extraction layers. The thickness of each layer was optimized for high achieving PCE. 

 

Fig. 2-6 Photograph taken for the spin-coater used in this study. 

The deposition of back contact is attained by an evaporation of 100 nm Ag, the devices are 

placed and are fixed on a shadow mask, which defines the pattern of the electrode. When the 

pressure is sufficiently low, the evaporation can be started. To avoid damaging the devices, the 

first 10 nm of Ag was evaporated at a low rate (0.10 A°/s) followed by high evaporation rate (~0.50 

A°/s). Photo pictures taken for the multi-chamber vacuum system and the glove box are shown in 

Fig. 2-7(a) and (b). 

 

Fig. 2-7 Photo pictures taken for the integrated device fabrication system: (a) the multi-chamber 

vacuum system and (b) the glove box. 
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2.4. Material and Cell Characterization 

2.4.1. X-Ray Diffraction 

XRD is known as a non-destructive characterization tool, which is used for analyzing the 

crystallinity of the crystalline material. The Bragg’s law principle is followed for this 

characterization as shown in the equation. 

2dsinϴ=nλ,      Eq. 2.1 

Where d refers to the interplanar distance between the lattice planes, n is a positive integer, ϴ 

is the scattering angle, and λ represents the wavelength of X-ray. 

 

Fig. 2-8 Schematic diagram illustrating the Bragg's law for crystalline material. 

Once the Bragg’s law is established, then the Bragg’s reflection can be recorded by the detector 

at that scanning angle. By examine the diffraction patterns we would be able to derive the phase 

with in the sample. In later chapters we utilize this technique for characterizing the poly crystalline 

perovskite material and observe its phase at various HEL. 

2.4.2. Scanning Electron Microscopy 

The SEM uses a focused high energy electron beam to produce various signals at the surface 

of the sample. The interaction between the electrons and the sample provides the information 

related to the external surface morphology, crystal structure and the orientation of the film material 

on the sample. Scanning area can be varied in the range from nm up to micrometer scale depend 

on the magnification. Through the help of SEM, we examined our perovskite film surface to 

observe the overall film quality including the grain sizes and pin holes.   
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Fig. 2-9(a) Schematic diagram of scanning electron microscopy, (b) photo picture of the 

SEM equipment. 

2.4.3. Atomic Force Microscopy 

AFM is another type of commonly used scanning probe microscope with high resolution. In 

this characterization a cantilever is used with a tip to scan the sample surface. This scanning is 

done with various force depends on the nature of sample and followed Hooke’s law. Different 

forces produce variation in the reflection of laser beam coming back from the cantilever and can 

be observed by the photodiode. 

 
Fig. 2-10 Schematic diagram of atomic force microscopy set up. 

Crystallization of perovskite materials is dependent on the surface condition and the properties 

of the charge extraction layer. The surface morphological properties of the films, such as roughness 



 

26 

 

(root mean square) value of the underlying layer and the perovskite film, were characterized using 

AFM. Perovskite active layer with pin hole free large crystalline domain size, complete uniform 

coverage and smooth surface is desired for high efficiency PSCs.  

2.4.4. Ultraviolet and X-Ray Photoelectron Spectroscopy 

The surface electronic properties of the HEL, EEL and different perovskite layers were 

analyzed using UPS and XPS. The operating principle for both characterizations is almost similar. 

Photoelectron spectroscopy measures the distribution of the kinetic energy of the emitted 

photoelectrons for analyzing the electronic properties and the elemental composition in the films.  

The valence electronic structures and the surface work function of the functional layers were 

analyzed using UPS. Whereas compositional analyses were carried out using XPS measurements. 

As each element in the film holds a specific kinetic energy (K.E) related to its core atomic orbital, 

i.e., a set of characteristic peaks can be observed in the photoelectron spectrum as a function of 

K.E. The characteristic XPS peaks represent the presence of specific element, while the intensity 

or the area of the XPS peaks provides the electronic and chemical states of the components in the 

film region. Fig. 2-11 shows the schematic diagram and the typical curve from UPS measurements. 

 

Fig. 2-11 (a) Schematic diagram for photoelectron spectroscopy, (b) typical UPS spectrum 

revealing the Fermi energy edge and the secondary electron cut-off. 
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2.4.5. Laser Induced Breakdown (LIB) Spectroscopy 

LIB spectroscopy is considered as an accelerated chemical analysis tool. A plasma on the 

surface of the sample is created by a laser pulse, consisting of free ions and excited. The plasma 

starts to cool down after the laser pulse is stopped, allowing the excited atoms and ions relax to 

the neutral ground state. This whole process cause plasma to emit light with discrete spectral peaks. 

Light signals are detected and mixed with the ICCD/spectrograph detector module for further LIBs 

spectral examination. Fig. 2-12 shows the LIBs set up. 

 

Fig. 2-12 Schematic diagram of a LIBS measurement set up. 

2.4.6. Raman Spectroscopy 

Raman spectroscopy is considered as one of the vibrational spectroscopic techniques. It can 

provide the information on molecular vibration and crystal structure. The basic principle for 

Raman spectroscopy is to shine the laser light onto the sample surface, which resulted as infinite 

number of Raman scattered light. These lights can be observed as Raman spectrum by CCD camera 

for further analysis. Fig. 2-13 shows the schematic diagram for Raman set up. In work, the 

oxidation doping of PEDOT:PSS, induced by the metal oxide, was analyzed Raman spectroscopy. 
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Fig. 2-13 Schematic diagram of a Raman spectroscopy measurement set up. 

 

2.4.7. Current Density–Voltage Characteristics 

Current density–voltage characteristic is a typical technique used in the field of photovoltaic. 

Basically, it shows the relationship between the electric current through the solar cell and the 

corresponding voltage. The photo pictures of solar simulators (in situ, ex situ) and a schematic 

diagram showing the current density–voltage measurement system used in our lab are shown in 

Fig. 2-14. In situ light intensity tunable solar simulator SAN-EI ELECTRIC XEC-301S is installed 

along with the glove box so that the devices can be measured without making a contact with the 

ambient environment.  While the ex situ system is Zolix Sirius-SS150A-D along with the Keithley 

2400 source meter. Both systems use the standard solar irradiation (AM 1.5G, 100mW/cm2 fitted 

with Xe lamp). Prior to each measurement the light intensity of both simulators was calibrated 

using a KG5 reference silicon cell. 
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Fig. 2-14 The photo pictures taken for (a) the in situ SAN-EI ELECTRIC XEC-301S and (b) the 

ex situ Zolix Sirius-SS150A-D solar simulators in our lab. 

Light and dark J–V measurements can be done without changing the device position due to the 

shatter between the lamp and the sample. The parameters derived from the measurements are Jsc, 

Voc, FF, PCE, Rs, Rsh. 

2.4.7.1. Light Intensity dependent Current–Voltage Characteristics 

Photovoltaic performance of a solar cell is a function of the intensity and the spectrum of the 

light source. Charge generation and charge recombination processes at different light intensities 

can be further examined through light intensity dependent J‒V analysis. 

This measurement can be done by tuning the intensity of the light source, in this case, the 

intensity of an AM1.5 G solar simulator over the range from 1.0 to 0.2 sun conditions. The change 

in the intensity of the incident light can be realized by adjusting the Xenon lamp power and the 

corresponding intensity of the solar simulator was calibrated by a standard Si solar cell. The 

spectral response of CH3NH3PbI3 based PSCs has maximum absorption in range of 300 to 800 nm. 

The photocurrent density derived from the device is closely associated with the intensity of the 

incident light. The empirical relationship between photocurrent (Jph) and the light intensity (I) is51: 

Jph α  (PI)α (Vo-Va)
½

,
    

 Eq. 2.2 

(a) (b) 
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Where Jph is the photocurrent density (Jph = JSC-JD), P is the exciton dissociation probability, 

(Vo-Va) is the internal effective voltage across the perovskite layer. The exponent, α, is the slope 

of linearly fitted line. In case the value of α approaching to one denotes an excellent charge 

behavior in the cell, while for α<1, it reflects that part of the photo-generated charges are 

recombined in the device52. The charge collection and recombination dynamics in in the inverted 

PSCs at different effective voltages were analyzed using dependent J‒V characteristic and transient 

photocurrent measurements. 

2.4.8. Incident Photon-to-electron Conversion Efficiency (IPCE) 

IPCE spectrum also is referred as the external quantum efficiency. It is a measure of how 

efficient the solar cell converts the incident light into the electrical current at various wavelength. 

For this measurement the device is exposed to monochromatic light source and recording the 

current on each visible wavelength. Finally, the overall current density of the cells can be 

calculated by integration of recorded current over the whole spectrum. The photo picture and the 

schematic diagram of the IPCE system used in this work are presented in Fig. 2-15. The system is 

combined with light source, a monochromator, a chopper and a lock-in amplifier together with the 

calibrated silicon photodetector. The IPCE measurements were carried out inside the glove box to 

avoid noise interceptions and the results will be discussed in following chapters. 
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Fig. 2-15 The photo picture of IPCE set up in our lab. 

2.4.9. Transient Photocurrent Measurement 

The photovoltaic processes from primary excitation to charge separation in the cells were 

studied by TPC measurements. This characterization provides nice approach to study the transient 

photocurrents, providing the charge recombination and charge collection in solar cells. PSCs, 

consisting of a perovskite active layer, charge extraction layers and an anode/cathode pair, are 

exposed to the laser pulse. The photo-generated charges are excited by the laser pulse, and the 

excited photogenerated charges resulting in a current under an effective internal electric field, 

recorded using an oscilloscope.   

In this work, Nd:YAG pulsed laser with pulse duration 5 ns and a peak wavelength of 355 nm 

was used to for TPC measurement. The functional generator was connected to the oscilloscope 

and the device simultaneously. The internal resistance of functional generator (50 Ω) was used to 

obtain the transient photo voltage, which is then used to convert to the transient current. 

Firstly, the dark transient current density, ID, was measured for the device. Then the transient 

current (IL) was then measured when the device was exposed to the pulses laser signal. The 

transient photocurrent, ITPC, obtained for the device can be expressed as: 

ITPC = IL - ID,      Eq. 2.3 
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Experimentally, the transient photocurrent ITPC includes both the drift current under the internal 

electric field (Eint) and the contribution by the charge generation at the interface. Typically, ITPC 

from the drift current under Eint can be compensated using a reverse bias (Vb) through functional 

generator. In this way the charge recombination and the charge collection behavior in the cell can 

be analyzed at various Vb. 
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Chapter 3  : Sodium Citrate Modified-PEDOT:PSS Hole 

Extraction Layer for Efficient Inverted Planar PSCs 

3.1. Introduction 

The role of the underlying HEL is very important to reducing interfacial recombination and 

effective charge transport in the functional perovskite layer and the charge collection at the 

corresponding electrode/perovskite interfaces 53,54,55. PEDOT:PSS layer is one of the commonly 

used HEL for application in OSCs and inverted PSCs 56,57.  

PEDOT is a conjugated polymer having excellent electrical conductivity and optical 

properties, the component is insoluble in aqueous solution17. PEDOT:PSS is a aqueous-based 

solution and has been adopted for applications in LEDs, OSCs, organic photodetectors, and 

organic field-effect transistors. As mentioned, PEDOT initially is an insoluble material, but by 

adding poly (4-styrenesulfonate) (PSS), an aqueous dispersion, enabling PEDOT:PSS to dissolve 

in aqueous solution for preparing the polymer conducting layer via solution fabrication processes, 

e.g., spin-coating, printing and roll-to-roll, for mass production at a low cost.  

However, PEDOT:PSS has an acidic nature, the deterioration of the interfacial properties at 

the PEDOT:PSS/ITO interface in OSCs is one of the reasons that is responsible to the long term 

operation stability55. Its hygroscopic nature and to the poor electron blocking behavior21 results in 

small Voc of around ~0.90V in inverted PSCs22,23. The acidic behavior of PEDOT: PSS arises from 

the anionic PSS dispersant 24. PSS component is an aqueous soluble anionic polymer with a high 

sulfonation degree, (b) PSS is not electrically conducive and is a non-conjugated polymer having 

a regular molecular structure.  
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To date, several methods were reported to modify the surface electronic properties and 

conductivity of the PEDOT:PSS layer. This includes the use of different polar organic solvents. 

Dimethylsulfoxide (DMSO)25, N,N-dimethylformamide (DMF)26, ethylene glycol (EG)25 and 

sorbitol27 are among those solvents which are considered as additives for enhancing the 

conductivity of the solution-processable PEDOT:PSS thin film, typically over 2~3 orders of 

magnitude. Apart from the improvement in the electric conductivity, the use of Na3C6H5O7-

modified PEDOT:PSS HEL also contributes the overall OSC performance. Hui Luo reported that 

by spin washing of PEDOT:PSS with graphene oxide enables to remove a portion of hygroscopic 

PSS  material, which ultimately enhanced the moisture resistivity and lowered the contact barrier 

between HEL and the active perovskite layer, which directly influence the cell performance16. 

Such modification in PEDOT: PSS enables to achieve highly efficient HEL for enhanced charge 

collection by reduction in interfacial charge recombination at the HEL/active interface. However, 

the modification of PEDOT:PSS using DMF and DMSO is not suitable for eventual production,  

as these chemical materials are toxic, expensive and non-environment friendly. 

In this work, we proposed to use environmentally friendly and no-toxic sodium citrate to 

modify PEDOT:PSS HEL for application in solution processable PSCs. The impact of the sodium-

citrate-modified PEDOT:PSS HEL on the growth of the functional perovskite layer and hence the 

overall performance of the PSCs was investigated. PCE of >11.50% was achieved for PSCs made 

with a sodium citrate modified PEDOT:PSS HTL, which was >26% higher as compared to the 

control device (9.13%). Incident photon to current efficiency, J−V characteristics of the PSCs 

measured under different intensities of the incident light, XRD and SEM measurements were 

carried out to analyze the performance enhancement of the PSCs. The results of the UPS and XPS 

photoelectron spectroscopy reveal that sodium citrate solution modification partially removes 
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surface PSS content of PEDOT:PSS HTL. The ratio of PEDOT to PSS of 20% was observed on 

the surface of the sodium citrate modified PEDOT:PSS, while the ratio obtained for the thin film 

of the PEDOT:PSS layer was 11%. The observation of increase in the conductivity of sodium 

citrate modified PEDOT:PSS layer is associated with the increase in the ratio of PEDOT to PSS 

measured for the modified HEL. We propose that the sodium citrate modified PEDOT:PSS HTL 

benefits the efficient operation of PSCs in two ways: (1) it assists in the crystal growth to increase 

in the perovskite domain size, and (2) it favors the charge collection in the PSCs. 

3.2. Device fabrication 

We have fabricated two sets of PSCs, one had a cell structure of ITO/Na3C6H5O7-

PEDOT:PSS/MAPbI3/PC60BM/BPhen/Ag,  the control device with a similar configuration of 

ITO/PEDOT:PSS/ MAPbI3/PC60BM/BPhen/Ag, as shown in Fig. 3-1(a). Firstly, the ITO (18 

Ω/square) pre-patterned substrates were cleaned by the ultra-sonication sequentially with diluted 

detergent, de-ionized water, acetone and isopropyl alcohol each for 30 min. The wet-cleaned 

glass/ITO substrates were subjected to the UV Ozone treatment for 10 min to remove the possible 

chemical residual and form a smoother surface to improve the film uniformity and surface 

coverage prior to the PEDOT:PSS HEL deposition. The HEL layer was also annealed at 120 °C 

for 10 min to get rid of the residual moisture in the film. After cooling down at the room 

temperature, the surface of the PEDOT:PSS HEL was modified by spin-coating Na3C6H5O7 

solution in the ambient condition.  After this all substrates were then transferred to the glove box 

which was purged by nitrogen to maintain the O2 and H2O levels less than 0.1 ppm. A350 nm 

thick functional perovskite layer was grown on the surface of Na3C6H5O7-modified PEDOT:PSS 

HEL by solvent engineering-one step method, with the processes details described in section 2.3.4 

of this thesis. Annealing process for the transformation of intermediate phase to perovskite phase 
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was done at 90°C for 10 min. A 40 nm thick PC60BM, serving as an electron transporting layer, 

was then overlaid on the perovskite layer by spin-coating method using a rotation speed of 1000 

rpm for 45s. PC60BM solution with a concentration of 20 mg/ml in chlorobenzene was used for 

the film deposition, and followed by deposition of a <10 nm thick BPhen (0.6wt% in ethanol) 

using spin-coating at a rotation speed of 2500 rpm for 50 s, and no annealing was done after this 

step,  the devices were kept inside glove box for 30 min. Isopropanol acid (IPA) was used to clean 

the edges of the layers to leave the ITO contact area for coating a 100 nm thick upper electrode, in 

this case silver (Ag), by thermal evaporation. PSCs thus made had an active area 0.09cm2, which 

was determined by an overlapped area between the front patterned transparent ITO contact and the 

stripe-shaped upper Ag electrode, formed through the shadow mask. 

3.3. Surface Electronic Properties of Sodium Citrate-modified PEDOT:PSS HEL 

The effect of Na3C6H5O7-modified PEDOT:PSS HEL on the overall performance, e.g., VOC, 

JSC and FF, of PSCs was investigated. Fig. 3-1(a) displays the typical J–V characteristics measured 

for the champion PSCs made with a Na3C6H5O7-modified PEDOT:PSS HEL and a pristine 

PEDOT:PSS HEL. The list of the average performance of PSCs is summarized in Table 3-1, from 

which the details on the changes of Jsc, Voc, and FF can be found. The device having a pristine 

PEDOT:PSS HEL achieved maximum PCE of  9.13%, Jsc of 13.09 mA/cm2, Voc of 0.92 V and FF 

of 76.07%. While a 26% increase in the PCE of the PSCs with a Na3C6H5O7-modified 

PEDOT:PSS HEL was realized, approach a PCE of 11.50%, along with a higher Jsc of 15.65 

mA/cm2 and Voc of 1.01 V, but a slight reduction in FF (72.99%). The Jsc value also was calibrated 

using IPCE, as illustrated in Fig. 3-1(a)(b). 
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Fig. 3-1(a) Current density−voltage characteristic measured for the PSCs made with different 

HELs of a pristine PEDOT:PSS HEL and a Na3C6H5O7-modified PEDOT:PSS HEL (inert: the 

device structure with a Na3C6H5O7 -modified PEDOT:PSS HEL), (b) Incident photon-to-current 

efficiency measured for two sets of PSCs. 

Table 3-1: Device parameters measured for the PSCs under AM 1.5 of 100 mW/cm2. 

 PCE (%) 

 

Jsc 

(mA/cm2) 

Voc (V) 

 

FF (%) 

 

Rs(Ω.cm2) 

 

Rsh(Ω.cm2) 

 

PEDOT/PSS 

(ratio) 

Modified 11.21±0.24 

(11.50) 

15.45±0.15 0.99±0.01 73.02±0.84 7.33±0.53 479±250 20% 

 

Control 8.95±0.17 

(9.13) 

12.89±0.21 0.92±0.01 75.20±0.81 10.45±2.37 840±599 11% 

 

 

The Voc of Na3C6H5O7-modified PEDOT:PSS HEL-based device also increases by ca. 9% from 

0.92–1.01 V. Typically Voc is proportional to the difference between the quasi-Fermi levels of 

electron and hole 58. And a higher work function (WF) from the HEL can lead to a higher Voc 
59. 

To understand the enhancement in the Voc of the Na3C6H5O7-modified PEDOT:PSS HEL based 

device, the change in the WF of the Na3C6H5O7-modified PEDOT:PSS HEL was analyzed using 

UPS, as illustrated in Fig. 3-2(a) and Fig. 3-2(b). There is a slight reduction in the WF of 

Na3C6H5O7-modified PEDOT:PSS HEL (ca. 5.1 eV) in comparison to that of pristine PEDOT:PSS 

HEL (ca. 5.1 eV). It has been reported that the WF of PEDOT:PSS film decreased upon MAI 

deposition up to 4.7 eV, due to a counter-ion exchange reaction between PSS and MAI on the 

PEDOT:PSS surface 60. The occurrence of the electron transfer from the nitrogen atom in MAI to 
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PEDOT:PSS resulted in  the formation of interface dipoles. This transfer induced vacuum-level 

shift and was responsible for the decrement in its WF60. In our study, although the WF of 

Na3C6H5O7-modified PEDOT:PSS HEL is slightly lower than that of pristine PEDOT:PSS HEL , 

but Na3C6H5O7-modified PEDOT:PSS HEL was stable and no evidence that it is effected by any 

component in the perovskite active layer, leading to the Na3C6H5O7-modified PEDOT:PSS HEL-

based device having a higher Voc. 

The work function reported for the pristine PEDOT:PSS layer is in range from 4.7 to 5.4 eV61. 

A thin PSS-rich layer usually appears at the surface of PEDOT:PSS film due to a vertical phase 

separation during the period of film formation62. Because the work function of PSS is higher than 

that of PEDOT, PEDOT:PSS film shows a little higher work function than that of pure PEDOT. 

Therefore reduction of work function can be obtained by removing such a thin PSS-rich layer via 

addition of high bolting temperature solvent or polar solvent63,18. We found that by modifying the 

surface of the PEDOT:PSS layer with sodium citrate solution partially replaced small amount of 

PSS contents, which leads to the shift in the energy level of PEDOT:PSS, as shown in the 

schematic band diagram in Fig. 3-2(c),  while the energy levels measured for surface of the 

perovskite layer formed on the PEDOT:PSS HEL remained unaffected. Deep HOMO and elevated 

LUMO of Na3C6H5O7-modified PEDOT:PSS HEL acting as favorable for hole transport and also 

electron blocking respectively, which suppresses the recombination and enhance the charge 

collection efficiency in the Na3C6H5O7-modified PEDOT:PSS HEL-based device leading to a high 

VOC and a low leakage current as shown in Fig. 3-7(a). The use of the Na3C6H5O7-modified 

PEDOT:PSS HEL is favorable for achieving high Voc and reducing the voltage loss as compared 

to that seen in the control device. 
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Fig. 3-2(a) UPS spectra and (b) the secondary electron cut-off in UPS spectra measured for the 

Na3C6H5O7-modified PEDOT:PSS and a pristine PEDOT:PSS films, (c) schematic diagram 

illustrating the energy levels of the functional materials used in two sets of PSCs. 

The compositional properties of Na3C6H5O7-modified PEDOT:PSS and a pristine 

PEDOT:PSS HEL films were further characterized by X-ray photoelectron spectroscopy (XPS) 

measurements as illustrated in Fig. 3-3, where normalized raw data from Na3C6H5O7-modified 

PEDOT:PSS and pristine PEDOT:PSS HELs, Chemical structure of PEDOT:PSS, individual 

Gaussian fitted curves for both HELs are shown from a–d respectively.  S 2p XPS peaks over the 

binding energy range from 162~166 eV are contributed by S atoms in the PEDOT chains, and S 

2p XPS peaks over the binding energy range from 166~172 eV are assigned to the S atom in the 

PSS chains. From XPS data analysis we found that the ratio of PEDOT/PSS in Na3C6H5O7-

modified PEDOT:PSS HEL is 20%, which is higher than that measured for pristine PEDOT:PSS 

HEL (11%). This improvement suggests that the portion of PSS content is removed and PEDOT 

become more dominant, herein become beneficial for the collection of photo-generated charge 

carriers and finally able to increase Jsc for the Na3C6H5O7-modified PEDOT:PSS HEL based 

device. Actually the natural properties of PSS as mentioned in the introduction part are, highly 

(c) 
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soluble in water with higher degree of sulfonation. PSS is having a regular molecular structure and 

it is not conductive enough for the efficient hole transportation. In this work, we found that 

modifying the PEDOT:PSS HEL surface using sodium citrate solution washes off a portion of PSS 

component on its surface, leading to improve hole extraction from the perovskite layer due to 

improved contact between active layer and modified layer, also supported by the XPS results. 

Wide XPS spectra measured for the Na3C6H5O7-modified PEDOT:PSS and a pristine PEDOT:PSS 

films are shown in Fig. 3-3(b). 
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Fig. 3-3(a) S 2p XPS spectra measured for the Na3C6H5O7-modified PEDOT:PSS HEL and  

pristine PEDOT: PSS HEL films.  (b) Wide XPS spectra measured for the surfaces of the 

Na3C6H5O7-modified and pristine PEDOT:PSS layers. (c) Na3C6H5O7-modified PEDOT:PSS 

and (d) pristine PEDOT:PSS films. 



 

41 

 

To examine the influence of Na3C6H5O7 on the surface of pristine PEDOT:PSS HEL films, we 

have carried out AFM studies. Typical topographic AFM images measured for the surfaces of 

PEDOT:PSS HEL films before and after the modification of  Na3C6H5O7 are shown in Fig. 3-4(a) 

and Fig. 3-4(b). AFM results reveal that the uniform ordering of PEDOT domains, with a slight 

increment in the surface roughness (RMS) form 1.25 nm to 2.25 nm, was observed for the 

Na3C6H5O7-PEDOT:PSS surface, suggesting the improved PEDOT molecular packing on the 

surface of modified PEDOT:PSS HEL. This result is similar to the observation by Joseph et al., 

showing that incorporation of the ethylene glycol (EG) in pristine PEDOT:PSS had similar effect25. 

Di Huang et al. also reported that addition of the DMSO in PEDOT:PSS assisted in the formation 

of PEDOT aggregation, which is favorable for hole transportation in PEDOT:PSS layer19. 

Furthermore, the moderately rough interface can be beneficial towards improving the actual 

contact area between the HEL and the active layer in PSCs64. 
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Fig. 3-4 2D AFM images (area 5µm × 5µm) measured for (a) Na3C6H5O7 -modified 

PEDOT:PSS and (b) pristine PEDOT:PSS films, the corresponding & 3D AMF images for (c) 

Na3C6H5O7-modified PEDOT:PSS and d) pristine PEDOT:PSS films. 

3.4. Growth of MAPbI3 Active Layer 

The morphological properties of the perovskite layers grown on the Na3C6H5O7-modified 

PEDOT:PSS and a pristine PEDOT:PSS HELs were examined using SEM and XRD 

measurements. SEM images, with different scales of 500 nm and 200 nm, measured for the 

surfaces of MAPbI3 layers grown on the Na3C6H5O7-modified PEDOT:PSS and pristine 

PEDOT:PSS HELs are shown in Fig. 3-5(a) and Fig. 3-5(b). Results reveal that the pin holes free, 

with full surface coverage and no significant changes in the growth of the MAPbI3 perovskite 

layers on the Na3C6H5O7-modified PEDOT:PSS and the pristine PEDOT:PSS HELs were 

observed. The average grain size of the MAPbI3 perovskite layers grown on both surfaces lies in 

(c) (d) 

(a) (b) 
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range of 150-250 nm. The XRD measurements also support the SEM observation. XRD patterns 

measured for the MAPbI3 perovskite layers grown on the Na3C6H5O7-modified PEDOT:PSS are 

shown in Fig. 3-5(c). The (110) and (220) XRD peaks represent the perovskite phase. In this case 

both peaks obtained for the MAPbI3 perovskite layers grown on the Na3C6H5O7-modified 

PEDOT:PSS and the pristine PEDOT:PSS HELs are quite similar, suggesting that the complete 

transformation from the intermediate phase to perovskite phase was taken place with no observable 

residual PbI2 phase  appeared in the XRD patterns. 

      

10 20 30 40 50 60

 MAPbI
3
/ Na

3
C

6
H

5
O

7
 

 MAPbI
3
/  PEDOT:PSS

(220)

 

 

In
te

n
s
it
y
 (

a
.u

.)

2 Theta ()

(110)

(c)

 

Fig. 3-5. SEM images measured for the surfaces of MAPbI3 layers grown on (a) the Na3C6H5O7-

modified PEDOT:PSS, (b) pristine PEDOT:PSS. (c) The comparison of the XRD patterns 

measured for the perovskite layers grown on the Na3C6H5O7-modified PEDOT:PSS. The inert: 

the contact angles measured for the surfaces of the modified and pristine PEDOT:PSS HELs. 
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The contact angles measured for the surfaces of the modified and pristine PEDOT:PSS HELs 

are shown in the inset of Fig. 3-5(c). In the contact angle measurement, 8µl water was dropped on 

the surfaces of Na3C6H5O7-modified PEDOT:PSS and pristine PEDOT:PSS HELs, results show 

that after modifying the surface of the PEDOT:PSS HEL with sodium citrate solution, the contact 

angle slightly reduced from 3.95° to 3.75°, as shown in the inset of Fig. 3-5(c). This reveals the 

similar nucleation process of the perovskite layer, but with improved wettability of the MAPbI3 

perovskite precursor solution on the modified PEDOT:PSS HEL. 

The possible changes in the stretching and bending modes of the molecules in Na3C6H5O7-

modified PEDOT:PSS and pristine PEDOT:PSS HELs were also analyzed using FTIR 

measurements. When there is an interaction between molecules to form a new bonding, a new 

characteristic absorption peak will be formed in the FTIR spectrum. However, there were no 

observable changes in the FTIR spectra measured for the films prepared using the mixture of 

Na3C6H5O7/PEDOT:PSS having different concentrations of sodium citrate in the solutions. It is 

anticipated that there were no strong chemical interactions between Na3C6H5O7 PEDOT:PSS 

molecules as shown in Fig. 3-6. 

 

Fig. 3-6 FTIR spectra measured for the surfaces of the Na3C6H5O7-modified and pristine 

PEDOT:PSS layers. 
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3.5. Charge Collection Efficiency 

Photo current density−effective voltage characteristics (Jph-Veff) measured for the two sets of 

devices were also studied. The J−V characteristics and the Jph-Veff characteristics measured for the 

PSCs with different HELs of Na3C6H5O7-modified PEDOT:PSS HEL and PEDOT:PSS HEL, 

plotted in double logarithmic scales, are shown in Fig. 3-7(a) and Fig. 3-7(b). ηCC, defined as the 

charge collection efficiency, reflects the probability of the photo-generated charges that can be 

extracted at the perovskite/electrode interface at different Veff. Normally trap-assisted charge 

recombination is the one of the primary causes that limits the ηCC in the PSCs, particularly at a low 

Veff, which can be represent through this relationship ηCC=Jph/Jsat.   

The photocurrent in the Na3C6H5O7-modified PEDOT:PSS HEL-based device at the low Veff 

is one order of magnitude higher than that in a control device having a pristine PEDOT:PSS HEL. 

For Na3C6H5O7-modified PEDOT:PSS HEL-based device, a higher ηCC was obtained, which 

decreases from 85%, obtained at the maximum power output, to that near to the open circuit 

condition of 60%, while on the other side, a lower ηCC was seen for the control device, which 

decreases from 60%, at maximum power output, to the open circuit condition of 20%. The results 

confirm that the Na3C6H5O7-modified PEDOT:PSS HEL-based PSCs appeared to be more 

effective to suppress the interfacial charge recombination at the perovskite/anode interface, 

resulting in an efficient charge collection probability. Our results agree with the previous study in 

showing that charge recombination rate plays a critical role in defining the Voc value65. Hence, the 

reduction in charge recombination in the PSCs with a Na3C6H5O7-modified PEDOT:PSS HEL 

enables a higher open circuit voltage than that in a reference cell having a pure PEDOT:PSS-based 

HEL. 
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Fig. 3-7 (a) J−V and (b) Jph−Veff characteristics, obtained for a set of the PSCs having different 

HELs of Na3C6H5O7-modified PEDOT:PSS and pure PEDOT:PSS. 

Charge extraction and charge recombination are the competing processes in a solar cell. Both 

charge extraction and the recombination processes are closely associated with the effective internal 

electric field66. From the organic solar cells experience that mainly include bimolecular and 

geminate or trap assisted recombination. The bimolecular recombination is considered as non-

geminate recombination loss process. The recombination induced by the trap-assisted processes 

occurs when the trapped photo-generated charges recombine with the opposite charges carriers 

contributing to the loss to the photo current. 

Light intensity-dependent J−V characteristics are a useful approach for analyzing the 

recombination behavior in the solar cells. The Jph-I characteristics, measured for the PSCs having 

different HELs of Na3C6H5O7-modified PEDOT:PSS and pure PEDOT:PSS, plotted in double 

logarithmic scales, are presented in Fig. 3-8(a) and Fig. 3-8(b). The power law dependence of the 

photocurrent on the intensity of the incident light is clearly seen. According to the above 

discussion, Jph is calculated using the correlation: Jph=J-JD , where J is the current density measured 

for the device in the presence of light, and JD is the current density measured for the cell in the 

absence of light. Relationship between Jph and light intensity can be explained using the equation, 
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Jph ∝ Ia . If the photo-generated charge carriers are fully extracted, or charge recombination is very 

low, the exponent a approaches to unit. This suggests that a smaller a value is associated with a 

poor charge transport property, and hence an inefficient charge extraction in the cell. 
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Fig. 3-8 J−V characteristics measured at different intensities of the incident light for the PSCs 

having a Na3C6H5O7-modified and a pristine PEDOT:PSS HELs at three different effective 

voltages of 0.10V, 0.18V and 0.83V respectively. 

In Fig. 3-8(a), results shows that a α value of ~1.0 is obtained for from Na3C6H5O7-modified 

PEDOT:PSS HEL based device over the Veff range from 0.10 – 0.83 V, e.g., measured for the PSCs 

operated at Veff=0.83V, corresponding to the short circuit, Veff=0.18V (maximum power output, 

Pmax, condition) and Veff=0.10V (near open circuit condition). The results reveal that the efficient 

charge extraction prior to the recombination in the device. While for structurally identical control 

device, the power exponent lower a values were obtained for device operated at the respective 

conditions of short circuit 0.98 (Veff=0.83V), Pmax 0.98 (Veff=0.18V) and open circuit condition 

0.87 (Veff=0.10V). It is shown that the charge extraction in the pristine PEDOT:PSS HEL-based 

device is less efficient in comparison with the Na3C6H5O7-modified PEDOT:PSS HEL-based 

device. 
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3.6. Conclusions 

In conclusion, a 26% increase in the PCE of inverted planar PSCs with a Na3C6H5O7-modified 

PEDOT:PSS HEL as compared to a structurally identical control cell having a pristine 

PEDOT:PSS HEL. The overall performance enhancement of the PSCs is closely associated with 

the improved interface contact quality between the perovskite active layer and Na3C6H5O7-

modified PEDOT:PSS HEL, leading to an efficient hole extraction via suppression of the charge 

recombination. Charge collection study reveals that modified device shows less recombination 

(trap assisted or bimolecular) as compare to structurally identical control device. We also observed 

that the Na3C6H5O7-modified PEDOT:PSS HEL, enabled by the environmental friendly sodium 

citrate solution, also acts as effective electron blocking layer to greatly reduce the dark current. 

There is no observable change in the average grain size of the MAPbI3 perovskite layers grown on 

the surfaces of the Na3C6H5O7-modified and the pristine PEDOT:PSS HELs, confirmed by the 

XRD measurements. This work demonstrates the potential of sodium citrate solution-modified 

PEDOT:PSS HEL, offering an exciting PEDOT:PSS modification approach for application in high 

performing solution-processable PSCs using nontoxic and cost effective components. 



49 

 

Chapter 4 : Effect of WO3-PEDOT:PSS Composite Hole 

Extraction Layer on Charge Collection Probability in 

PSCs 

4.1. Introduction 

PEDOT:PSS is one of the mostly employed hole transporting materials for applications in 

organic, polymer and perovskite solar cells67. Inefficient and low charge transportation from the 

conventional PEDOT:PSS have been reported21. Different approaches, including doping of  

PEDOT:PSS using graphene oxide (GO)28,29, nickel oxide (NiOx)
30 , molybdenum oxide (MoOx)

31 

and tungsten oxide (WO3)
32,33, were used to improve its properties. Incorporation of graphene 

oxide in PEDOT:PSS-based HEL for use in inverted PSCs shows improved device performance 

and stability. By modifying the PEDOT:PSS surface with NiOx, PSCs with higher FF, Jsc and Voc 

were realized due to improved charge extraction at the perovskite/NiOx interface. The enhanced 

device stability and photovoltaic performance were observed when MoO3-doped PEDOT:PSS 

HEL was used in PSCs.  

Recently, the improved charge balance in high performance quantum dot light emitting diodes 

(QLEDs) with a WO3 nanobelt-doped PEDOT:PSS hybrid hole injection layer was reported 34. 

The WO3 nanobelt-doped PEDOT:PSS based hole injection layers also used OLEDs for reduced 

the hole injection barrier at the anode/polymer interface for attaining higher device performance. 

WO3-based HEL was also utilized in polymer solar cells, resulting in obvious reduction in the 

shunt resistance and improved FF in OSCs, having different cell architectures of regular, reverse 

and tandem configurations35. In most of these studies, WO3-based charge injection/extraction 
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layers used for OLEDs and OSCs were deposited by vacuum process approaches, e.g., electron 

beam evaporation, thermal evaporation, and hot filament vapor methods, these fabrication 

approaches are not favorable for preparing large area devices using solution fabrication process, 

e.g., printing or roll to roll scalable production.   

WO3 has also been used as electron extraction layer for PSCs with a conventional structure36. 

Another approach of nanostructured based on tungsten trioxide and titanium dioxide core shell and 

various WO3 nanostructures were employed for efficient electron transport, however, the adopted 

approach has limitation for large scale production due to the complicated deposition process 

involving electro spraying and hydrothermal steps37. Solution-processable WOx-based electron 

extraction layer prepared at a low process temperature for PSCs having a conventional structure 

was reported but the poor performance such as Voc, FF and PCE were observed38. 

WO3 is a well-known material that can be used for improving hole extraction, chemically 

stable/high work function in the light-emitting and photovoltaic devices39, and also is a low toxicity 

and air/photo stable32 material.  In this work, WO3-PEDOT:PSS composite HEL was formed on 

indium tin oxide uniformly by solution process approach. The morphological and surface 

electronic properties of WO3-PEDOT:PSS composite film were examined using AFM, XPS, UPS 

and Raman spectroscopy. SEM image shows that the perovskite films grown on the composite 

HEL had a full coverage without observable pin holes. In addition, no residual lead iodide was 

observed from the XRD measurements, suggesting a complete transformation from intermediate 

to perovskite phase. The volume ratio of WO3 to PEDOT:PSS of 1:0.25 was optimized for 

achieving enhanced JSC and VOC in the PSCs. The results demonstrate that the use of the WO3-

PEDOT:PSS composite HEL helps to increase the charge extraction probability, which was 

realized through reduction in the charge recombination at the MAPbI3/composite HEL interface. 
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The charge extraction efficiency at the perovskite/composite HEL and perovskite/PEDOT:PSS 

interfaces were investigated by analyzing the PL quenching efficiency of the perovskite layer. It 

is shown that the perovskite/composite HEL samples exhibit quenching efficiency more than 10 

times higher that measured for the perovskite/pristine PEDOT:PSS sample, suggesting an 

enhanced hole extraction probability. The combined effects of improved perovskite crystal growth 

and enhanced charge extraction capabilities result in the PSCs with an average power conversion 

efficiency of 12.96%, which is 22% higher as compared to a structurally identical control device 

(10.66%). The fabrication of the PSCs was completed at a process temperature of <120°C, a 

suitable approach for application in flexible PSCs via roll to roll production in near future. In 

addition, it shows that the PSCs with a WO3-PEDOT:PSS composite HEL is more stable than a 

reference PSC having a PEDOT:PSS-based HEL, demonstrated by an aging test for PSCs over a 

period of >40 days. 

4.2. Morphological and Surface Electronic Properties of Composite HEL 

4.2.1. Morphological Properties 

Firstly, the surface morphological properties of the WO3-PEDOT:PSS composite HEL and the 

pure PEDOT:PSS HEL were examined using AFM measurement. The 2D AFM images obtained 

for the WO3-PEDOT:PSS composite layer and the pristine PEDOT:PSS layer, scanned over an 

area of 5µm × 5 µm, are shown in Fig. 4-1(a) and Fig. 4-1(b), while the 3D AFM images of the 

corresponding surfaces are shown in Fig. 4-1(c) and Fig. 4-1(d). RMS, root mean square, 

roughness values measured for the WO3-PEDOT:PSS and pristine PEDOT:PSS layers were 1.33 

nm and 1.40 nm, respectively. RMS measured for a pure PEDOT:PSS sample is very similar to 

reported ones 34. The results show that the RMS of a WO3-PEDOT:PSS layer is comparable to the 

pristine PEDOT:PSS sample, suggesting a similar surface smoothness for the growth of the 

perovskite layer. 
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                  PEDOT:PSS+WO3 (RMS= 1.33nm)  PEDOT:PSS (RMS= 1.40nm) 

 

Fig. 4-1 2D AFM images taken for  (a) a WO3-PEDOT:PSS composite sample, and (b) a pristine 

PEDOT:PSS layer, the corresponding 3D AFM images obtained  for the (c) WO3-PEDOT:PSS 

composite film (d) pristine PEDOT:PSS film. 

4.2.2. Surface Electronic Properties 

The Raman spectra obtained for the reference pristine PEDOT:PSS sample and the WO3-

PEDOT:PSS composite layer, measured using an Ar ion laser with an excitation wavelength of 

514.5 nm, are presented in Fig. 4-2(a). Sheng Hsiung Chang et al. reported68 that the vibrational 

modes of PEDOT at the wavenumbers of 1272 cm-1, 1383 cm-1, 1452 cm-1 and 1524 cm-1 are 

assigned to the Cα–Cα’ inter-ring, Cβ–Cβ stretching, Cα=Cβ symmetrical and Cα=Cβ asymmetrical 

vibrations, respectively. The vibrational modes of the PSS molecule are located at 1110 cm-1 and 

1000 cm-1. In Fig. 4-2(a), the stretching vibration of Cα = Cβ on the five-member ring of PEDOT 

is distributed over the wavenumber between 1400 and 1500 cm-1 26. The results suggest that there 

(a) (b) 

(c) (d) 
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is no significant shift in the vibration modes measured for the PEDOT:PSS and the WO3-

PEDOT:PSS composite samples. 

Surface electronic properties of two types of HELs, the reference PEDOT:PSS and the WO3-

PEDOT:PSS composite layers, also were characterized using XPS measurements, a powerful 

technique for determining the element composition in the film. Fig. 4-2(b) plots the W 4f XPS 

spectra from 34-40 eV, measured for the composite and the pristine PEDOT:PSS films. W 4f core 

level consists of two Gaussian-like double peaks centered at 35.6 eV and 37.6 eV, which 

respectively originate from W6+ 4f7/2
  and 4f5/2 

69,70, as illustrated in Fig. 4-3(a). S 2P XPS spectra 

obtained for the WO3-PEDOT:PSS composite sample and pristine PEDOT:PSS layer are shown 

in Fig. 4-3(b). S 2p XPS spectra, measured from 162~166 eV, is contributed by S atoms in the  

PEDOT chains, while S 2p peak over the range from 166~172 eV is assigned to the S atoms in the 

PSS chains.  There is no obvious change in the peak position of the S 2p XPS peaks measured foe 

the WO3-PEDOT:PSS composite than that measured for a pure PEDOT:PSS sample. XPS spectra 

measured for the composite and the pristine PEDOT:PSS layers are plotted in Fig. 4-3(c). 
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Fig. 4-2(a) Raman spectra obtained for the pure PEDOT:PSS layer and WO3-PEDOT:PSS 

composite film, (b) W 4f XPS spectra obtained  for the pristine PEDOT:PSS layer and WO3-

PEDOT:PSS composite sample. 
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Fig. 4-3(a) Gaussian fitted curves forWO3-PEDOT:PSS, red dots represent the experimental 

data. (b) S 2p XPS spectra measured for the WO3-PEDOT:PSS composite and pristine 

PEODT:PSS layers. (c) Wide XPS scans obtained for the WO3-PEDOT:PSS composite layer and 

a pristine PEDOT:PSS sample. 

4.3. Growth of MAPbI3 on Composite HEL 

The average grain size and crystallinity of the MAPbI3 layers grown on the pristine 

PEDOT:PSS and the WO3-PEDOT:PSS composite HELs were examined using XRD and SEM 

measurements. SEM images measured for the MAPbI3 layers grown on the WO3-PEDOT:PSS 

composite and pristine PEDOT:PSS HELs are shown in Fig. 4-4(a) and Fig. 4-4(b), showing 

uniform pin hole free perovskite layers with similar average sized grains. The corresponding XRD 

patterns of measured for the perovskite films grown on the composite and the pristine HELs are 

plotted in Fig. 4-4(c), revealing the complete transformation from intermediate precursor state to 

the perovskite phase as desired for PSCs. 
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Fig. 4-4 SEM images measured for the MAPbI3 perovskite layers grown on the surfaces of (a) 

WO3-PEDOT:PSS/WO3 composite and (b) pristine PEDOT:PSS HELs, and (c) XRD patterns 

measured for the MAPbI3 perovskite layer grown on the composite and the pristine PEDOT:PSS 

HELs. 

The difference in surface hydrophobicity of a reference pure PEDOT:PSS layer and a WO3-

PEDOT:PSS composite film was analyzed by measuring the contact angles of their surfaces. The 

resulting contact angles measured for the surfaces of a WO3-PEDOT:PSS composite and a pristine 

PEDOT:PSS films, using a 8µl of GBL:DMSO (7:3 v/v) dropped on both surfaces, are 9.6° and 

7.2°, as presented in Fig. 4-4(d) and 4.4(e),.  The results reveal that the surface of the WO3-

PEDOT:PSS composite layer is more hydrophobic than that of a pristine PEDOT:PSS layer. It has 

been reported that increase in the hydrophobicity of the PEDOT:PSS HEL is beneficial for the 

operation stability of the PSCs in air, due to the suppression of the moisture encroachment to the 
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PEDOT:PSS/perovskite interface, which is one of the reasons causing degradation in the 

perovskite active layer64. The surface of the WO3-PEODT:PSS composite layer also shows a good 

wettability and is favorable to form a smooth and uniform MAPbI3 perovskite on its surface. The 

high performance PSCs with a long term operation stability were demonstrated, attained due to 

the combined advantages of the WO3-PEDOT:PSS composite HEL. 

4.4. Analyses of Charge Collection Probability 

The PL quenching efficiency of the perovskite grown on different surfaces of the HELs was 

investigated to evaluate the charge-transfer at the perovskite/HEL interfaces30,64,71. As shown in 

Fig. 4-5, the PL intensity measured for the MAPbI3 perovskite layer grown a WO3-PEDOT:PSS  

composite HEL exhibited one order of magnitude higher than that of a perovskite layer formed on 

the surface of  a PEDOT:PSS HEL, suggesting an enhanced hole transfer process taking place at 

the MAPbI3/WO3-PEDOT:PSS interface. The effect of the ratio of WO3 to PEDOT:PSS in the 

composite HELs on the performance of PSCs, prepared using four different volume ratios of WO3 

to PEDOT:PSS solutions of 1:1, 1:0.75, 1:0.5, 1:0.25, are listed in table 4.1. 

Table 4-1: A summary of the performance of PSCs made with composite HELs having different 

volume ratios of WO3 to PEDOT:PSS in the formulations. Jsc and PCE are calibrated using 

IPCE spectra, and are averaged from more than 8 cells. 

WO3/PEDOT:PSS 

Ratio 

PCE 

(%) 

Jsc 

(mA/cm2) 

Voc 

(V) 

FF 

(%) 

Rs 

(Ω.cm2) 

Rsh 

(Ω.cm2) 

1:0.25 12.74±0.34 

(12.96) 

18.63±0.54 0.93±0.02 73.60±1.03 6.90±0.74 809±176 

1:0.5 12.66±0.03 

(12.69) 

18.10±0.63 0.94±0.02 74.56±0.43 7.42±0.90 601±252 

1:0.75 11.99±0.40 

(12.39) 

17.05±0.59 0.95±0.01 74.05±0.68 8.33±1.22 773±196 

1:1 11.29±0.39 

(11.74) 

16.24±0.37 0.97±0.00 71.83±1.54 11.08±1.41 661±236 

1:0 10.54±0.16 

(10.66) 

15.22±0.20 0.92±0.01 75.40±0.76 7.59±0.36 495±210 
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Fig. 4-5 PL spectra measured for the MAPbI3 perovskite thin films grown on different surfaces of 

ITO, PEODT:PSS and WO3-PEDOT:PSS layers. 

We observed that the composite HEL with a ratio of WO3 to PEDOT:PSS of 1:0.25 (v/v) 

resulted in PSCs with the highest photocurrent, improved VOC, and highest PCE as compared to 

the PSCs with a composite HEL with other ratios and the control cell with a pristine PEDOT:PSS 

HEL. The J−V characteristics and the corresponding IPCE spectra measured for the PSCs with an 

optimized WO3-PEDOT:PSS composite HEL and a control PCE with a pristine PEDOT:PSS HEL 

are plotted in Fig. 4-6(a) and Fig. 4-6(b), respectively. 
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Fig. 4-6(a) J−V characteristic and (b) IPCE spectra measured for the PSCs with a WO3-

PEDOT:PSS composite HEL and a pristine PEDOT:PSS HEL. 

Furthermore, J−V characteristics, measured the PSCs under different intensities of the incident 

light, were examined to analyze the charge recombination behavior in the devices. Jph –I 

characteristic measured for the PSCs having a WO3-PEDOT:PSS composite HEL and a reference 

cell with a pristine PEDOT:PSS HEL, plotted in double logarithmic scales, are shown in Fig. 4-7(a) 

and Fig. 4-7(b), respectively. The photocurrent on the intensity of the incident, showing power law 

dependence, is clearly seen, which can be expressed by: 

Jph = J - JD,     Eq. 4.1 

where J is the current density measured for the device in the presence of light, JD is the current 

density measured for the device in the absence of light. The relationship between the photocurrent 

with the light intensity can be express as, Jph α Iᵅ. If all the photo-generated charge carriers are 

collected with loss to the recombination, then α approaches to unit. A smaller α value is expected 

for a cell having a poor charge extraction capability, which is related to the loss to different charge 

recombination processes and a poor charge transport in the active layer. 

In Fig. 4-7(a), it is seen that PSCs with a WO3-PEDOT:PSS composite HEL has a high power 

exponent α of about 1.0 over the entire Veff range from 1.04 – 0.09 V, e.g., corresponding to cells 

being operated at Veff = 1.04 V (the short circuit condition), Veff = 0.26V (Pmax  condition) and Veff 
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= 0.09 V (near the VOC condition). The results imply that the photo-carrier generated in the PSCs 

with a composite HEL can be extracted more efficiently, leading to a higher photocurrent density, 

as presented in Fig. 4-6(a). A lower power exponent α is obtained for the structurally identical 

control device with a pristine PEDOT:PSS HEL, as shown in Fig. 4-7(b), and reduces with 

decrease in the Veff, having smaller values of 0.84 (Veff = 1.04 V), 0.98 (Veff = 0.26 V) and 0.98 

(Veff = 0.09 V). The results suggest that CC in the control device is less efficient as compare to the 

PSCs made with a composite HEL. 

Charge collection (ηCC) of a solar cell can be analyzed using the following relationship, ηCC = 

Jph/Jsat, it is a ratio of photocurrent to saturated current (Jsat) as a function of the effective internal 

potential across the active layer. The Jph–Veff characteristics of the PCSs were measured and plotted 

in Fig. 4-8 to study the charge collection behavior in the cells. Jph–Veff characteristics measured for 

the PSCs at two different effective voltages of 0.8 V and 0.2 V, corresponding to the cells operated 

at the maximum power output and near short circuit current conditions, were used for analyzing 

the charge collection. At a high Veff of 0.8 V, the ηCC of PSCs with a composite HEL is 94.18% 

and that for a control device is 90%, at a high Veff of 0.2 V, the ηCC drops of the PSCs with a 

composite HEL to 65.42% and that for a control cell reduces to 23.65%, respectively. It can be 

seen clearly that the charge collection efficiency of PSCs with a WO3-PEDOT:PSS composite 

HEL is 10 time higher as compared to that of the control even at very low effective voltage. 
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Fig. 4-7 Jph−I characteristics measured for (a) the PSCs with a WO3-PEDOT:PSS composite 

HEL  and  (b) a control device with a pristine PEDOT:PSS HEL under different effective 

voltages. 
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Fig. 4-8 Jph–Veff characteristics obtained for the PSCs with a WO3-PEDOT:PSS composite HEL 

and a pristine PEDOT:PSS HEL, illustrating the difference in charge extraction probability in 

the cells. 

The origin of the changes in open circuit voltage of the PSCs with different HELs also was 

investigated using UPS measurements. The secondary electron cut-offs and the UPS spectra 

obtained for the WO3-PEDOT:PSS-WO3 composite film (blue) and a reference PEDOT:PSS film 

(red), deposited on ITO-coated glass substrates, are shown in Fig. 4-9(a) and Fig. 4-9(b). From the 
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UPS results, it is shown that a higher work function of 5.2 eV was attained for the WO3-

PEDOT:PSS layer, which is higher than that measured for the pristine PEDOT:PSS layer (5.0 eV). 

It is apparent that the increase in the work function of 0.2 eV, enabled by the composited HEL as 

compared to the pristine PEDOT:PSS HEL, is favorable for establishing a higher Veff across the 

perovskite active layer, and thereby enhancing the hole extraction at the WO3-

PEDOT:PSS/MAPbI3 interface leading to an improved Voc. 

 

Fig. 4-9(a) UPS spectra and (b) secondary electron cut-offs measured for the WO3-PEDOT:PSS 

(blue) and PEDOT:PSS (red) films deposited on ITO/glass substrates. 

Following the UPS analyses, in the effective internal potential of the devices made with 

different HELs was further examined using transient photocurrent (TPC) measurements. The 

transient photocurrents measured for the PSCs with a WO3-PEDOT:PSS composite HEL and a 

control cell with a pristine PEDOT:PSS HEL are shown in Fig. 4-10. We observed that a higher 

external bias of 1.11 V to compensate the internal built-in potential, while for the control PSC with 

a pristine PEDOT:PSS HEL, a lower compensation bias of 1.0 V was obtained, as shown in Fig. 
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4-10. The TPC measure measurements support the discussion made with the UPS analyses in 

showing that the PSCs with a WO3-PEDOT:PSS composite HEL possess a higher effective 

internal built-in potential than that of the structurally identical control device having a pristine 

PEDOT:PSS HEL. PSCs with a higher effective internal potential is favorable for charge transport 

and charge extraction, as manifested by the J−V characteristics measured for the PSCs at different 

intensities of the incident light. 
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Fig. 4-10 Transient photocurrents measured for the PSCs with a WO3-PEDOT:PSS composite 

HEL and a pristine PEDOT:PSS HEL at different biases. 

4.5. Stability of PSCs 

The stability of the PSCs made with the composite and the pristine PEDOT:PSS HELs was 

also studied. After the cell fabrication, all the devices were transferred to glovebox, with H2O and 

O2 levels <0.1 ppm, for encapsulation without exposing to the ambient air. The PSCs were 

removed from the glovebox after the encapsulation, the performance of the encapsulated PSCs 

was monitored in air for a period of >40 days. Jsc, Voc, FF and PCE as a function of the aging time, 



 

63 

 

over a period of >40 days, measured for the encapsulated PSCs with a WO3-PEDOT:PSS 

composite HEL and a pristine PEDOT:PSS HEL are shown in  

Fig. 4-11. The PSCs with a WO3-PEDOT:PSS composite HEL displayed a slower decrease in 

Jsc and PSC over the aging time, and thereby a slow degradation as compared to that of control 

cell. For PSCs with a WO3-PEDOT:PSS composite HEL, there is a 5.9% drop in Jsc, 1.6% in FF 

and 1% decrease in PCE after 40 days. While for the control cells, 10% drop in Jsc, FF almost 

remain the same and 4.3% drop of PCE in similar aging time.  

Fig. 4-11(d) shows the linear fitted PCE for modified and control device over the time of 40 

days. The slope value for modified device (0.004) is lower than the control device (0.011), which 

also suggests modified one is more stable.
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Fig. 4-11(a) Jsc, (b) Voc, (c) FF and (d) PCE as a function of the aging time, over a period 

of >40 days,  measured for the encapsulated PSCs with a WO3-PEDOT:PSS composite HEL and 

a pristine PEDOT:PSS HEL. 

4.6. Conclusions 

In summary, the effect of a WO3-PEDOT:PSS composite HEL on the performance of solution-

processed inverted PCSs was studied. The surface morphology and electronic properties of the 

WO3-PEDOT:PSS composite HEL were analyzed using AFM, XPS, UPS and Raman 

spectroscopy measurements. AFM results reveal that the WO3-PEDOT:PSS composite HEL and 

pristine PEDOT:PSS HEL had similar RMS roughness of 1.33 nm  and 1.40 nm respectively. SEM 

images suggest that the complete coverage of pinhole free MAPbI3 perovskite layers, grown on 

the surfaces of the WO3-PEDOT:PSS composite and pristine PEDOT:PSS HELs, were obtained. 
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The complete transformation from intermediate to perovskite phase in these perovskite was 

observed, suggesting no residual of lead iodide left in the perovskite film. It is shown that the 

WO3-PEDOT:PSS composite HEL is favorable for PSCs, due to the combined benefits of its high 

work function and charge extraction capability at the HEL/perovskite interface. PCE of the PSCs 

with a WO3-PEDOT:PSS composite HEL is 12.96%, which is >22% higher than that of a control 

cell with a pristine PEDOT:PSS HEL (10.66%). The advantages of the composite HEL on the 

enhancement of the overall performance of the PSCs were demonstrated by the broadband 

enhancement in IPCE spectrum, enhanced effective internal potential, improved charge collection, 

and slow degradation. The outcomes of this work are very exciting, opening a new approach for 

developing high performing PSCs that can be prepared using solution fabrication process at low 

processing temperature (≤120°C). 
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Chapter 5 : Controlled Growth of MA0.7FA0.3Pb (I0.9Br0.1)3 

Active Layer for high Performing PSCs 

5.1. Introduction 

As explained in section 2.1, organic-inorganic metal halide perovskite has an ABX3 chemical 

structure, where A, B and X stand for organic cation (MA), metal cation (Pd, Sn etc. ) and halide 

anion (I, Cl, Br etc. ), respectively43. The materials have been widely used as light harvester in 

perovskite solar cells since 2009 3.  Although  MAPbI3-based PSCs with high PCE have been 

reported72, MAPbI3 still has some limitations for commercial viable applications73. Firstly, the 

long-term stability of this material, including moisture sensitivity, thermal instability under electric 

field, leads to a significant ion migration resulting in undesired deterioration in the cell 

performance.  Secondly, the phase transition from tetragonal to cubic at around 57°C, that could 

consequently affect the conductivity and ultimately device performances 74.  

To address the issues of MAPbI3, the mixed organic cations, e.g., methylammonium (MA) and 

formamidinium (FA), and the mixed halide anions, e.g., iodide (I) with bromine (Br) or chloride 

(Cl), have been studied for use in PSCs. The formamidium ion, with an ionic size of 2.2 Å, is 

slightly larger than that of MA (≈1.8 Å) 75. Pristine FAPbI3-based PSCs have lower bandgap of 

around 1.48 eV that allows for the collection of photon in near infrared range in PV devices 76. 

Despite of this fact FAPbI3-based devices illustrates non comparable photovoltaic performance 

due to an undesired phase transition (from α-FAPbI3) to δ- FAPbI3) at room temperature 77. δ- 

FAPbI3 is considered as photo inactive and non-perovskite phase at room temperature, while α-

FAPbI3 considers as perovskite photoactive trigonal phase at higher temperatures 125 °C–165 °C.  
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It has been reported that a narrower bandgap of perovskite can be obtained by replacing the 

MA with FA, which also improves its thermal stability. The bandgap of the perovskite can also be 

tuned by substituting a small ratio of Cl and Br for I ions and the charge diffusion length can be 

increased to reduce the recombination rates. It is found that such mixed perovskite systems 

(MAxFA1-xPb(IyBr1-y)3) have the advantages for achieving high PCE of the PSCs with  either a 

mesoporous or a planar configuration. 

In this chapter, the effects of the mixed MA0.7FA0.3Pb (I0.9Br0.1)3-based active layer on the 

performance of PSCs were analyzed. The control PSCs, made with a pure MAPbI3-based active 

layer, were also fabricated for comparison studies. The systemic analyses made in this work were 

to understand the origin of the improvement in the MA0.7FA0.3Pb (I0.9Br0.1)3-based PSCs form 

charge extraction and operation stability perspectives. Light intensity dependent J–V 

characteristics, PL spectra and Jph–Veff characteristics measured for the MA0.7FA0.3Pb (I0.9Br0.1)3- 

and MAPbI3-based PSCs were measured. The surface morphological properties of two types of 

the perovskite active layers were analyzed using SEM and XRD measurements. The stability of 

the PSCs in air was examined over an aging period of >40 days.  

5.2. Formulation of MA0.7FA0.3Pb (I0.9Br0.1)3 precursor solution 

Methylammonium iodide (MAI), Formamidinium iodide (FAI), PbI2 and PbBr2 were 

purchased from Dyenamo, TCI and Sigma Aldrich, respectively. Butyrolactone (GBL) and 

dimethyl sulfoxide (DMSO) were also purchased from Sigma Aldrich. All materials and solvent 

were used as received without further purification. MA0.7FA0.3Pb (I0.9Br0.1)3 precursor were 

synthesized by mixing MAI, FAI, PbI2 and PbBr2 with 0.945 M, 0.405 M, 1.19 M and 0.21 M into 

co-solvent GBL:DMSO (7 : 3 vol. ratio) stirred for 2 hours at 70°C inside the glove box. The ratio 

of [Pb2+] :([MA]+[FA]) were kept similar to 1.4:1.35 78.     
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5.3. Effect of Annealing Temperature on the Growth of MA0.7FA0.3Pb (I0.9Br0.1)3 Active 

Layer 

XRD spectra measured for the MA0.7FA0.3Pb (I0.9Br0.1)3 perovskite films, grown on ITO/glass 

and annealed at 100°C over different annealing periods of 10, 20, 30, 40 min,  are shown in Fig. 

5-1 78. The main Bragg diffraction peaks at 14.1°, 28.4°, 31.8° and 50.2° correspond to the (110), 

(220), (310), (044) planes of the perovskite crystalline structure, respectively. As the annealing 

time increased a new Bragg diffraction peak appears at 12.6°, which is attributed to the (006) face 

of PbI2. The strong XRD peak at 14.1° was observed for the film annealed for 30 min, indicating 

the improvement in crystallinity of the perovskite layer. It is found that further increase of 

annealing time, e.g., for film annealed for 40 min, the XRS peak for PbI2 at 12.6° appears, 

suggesting the decomposition of perovskite started in the film when a longer annealing time was 

used.     
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Fig. 5-1 XRD spectra measured for the MA0.7FA0.3Pb (I0.9Br0.1)3 perovskite films, grown on 

glass/ITO substrates, annealed at 100 OC for 10, 20, 30, or 40 min. 
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5.4. Optical Properties of MA0.7FA0.3Pb (I0.9Br0.1)3 Active Layer 

The wavelength dependent absorbance, A (λ), of MA0.7FA0.3Pb (I0.9Br0.1)3 and MAPbI3 based 

active layers was measured to estimate the optical bandgap, the corresponding absorption spectra 

measured for both types of the active layers are  shown in Fig. 5-2. The following equation was 

used for calculation of the optical gap of the perovskite layers: 

(α)½ = (hv-Eg),      Eq. 5.1 

Where hv is the photon energy, Eg is the optical bandgap, α is the absorption coefficient. By 

extrapolation of the linear region of the (α)½−photo energy plot to  zero, as shown in Fig. 5-2, the 

value of Eg of the layers was estimated. From Fig. 5-2, it can be observed that the bandgap of 1.58 

eV was extrapolated for MA0.7FA0.3Pb (I0.9Br0.1)3 layer, and that for the MAPbI3 layer is 1.57 eV. 

Similar Eg value is also reported elsewhere 79.  

1.50 1.55 1.60 1.65 1.70

0.4

0.6

0.8

1.0
 

 

(
) 

½
 (
eV

.c
m

-1
)½

Photon energy (eV)

 MA0.7FA0.3Pb(I0.9Br
0.1

)
3
 

 MAPbI
3

 

 
 

Fig. 5-2 The (α) ½−photo energy plots of MA0.7FA0.3Pb (I0.9Br0.1)3 and MAPbI3perovskite active 

layers. 
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5.5. Structural and Morphological Properties of MA0.7FA0.3Pb (I0.9Br0.1)3 Active Layer 

5.5.1. Surface Morphological Properties 

The change in the surface morphology properties of the MA0.7FA0.3Pb (I0.9Br0.1)3 active layer, 

e.g., aged over a period of > 30 days, was examined using SEM measurements. Mixed perovskite 

material was deposited on the surface of the PEDOT:PSS/ITO/glass substrate. SEM images 

measured for the freshly made, and the MA0.7FA0.3Pb (I0.9Br0.1)3 film aged over different periods 

of 3, 20 and 30 days  are shown in Fig. 5-3(a), 5.3(b), 5.3(c) and 5.3(d), respectively. All images 

shown were taken from the same sample so as to improve the understanding of the degradation 

mechanism in the MA0.7FA0.3Pb (I0.9Br0.1)3 film, kept in the dry box. The SEM measurements were 

conducted over different areas on the surface of the MA0.7FA0.3Pb (I0.9Br0.1)3 film to ensure the 

reliable and representative results were captured for the specimen aged over different periods of 

time. From the SEM results, the grain size of the freshly prepared MA0.7FA0.3Pb (I0.9Br0.1)3 

perovskite sample is over the range from 150‒250 nm, and the pattern of the grain boundary shows 

a mesh-like structure. The grain size over the range of 150‒300 nm, with more clear features, was 

observed in the SEM image measured for the sample aged for 3 days, appearing some white spots 

which are associated with the formation of the PbI2 phase in the film. A larger grain size range 

from 150‒400 nm, with very fine and uniform morphology, was seen in the SEM image measured 

for the perovskite film aged for 20 days, the number of the spots that are related to the formation 

of PbI2 also increased. No significant change in the grain size was observed in the SEM image 

measured for the perovskite film aged > 30 days as compared to the one obtained for the film aged 

for 20 days, however, the presence of the PbI2 in the aged perovskite became more obvious.    
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Fig. 5-3 SEM images measured for (a) the freshly prepared MA0.7FA0.3Pb (I0.9Br0.1)3, and the 

same film aged over different periods of (b) 3 days, (c) 20 days and (d) 30 days. 

5.5.2. Performance of MA0.7FA0.3Pb (I0.9Br0.1)3- and MAPbI3-based PSCs 

The stability of the MA0.7FA0.3Pb (I0.9Br0.1)3 and MAPbI3 active layers were examined using 

XRD measurements. MA0.7FA0.3Pb (I0.9Br0.1)3 and MAPbI3 perovskite layers were grown on 

PEDOT:PSS/ITO/glass substrates and were kept for one month in the dry box. XRD spectra 

measured for the MA0.7FA0.3Pb (I0.9Br0.1)3 and MAPbI3 films that were freshly made and aged over 

different periods of 3, 12, 30 and 30 days are shown in Fig. 5-4(a) and 5.4(b). Same samples were 

examined for five times during a month. It was observed that the relative degradation of MAPbI3 

over the period is faster in comparison with that of the MA0.7FA0.3Pb (I0.9Br0.1)3 film. No XRD 

peak at 12.6°, corresponding to the presence of PbI2 as indicated by the dotted lines in Fig. 5-4(a) 

and 5.4(b), measured for both freshly made MA0.7FA0.3Pb (I0.9Br0.1)3 and MAPbI3 films, 

suggesting the perovskite precursor was successfully transformed from intermediate phase to 
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perovskite phase with no PbI2 in the films. The intensity of the XRD peak at 2=12.6°, 

corresponding to the appearance of PbI2, increased gradually in the XRD spectra measured for the 

MA0.7FA0.3Pb (I0.9Br0.1)3 and MAPbI3 films aged for more than 3 days in air. The observation of 

the PbI2 in the XRD spectra agrees with the analyses made with SEM measurements in showing 

that the PbI2 started to form in the perovskite films, as those white spots shown in the SEM images 

measured for the aged perovskite film in Fig. 5-3(b). The relative intensity of the XRD peak at 

2=12.6° reached to 0.36 measured for the MAPbI3 film, became more dominant as compared with 

to that in the MA0.7FA0.3Pb (I0.9Br0.1)3 film (0.23). This suggests that the MAPbI3 perovskite film 

is less stable as compared to the MA0.7FA0.3Pb (I0.9Br0.1)3 and perovskite layer.     
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Fig. 5-4 XRD spectra measured for (a) MA0.7FA0.3Pb (I0.9Br0.1)3 and (b) MAPbI3 films that were 

freshly made and aged over different periods of 3, 12, 30 and 30 days. 

5.6. Charge Collection in MAPbI3- and MA0.7FA0.3Pb (I0.9Br0.1)3-based PSCs 

The schematic cross-sectional view of the inverted planar PSCs, with a p-i-n configuration, is 

shown in Fig. 5-5, e.g., the MA0.7FA0.3Pb (I0.9Br0.1)3- and MAPbI3-based PSCs had the same 

multilayer configuration of glass/ITO/ PEDOT:PSS/active layer/ PC60BM/BPhen/Ag. From the 

XRD results measured for the MA0.7FA0.3Pb (I0.9Br0.1)3, shown in Fig. 5-1, it is found that the 

MA0.7FA0.3Pb (I0.9Br0.1)3 film, formed by annealing for 30 min, had a highest XRD peak at (110), 
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indicating an improvement in crystallinity, and the annealing condition was adopted for the cell 

fabrication. The summary of the cell parameters, averaged from 12 cells measured for the 

MA0.7FA0.3Pb (I0.9Br0.1)3- and MAPbI3-based PSCs under AM 1.5 G illumination, including Voc, 

Jsc, FF, PCE, Rs, Rsh, are listed in Table 5-1. The J‒V characteristics and IPCE spectra measured 

for the MA0.7FA0.3Pb (I0.9Br0.1)3- and MAPbI3-based PSCs are shown in Fig. 5-7Fig. 5-7(a) and 

5.7(b). The optimized MA0.7FA0.3Pb (I0.9Br0.1)3-based PSCs PCE of 13.07 %, Jsc of 17.59 mA/cm2, 

Voc of 0.95 V and FF of 78.29 % were obtained, while for MAPbI3-based PSCs, the lower PCE of 

10.46 %, Jsc of 15.37 mA/cm2, Voc of 0.88 V and FF of 77.65 % were obtained. 

 

Fig. 5-5 Schematic cross-sectional view of the MA0.7FA0.3Pb (I0.9Br0.1)3- and MAPbI3-based 

PSCs. 

UPS measurements were further conducted to understand the difference in Voc of the 

MA0.7FA0.3Pb (I0.9Br0.1)3- and MAPbI3-based PSCs. In this work, the surface electronic properties 

of the PEDOT:PSS, MAPbI3 and MA0.7FA0.3Pb (I0.9Br0.1)3 films, prepared on top of ITO/glass 

substrates, were analyzed using UPS measurements. The secondary electron cut-offs, UPS spectra 

and valence spectra are shown in Fig. 5-6(a), 5.6(b) and 5.6(c), respectively. Through the UPS 

analysis the WF of PEDOT:PSS, MAPbI3 and MA0.7FA0.3Pb (I0.9Br0.1)3 films can be found as 5.2 

eV, 4.4 eV and 4.4 eV respectively. 
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In our experiments the MA0.7FA0.3Pb (I0.9Br0.1)3-based PSCs always exhibit higher Voc, with 

an average value of 0.94 V. While for the MAPbI3-based PSCs, an average Voc of 0.88 V was 

obtained, which agrees with Voc for the inverted PSCs reported by other groups 57. The difference 

in Voc values between the MA0.7FA0.3Pb (I0.9Br0.1)3- and MAPbI3-based PSCs can be explained by 

a reduced energy loss at the HEL/perovskite interface. Jea Woong Jo et al. reported that methyl 

ammonium iodide (MAI) precursor presumably induces changes in PEDOT:PSS located near the 

PEDOT:PSS/perovskite interface during the processing of the perovskite layer 60, caused by a 

counterion exchange reaction of the PSS polymer with MAI at the PEDOT:PSS surface. There 

would be a slight electron transfer from the nitrogen atom of MAI to PEDOT:PSS, leading to the 

formation of interface dipole. This may have induced vacuum-level shift and results in reduced 

WF in the PEDOT:PSS layer. Jinji Luo et al. already reported that the electrical properties of  the 

PEDOT:PSS can be tuned by modifying it with amino compounds80. A low Voc was expected for 

the inverted MAPbI3-based PSCs with a PEDOT:PSS HEL, caused by the interaction between 

MAI and PEDOT:PSS. The conclusion derived from the above discussion and based on our UPS 

results, materialist is shown that MA0.7FA0.3Pb (I0.9Br0.1)3 and MAPbI3 layers have similar WF, 

however it seems that MA0.7FA0.3Pb (I0.9Br0.1)3 based active layer does not significantly affected 

by the PEDOT:PSS due to less MA ratio, and leading to higher Voc value as compared to the 

MAPbI3-based PSCs. 
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Fig. 5-6 UPS spectra measured for the surfaces of the MA0.7FA0.3Pb (I0.9Br0.1)3, MAPbI3 and 

PEDOT:PSS layers on ITO/glass substrates . 

In order to gain an insight to understand the improvement of Jsc and FF with MA0.7FA0.3Pb 

(I0.9Br0.1)3-based device, the Jph−Veff characteristics measured for the MA0.7FA0.3Pb (I0.9Br0.1)3- and 

MAPbI3-based PSCs were measured and plotted in Fig. 5-7(c).  Jph can be derived from the 

difference of current density in the dark from the current density under illumination. Veff is defined 

as Veff =Vo-Va, where Vo is considered as the compensation voltage (the voltage at which 

photocurrent is “0”), and Va is the applied voltage. As shown in Fig. 5-7(c), Jph obtained for the 

MA0.7FA0.3Pb (I0.9Br0.1)3-based PSCs is one order of magnitude higher than that of the MAPbI3-

based PSCs at low Veff. This suggests that the MA0.7FA0.3Pb (I0.9Br0.1)3-based PSCs possessed a 

higher charge collection efficiency, and thereby a low loss to the charge recombination. 

To further analyze the photo generated carrier recombination processes both types of PSCs, 

light intensity (I) dependent J‒V characteristics were measured. The double logarithmic plots of 

Jph-I characteristics measured for both types PSCs are shown in Fig. 5-8(a) and 5.8(b). The power 

law dependence of Jph and I can be observed. Relationship between Jph and light intensity can be 
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explained by given equation as, Jph ∝ Ia , the exponent a approaches to unit, when almost all the 

photo-generated charge carrier are extracted prior to recombination. Less efficient charge transport 

and charge extraction will give rise to a smaller a value. 

In Fig. 5-8(a), the results show that from the MA0.7FA0.3Pb (I0.9Br0.1)3-based device had high 

power exponent α of ~1.0 over the broad effective internal potential range from 0.05 – 0.96 V, e.g., 

corresponding to cells being operated at the short circuit (Veff=0.96 V), maximum power output 

(Veff=0.17 V) and near open circuit (Veff=0.05 V) conditions. This indicates the efficient charge 

extraction prior to the recombination in the device. While for structurally identical control 

MAPbI3-based device the power exponent a decreases with the effective internal potential with 

smaller values of 0.98 (Veff=0.93V), 0.97 (Veff=0.19V) and 0.74 (Veff=0.05V). It is clear that the 

charge transport and charge collection in the MAPbI3-based device is less efficient in comparison 

with that in the MA0.7FA0.3Pb (I0.9Br0.1)3-based device. 

To understand the charge transfer property in both types of PSCs, PL spectra measured for the 

MA0.7FA0.3Pb (I0.9Br0.1)3 and MAPbI3 films grown on PEDOT:PSS HELs are shown in Fig. 5-7(d). 

Both perovskite films show a PL emission peak around 758 nm. The PL quenching efficiency of 

MA0.7FA0.3Pb (I0.9Br0.1)3/ PEDOT:PSS exhibits lower, suggesting a better hole transfer at the 

MA0.7FA0.3Pb (I0.9Br0.1)3/HEL interface as compared to that at the MAPbI3/HEL interface71. Hence, 

improved the photocurrent and FF are then observed in the MA0.7FA0.3Pb (I0.9Br0.1)3-based PSCs, 

as shown in Table 5.1. 

Table 5-1: A summary of the cell parameters obtained for the MA0.7FA0.3Pb (I0.9Br0.1)3- and 

MAPbI3-based PSCs, measured under AM 1.5 G illumination. 

Active layer PCE (%) JSC (mA/cm2) VOC (V) FF Rs (Ω.cm2) Rsh (Ω.cm2) 

MA0.7FA0.3Pb 

(I0.9Br0.1)3 

12.93±0.11 

(13.07) 
17.59±0.13 0.93±0.01 78.99±0.65 5.71±0.14 566±76 

MAPbI3 
10.46±0.19 

(10.65) 
15.37±0.13 0.88±0.00 77.65±0.83 6.78±0.34 739±486 
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Fig. 5-7 (a) J-V characteristics (b) IPCE spectra (c) Jph−Veff characteristics measured for the 

MA0.7FA0.3Pb (I0.9Br0.1)3- and MAPbI3-based PSCs. (d) PL spectra measured for the 

MA0.7FA0.3Pb (I0.9Br0.1)3 and MAPbI3 layers formed on the PEDOT:PSS surface. 
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Fig. 5-8 Photocurrent−light intensity characteristics measured for the MA0.7FA0.3Pb (I0.9Br0.1)3- 

and MAPbI3-based PSCs under different effective voltages. 

5.7. Stability of MA0.7FA0.3Pb (I0.9Br0.1)3- and MAPbI3-based PSCs 

The stability of the MA0.7FA0.3Pb (I0.9Br0.1)3- and MAPbI3-based PSCs also was examined. 

After finishing the cell fabrication, all the devices were transferred to glovebox without exposing 

to the ambient air. In order to prevent the possible cell degradation due to the interaction of the 

perovskite active layers with the residual chemicals in the glovebox, the glovebox systems were 

purged with N2 gas maintaining the H2O and O2 levels <0.1 ppm for cell encapsulation. After the 

encapsulation, the PSCs were removed from the glove box and kept in the ambient for aging test, 

with a typical aging period of >40 days. The normalized device parameters Jsc, Voc, FF and PCE, 

measured for the MA0.7FA0.3Pb (I0.9Br0.1)3- and MAPbI3-based PSCs, as a function of aging time 

are shown in Fig. 5-9(a), 5.9(b), 5.9(c) and 5.9(d), respectively. The MA0.7FA0.3Pb (I0.9Br0.1)3 based 

device experienced a slow degradation in Jsc, Voc and FF, thereby a slower decrease in PCE as 

compared to that of the MAPbI3-based PSCs. For the MA0.7FA0.3Pb (I0.9Br0.1)3-based device, there 

is a 5.6% drop in Jsc, 7.6% drop in FF and 1.3% decrease in PCE after, e.g., 40 days. While for 

the control cells, 8.7% drop in Jsc, 7% in FF and 17.74% drop in PCE were observed in the cells 

aged in same condition.  
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Fig. 5-9 The normalized Jsc, Voc FF and PCE measured for the MA0.7FA0.3Pb (I0.9Br0.1)3- and 

MAPbI3-based PSCs over the period of >40 days. 

 

5.8. Conclusions 

  The effect of the annealing temperature on the growth of the mixed MA0.7FA0.3Pb (I0.9Br0.1)3 

perovskite active layer and its impact on the cell performance was analyzed. It was found that the 

optimal growth of the mixed perovskite active layer occurred at an annealing condition of 100°C 

for 30 min. UPS results reveal that the MA0.7FA0.3Pb (I0.9Br0.1)3 and MAPbI3 layers have similar 

bandgap, however the MAPbI3 perovskite layer was more sensitive to the PEODT:PSS due to the 

interaction between MAI and PEDOT:PSS, caused by the high MAI content in the perovskite layer. 

The Voc of the MAPbI3-based PSCs was lower than that of the MA0.7FA0.3Pb (I0.9Br0.1)3-PSCs. 

Compared to the MAPbI3-based control cell, a 14% increase in Jsc, a 8% increase in Voc, 1% in FF 
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and an overall 25% increase in PCE were obtained for the MA0.7FA0.3Pb (I0.9Br0.1)3-based PSCs. 

An obvious improvement in charge collection efficiency in MA0.7FA0.3Pb (I0.9Br0.1)3-based PSCs, 

operated at different Veff, was clearly manifested by the light intensity dependent J–V characteristic 

measurements. PL spectra measured for both types of the perovskite layers on PEDOT:PSS also 

suggest that the charge transfer between MA0.7FA0.3Pb (I0.9Br0.1)3 and PEDOT:PSS HEL is more 

efficient as compare to that at the MAPbI3/PEDOT:PSS HEL interface. The stability of the 

MA0.7FA0.3Pb (I0.9Br0.1)3- and MAPbI3-based PSCs was studied. The results reveal that the 

MA0.7FA0.3Pb (I0.9Br0.1)3-based PSCs were more stable as compared to the MAPbI3-based PSCs, 

aged under the same conditions. It shows that the improved interfacial quality at the 

perovskite/HEL and the enhanced charge extraction capability are responsible for efficient and 

stable operation of MA0.7FA0.3Pb (I0.9Br0.1)3-based PSCs. 
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Chapter 6 : Summary and Future Work 

6.1. Summary 

The effect of the HEL and its modification on the performance of the inverted planar PSCs 

was examined. The enhancement in hole extraction, suppression of charge recombination, herein 

increase charge collection capability, and enhanced effective built-in potential across the active 

layer are the prerequisites for the efficient operation of the PSCs. The results in this work reveal 

that the surface hydrophobicity of the HEL is also responsible for the growth of pin hole free and 

full coverage perovskite layer.  In this work, two different solution processable HEL approaches 

have been developed to address the limitations of the PEDOT:PSS HEL used in the PSCs.  

Firstly, the surface of the PEDOT:PSS HEL is modified using with sodium citrate solution to 

improve the HEL surface electronic properties.  This modification leads to ca. 26% improvement 

in the PCE of inverted PSCs as compared to the structurally identical PSCs with a PEDOT:PSS 

HEL. The improvement in the performance of PSCs with a modified PEDOT:PSS HEL is 

attributed to  the enhanced hole extraction and thereby suppressing charge recombination. It is 

observed that a higher ratio of PEDOT to PSS in modified HEL of 0.20 was obtained as compared 

to that in the PEDOT:PSS HEL (0.11), leading to higher Jsc and Voc. Light intensity dependent J−V 

study reveals that the PSCs with a modified HEL shows less recombination (trap assisted or 

bimolecular) as compared to the structurally identical control device with a pristine PEDOT:PSS 

HEL. We also observed that the modified PEDOT:PSS HEL also has a function acting as an 

electron blocking layer to reduce the dark current. AFM study shows that the RMS surface 

roughness of modified PEDOT:PSS HEL was 2.25 nm, which was slightly higher then 1.25 nm 

measured for the pristine PEDOT:PSS HEL. The pinhole free perovskite layers can be grown on 

the pristine and the modified PEDOT:PSS HELs, showing similar grain size and the uniform 
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coverage across the substrates. XRD patterns also show complete transformation from 

intermediate precursor state to the perovskite phase was taken place in the perovskite layers grown 

both types of HELs. 

The advantages of incorporating WO3-PEDOT:PSS composite HEL for inverted PSCs were 

analyzed. A 22% enhancement in the PCE of the PSCs with a WO3-PEDOT:PSS composite HEL 

was demonstrated as compared to the PSCs with a pristine PEDOT:PSS-HEL. Surface electronic 

properties of WO3-PEDOT:PSS composite HEL and its impact on the overall device performance 

were studied. It is found that the RMS of the WO3-PEDOT:PSS composite HEL is similar to that 

of a pristine PEDOT:PSS HEL. Morphological study through SEM also shows WO3 does not 

really affect the nucleation process in the growth of the perovskite layer, as the uniform pinhole 

free perovskite layer was grown on the composite HEL across the substrate. It is shown that the 

composite HEL gas a higher work function (Ø) of 5.21 eV as compared to that of the pristine 

PEODT:PSS HEL (5.02 eV), leading to a higher Voc and improved charge collection efficiency in 

PSCs with a composite HEL.  PSCs with a WO3-PEODT:PSS composite HEL also possess a slow 

degradation as compared to the control PSCs with a pristine PEDOT:PSS HEL.     

The operation stability of MA0.7FA0.3Pb (I0.9Br0.1)3-and MAPbI3-based PSCs was analyzed. 

The growth of the MA0.7FA0.3Pb (I0.9Br0.1)3 active layer in the cells was optimized,  leading to a 

25% increase  in PCE. An obvious improvement in the charge collection efficiency from the mixed 

perovskite-based PSCs is attributed to high the charge transfer at MA0.7FA0.3Pb (I0.9Br0.1)3/HEL 

interface and as compared to that at theMAPbI3/HEL in MAPbI3-based PSCs. The stability of 

MA0.7FA0.3Pb (I0.9Br0.1)3- and MAPbI3-based PSCs was examined. It shows that the MA0.7FA0.3Pb 

(I0.9Br0.1)3-based PSCs are more stable with on a 1.3% decrease in PCE after an aging test of >40 



 

83 

 

days, whereas a much high drop in PCE of 17.74% was seen in the MAPbI3-based PSCs, aged 

under the same conditions. 

6.2. Future Work 

The knowledge we learnt in this work can be further extended and utilized for fabricating large 

area perovskite solar cells (>1cm2). The inverted planar PSCs with high power conversion 

efficiencies have been reported, there is still a room for further improvement as the theoretical 

prediction PCE of >31% can be realized. Additional issues should be addresses before the 

commercialization of PSCs. This includes: a) suppression of non-radiative recombination and 

enhance the charge transportation capability in PSCs, associated with the improvement in Voc and 

FF. b) For stable perovskite active layer, chemical composition engineering such as mixed cations, 

is required through which the bandgap can be further tuned for increasing the photocurrent (Jsc). 

c) Full surface coverage and pinhole free perovskite layer is responsible for reducing the 

recombination and the current leakage. d) Interface modification at the HEL/perovskite and 

EEL/perovskite interfaces, is very important in reducing contact resistance, recombination at the 

interface hence improving the Jsc. e) long term stability is one main issue for large area PSCs, that 

required interdisciplinary research to find new stable materials for both the active layer as well as 

the charge transporting layers. By keeping such strategies, perovskite–based solar cells will be the 

possible alternative to conventional silicon solar cells in the near future.   
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