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ABSTRACT 

The newly emerging organo-metal halide perovskite solar cells (PSCs), which was 

developed a decade ago, represent one of the most promising photovoltaic 

techniques to compete with the currently-dominating Si solar cells in the future. 

PSCs are characteristic of some desirable features of high efficiency, low cost, 

lightweight, solution processability, and so forth. Importantly, PSCs possess 

intrinsically excellent flexibility, stemming from sub-micrometer photo-active 

perovskite materials thanks to their high photo-absorption capabilities. However, 

flexible PSCs employing the transparent conductive oxides (TCOs) as the front 

electrodes often encounter severe device degradation during high degrees of 

mechanical deformation, as a result of the brittle TCOs. Although some transparent 

conductive materials based on polymers, carbons or metals have been extensively 

exploited to replace TCOs, many of them still suffer from inferior optoelectrical 

properties and/or high fabrication cost. In view of these challenges, TCO-free 

highly-flexible PSCs will be developed with the objectives of obtaining a high 

device efficiency and a low material cost at the same time in this thesis. 

Firstly, three types of transparent electrodes are developed by using metal grids 

(Au or Cu) or acid-treated PH1000 film on the flexible PET substrate. Key 

parameters of the metal grids and the PH1000 film have been investigated for the 

sake of the desired optoelectrical features. These TCO-free transparent electrodes 

could demonstrate satisfactory performance suitable for PSCs application. More 

interestingly, their high mechanical durability is potentially favorable for 

fabricating highly-flexible PSCs. 

Next, flexible PSCs are fabricated based on the hybrid transparent electrode of Au 

grids and a thin layer of the conductive polymer PEDOT:PSS. The flexible device 

shows a champion PCE of >11%, which is comparable to the reference device on 

the rigid Glass/ITO substrate. Such flexible PSCs could maintain 90% and 85% of 

their initial efficiencies after being bent for 1000 times at a radius of 10 mm and 6 

mm, respectively.  

Then, Cu are used both as the bottom transparent electrode as well as the top rear 
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electrode for flexible PSCs in order to reduce the materials cost. The low-cost 

inorganic copper-doped nickel oxides (Cu:NiOx) are also studied and prove to be 

an efficient and stable hole-transporting layer (HTL) material, after treatment with 

methanol (MeOH). As-fabricated flexible PSCs show a champion efficiency of 

~14%. When bent a radius of 5 mm for 1000 times, PCE of as-fabricated PSCs 

decayed only by ~10%, with negligible changes in Voc and FF. 

Lastly, PH1000 films deposited on PET are also exploited as the flexible 

transparent electrodes, upon treatment with a mild acid, methanesulfonic acid 

(MSA). The smoother surface and the higher optical transmittance in comparison 

to the metal grids-based hybrid transparent electrodes make MSA-PH1000 film a 

promising TCO alternative in the application for flexible PSCs. 

In conclusion, TCO-free transparent electrodes based on metals or polymers have 

been fabricated and successfully applied in the high-performance flexible PSCs, 

in combination with some inexpensive materials. This work may provide some 

insights as to how to fabricate low-cost and high-performance flexible electronic 

devices.  
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CHAPTER 1 INTRODUCTION 

1.1 Background and Challenges 

The newly emerging organic-metal halide perovskite solar cells (PSCs) have 

witnessed a rapid learning curve over the past decade, with the power conversion 

efficiency (PCE) soaring from the initial value of 3.8% in 2009 to the current 

record level of 24.2%.[1-2] PSCs are regarded as one of the most promising third-

generation photovoltaic techniques as a result of their high efficiency, low 

manufacturing cost, lightweight and so forth. PSCs are attractive in that the 

organo-metal halide perovskites have a high absorption coefficient over a wide 

range of the solar spectrum.[3] It was reported that the perovskite materials also 

have a long carrier diffusion length ranging from hundreds of nanometers (nm) up 

to micrometers (m) as a result of the high charge carrier mobilities and/or the low 

charge recombination rate,[4-6] which endows a thin layer of 300~500nm 

perovskite film with outstanding photovoltaic performance.[7-10] The intrinsic 

flexibility of PSCs is of particular interest and significance as well to the fast 

development of a wide variety of flexible and wearable electronics. As a matter of 

fact, the development of flexible PSCs has kept in close pace with their rigid 

counterparts. Up to now, flexible PSCs have reached a high PCE of >18%,[11-15] 

and already could meet the performance requirements in practical application. Yet, 

the stability of such flexible PSCs is not always satisfactory during repeated and 

high-degree mechanical deformation.  

One major cause for the limited performance and the poor mechanical durability 

in flexible PSCs comes from the transparent electrodes, which are mostly made of 

transparent conductive oxides (TCOs), typically indium tin oxides (ITO) and 

fluorine-doped tin oxides (FTO). These TCOs materials often demonstrate inferior 

optoelectronic properties due to the low-degree crystallinity, when they are 

deposited under a low temperature on the flexible substrates such as polyethylene 

terephthalate (PET) or polyethylene naphthalate (PEN), potentially reducing the 

performance of the flexible devices.[9, 16-18] In addition, it has been reported that 

ITO forms noticeable cracks under high-degree deformation before the failure of 
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the perovskite film itself, limiting their usage in highly flexible application 

scenario.[17, 19-21] Besides, the dwindling indium reserve imposes a great cost threat 

to the ever-increasing demand in consumer electronics.  

Table 1: Self-estimation of the cost of some common materials employed in the inverted PSCs. The 

costs are roughly estimated based on the solid source materials evaporated merely on 

(underestimated) or the solution entirely taken for being spin-coated on (overestimated) the 

substrate with a size of 2 cm2 (i.e. no consideration of costs of the source materials not evaporated 

on the substrate and the solvents of the solution). The unit prices for the materials are referred to 

the sources listed in Section 3.1.1. ITO is based on a 160-nm-thick ITO film corresponding to the 

transmittance (T%) >83% and the sheet resistance (Rsh) of 8~12 Ω sq-1. NiOx and ZnO are based 

on the precursor materials of Ni(NO3)2·6H2O and Zn(Ac)2·2H2O without considering the synthesis 

cost.  

Component Material 

Unit 

Price 

($/kg) 

Density or 

Concentration 

(g cm-3) 

Film 

Thickness 

(nm) 

Solution 

Volume 

(cm3) 

Cost per 

Substrate 

($) 

Transparent 

Electrode  

ITO 6.07E+04 1.2 160  2.33E-03 

Au 1.68E+05 19.3 60  3.89E-02 

Cu 3.63E+03 8.96 50  3.25E-04 

PH1000 6.79E+02 1  0.05 3.40E-02 

       

Hole 

Transporting 

Layer 

PTAA 1.85E+06 0.005  0.05 4.63E-01 

4083 6.45E+02 1  0.10 6.45E-02 

NiOx 1.28E+02 0.01  0.50 6.39E-03 

       

Perovskite  
MAI 2.06E+04 0.0158  0.05 1.63E-02 

PbI2 2.67E+03 0.0494  0.02 6.59E-03 

       

Electron 

Transporting 

Layer 

PC61BM 3.17E+05 0.03  0.05 4.75E-01 

BCP 3.92E+05 0.0005  0.10 1.96E-02 

ZnO 1.10E+04 0.008  0.05 4.38E-03 

       

Rear 

Electrode 

Au 1.68E+05 19.3 100  6.49E-02 

Ag 1.28E+04 10.49 100  2.69E-03 

Cu 3.63E+03 8.96 100  6.50E-04 

Al 2.85E+03 2.70 100  1.54E-04 

 

On the other hand, a large portion of the materials cost in PSCs come from the 
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transparent electrodes (e.g. TCOs) as well as the organic electron-transporting 

layer (ETL) and hole-transporting layer (HTL) materials (e.g. [6,6]-phenyl-C61-

butyric acid methyl ester (PC61BM), bathocuproine (BCP), poly(triarylamine) 

(PTAA)), instead of the perovskite photo absorber itself, as roughly estimated in 

Table 1. Although a great deal of work has been reported in using conductive 

polymers (mainly PEDOT:PSS[21-28]), carbon-based conductive materials (carbon 

nanotubes,[29-33] graphene,[34-36] etc.), metal-based transparent electrodes (ultrathin 

metal films,[37-39] metal nanowires,[40-42] etc.) or the blend of these materials,[43-47] 

as the substitutes for TCOs in flexible PSCs, most of these TCO-free transparent 

conductive materials either suffer from the limited optoelectrical properties or the 

high materials cost. It is therefore highly desirable to develop TCO-free and low-

cost flexible transparent conductive materials with appealing optoelectrical 

properties for use in flexible PSCs.  

To this end, this thesis aims at developing high-quality yet low-cost transparent 

conductive materials on flexible substrates to work as the bottom transparent 

electrode in flexible PSCs. Besides, low-cost inorganic charge carriers transporting 

materials will also be a focus of study to break down the device cost further. In 

more details, the environmentally-stable noble metal Au will firstly be exploited 

to fabricate transparent grids on flexible PET substrate, which can work as the 

bottom transparent electrode for flexible PSCs after being hybridized with a thin 

layer of the conductive polymer. Next, Cu will be used both in the bottom 

transparent electrode as well as in the top rear electrode, together with the 

inorganic HTL material of copper-doped nickel oxides (Cu:NiOx), to reduce the 

materials cost. Lastly, a mild acid treated PEDOT:PSS (PH1000) film on the 

flexible PET substrate serves as another candidate for the TCO-free transparent 

electrode in the flexible PSCs application.  

1.2 Research Objectives 

This thesis mainly aims to study the fabrication, the properties and the performance 

of TCO-free transparent materials in flexible PSCs. A minor effort will also be 

given on the study of inorganic charge carriers transporting materials, which can 

be used in harmony with the aforementioned transparent conductive electrode for 
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application in flexible PSCs. Altogether, the objectives of this work are to fabricate 

flexible PSCs with high performance, high flexibility, high stability and low cost. 

More specifically, the objectives are progressed in the following stages: 

1. To fabricate TCO-free transparent conductive film based on metal grids (Au and 

Cu) or conductive polymer and to study their optoelectrical, morphological, 

mechanical and chemical properties.  

2. To fabricate flexible PSCs based on the transparent electrode made from Au 

grids. 

3. To fabricate flexible PSCs with low-cost Cu bottom and top electrodes as well 

as the inorganic HTL material Cu:NiOx. 

4. To fabricate flexible PSCs with highly conductive PH1000 film treated with a 

mild acid on PET. 

1.3 Research Originality 

This work develops three types of transparent conductive materials to substitute 

TCOs for use in flexible PSCs.  

In the first place, in order to explore the potentials of metal-based grids as the 

bottom transparent electrodes in flexible PSCs, the environmentally-stable noble 

metal of Au was fabricated in protruded grids via the proof-of-concept methods of 

photolithography and thermal deposition. The effects of the patterns and the 

thickness of the transparent Au grids on their optoelectrical properties as well as 

on the photovoltaic performance of the flexible PSCs were studied. The flexibility 

of the Au grids based transparent electrode and the resulted PSCs were also 

investigated.  

Secondly, lower-cost metal of Cu in contrast to Au was employed to fabricate the 

transparent conductive grids with optimized features in grids pattern. The major 

advantages of Cu include less protrusion of the grids owing to its better electrical 

conductivity which is beneficial to the device performance, lower material cost, 

and higher device stability. For these reasons, Cu was also employed as the top 
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rear electrode. Besides, the laboratory-synthesized inorganic Cu:NiOx 

nanoparticles (NPs) was exploited, which could work as an efficient, stable and 

cheap HTL material after necessary MeOH treatment on the underlying PH1000 

film, to boost the device performance and to reduce the material cost further. 

Thirdly, a highly conductive PH1000 film formed on the flexible PET substrate 

was fabricated upon the treatment of a mild acid of methanesulfonic acid (MSA). 

Compared to the protruded metal transparent Au or Cu grids, the MSA-PH1000 

film showed advantages of smoother surface and higher transmittance, which 

could potentially enable higher performance of the flexible PSCs. As an example, 

very thin PTAA and ZnO films could be employed to work as the HTL and the 

ETL in such flexible PSCs respectively, which would be of great challenges to the 

protruded metal grids. 

1.4 Outline of the Thesis 

The thesis is compiled of 8 chapters in total and is organized as follows: 

Chapter 1 gives a brief introduction about the general background of the research 

topic, the challenges the research field are facing, the objectives and the originality 

of the research work. 

Chapter 2 systematically reviews comprehensive literature about the historical 

development and the fundamental principles of SCs as well as the chemistry and 

fabrication strategies of PSCs, with some analysis on the flexible and TCO-free 

PSCs. 

Chapter 3 depicts the detailed experimental methodology, including materials and 

substrates, chemical synthesis, solution preparation, as well as the characterization 

techniques. 

Chapter 4 demonstrates the fabrication strategies of three types of TCO-free 

flexible transparent electrodes, namely Au grids, Cu grids, and MSA-PH1000, 

along with discussion on their optoelectrical, mechanical and morphological 

properties. 
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Chapter 5 studies the photovoltaic and the mechanical performance of the flexible 

PSCs using Au grids as the bottom transparent electrode. 

Chapter 6 discusses the device performance of the flexible PSCs using Cu as the 

bottom transparent as well as the top rear electrodes. The potentials of the 

inorganic HTL material Cu:NiOx was also explored.  

Chapter 7 investigates the device performance of TCO-free PSCs with MSA-

PH1000 film as the bottom transparent electrode, with some discussion on the 

choices of the HTL materials.  

Chapter 8 concludes the achievement of projects in the thesis and provides some 

insights on future work. 
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CHAPTER 2 LITERATURE REVIEW 

2.1 General Background of Solar Cells 

The direct conversion of solar energy into electricity in the so-called photovoltaic 

(PV) devices or solar cells (SCs) techniques are witnessed by some milestone 

progresses in the history, including, but not limited to, the first laboratory 

demonstration of the photovoltaic effect by the French physicist Edmond 

Becquerel in 1839, the quantum theory of the photoelectric effect by Albert 

Einstein in 1905, the first practical PV devices publicly demonstrated by Bell 

Laboratories in the 1954, and so forth. The initial driving force for 

commercializing PV devices came from the space industry in 1960s which 

required a sustainable power source in the outer space and valued efficiency more 

than cost. Soon in the domestic market, silicon (Si) SCs started gaining large 

popularity in 1980s, prompted by the remote power supply demand. Ever since 

then, enormous research efforts have been devoted to producing highly efficient 

SCs with long-term stability, massive throughput capability, and low production 

cost.[48-49] 

2.1.1 Working Principles of Solar Cells 

PV devices, also known as SCs, are electrical devices which absorb sunlight and 

convert its photon energy directly into direct current electricity by the photovoltaic 

effect, which is the creation of voltage or electric current by a material under 

illumination. Unlike other energy-converting units, SCs does not produce any 

noise or pollution during the electricity generation. It can be implemented basically 

all over the world, in the form of large modules or small-sized portable units.  

The electricity generation in the SCs is complex physical and chemical processes 

where electric characteristics of the material such as current, voltage or resistance 

vary upon exposure to the sunlight. Generally, when the incident sunlight irradiates 

the SCs, the photons will be absorbed, reflected, or transmitted by the cell. The 

absorbed photons will cause electrons in the active materials of the cell to be 

excited with higher energy, which forms the electron-hole pairs, also known as the 

excitons, if the photon energy is greater than the band gap of the material. The 
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exciton will be then separated by the electric field at the p-n junction or the energy 

difference between the LUMO level of the acceptor and the HOMO level of the 

donor.[50-51] Separated electrons and holes will move through carrier-selective 

materials and reach the cathode and anode respectively, which finally forms a 

complete electrical circuit once the external load is connected. Figure 1 shows the 

typical configuration of and the general interaction of a P-N SC with the solar 

spectrum. 

 

Figure 1: (a) Scheme of the configuration and representative working processes in a P-N SC.[51] (b) 

The interaction of a Si SC with the AM1.5 solar spectrum, where photons with energies below the 

band gap (Eg) cannot be absorbed whereas photons with energies above Eg can only be partially 

converted to the electrical energy due to energy loss from thermalization and voltage loss.[52] 

PCE is a measure of evaluating and comparing the photovoltaic performance of 

the SCs and is defined as the ratio of the generated maximum output power to the 

input photon energy. In a laboratory testing experiment, a standard solar simulator 

equipped with AM1.5 filter (100 mW cm-2) is typically used as the incident light 

source. The current-voltage (I-V) curve is collected during scanning of the SCs 

under illumination as in Figure 2. PCE is calculated by using Equation 1 and 2, 

where Isc, Voc and FF stands for the short-circuit current, the open-circuit voltage 

and the fill factor, respectively. These three photovoltaic characteristics could be 

read from the typical I-V curve.  
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Figure 2: A typical photovoltaic I-V curve for SCs.[49] 

PCE =  
𝑃𝑚𝑎𝑥

𝑃𝑖𝑛

=  
𝐼𝑠𝑐 ∗  𝑉𝑜𝑐 ∗ 𝐹𝐹

𝑃𝑖𝑛

                                         Equation 1  

FF =  
(𝐼 ∗ 𝑉)𝑚𝑎𝑥

𝐼𝑠𝑐 ∗  𝑉𝑜𝑐

                                                      Equation 2 

2.1.2 Generation of Solar Cells 

The development of SCs has experienced three major stages: crystalline SCs, thin 

film SCs and the emerging SCs.[52-53] Figure 3 shows the theoretical Shockley-

Queisser (S-Q) limit of a PV cell as a function of its band gap (Eg) and the typical 

performance for some representative PV materials as of the publication date in 

2016. The ceiling efficiency predicted from the S-Q balanced model is 33.7% for 

an ideal Eg of 1.34 eV.[52, 54] 

 

Figure 3: (a) 100%, 75% and 50% of the theoretical S-Q limit curve (as a function of Eg) and the 

representative efficiency of some photovoltaic materials (as of the publication date in 2016). (b) Jsc 

loss (poor light management) and Voc*FF loss (poor carrier management) from the S-Q limits.[52]  

The first-generation SCs are made from crystalline inorganic materials, which 
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could demonstrate efficiencies of >75% of the S-Q limit. Crystalline Si (c-Si) has 

a low Eg of 1.12 eV and the best monocrystalline Si SCs could show a PCE 

of >25%. The multi-crystalline Si SCs could be produced cheaper yet at the 

expense of a lower PCE of ~20%. Due to the relatively low absorption coefficient, 

c-Si SCs generally require a rather thick absorber layer of 100~200 m for the 

optimal trade-off between the device performance and the materials cost, yet still 

dominating the photovoltaics market with over 90% share.[52, 55-56] The highest 

crystalline material is gallium arsenide (GaAs), which demonstrates a much higher 

PCE of 25~30% and is mostly used in space exploration. Apart from the high 

production cost and some environmental concerns, the first-generation SCs usually 

have low flexibility due to their shape rigidity.  

The second-generation SCs greatly reduces the materials cost and brings some 

flexibility as a result of the thin films (2~5 m for the active layer thickness) 

configuration. Amorphous Si (a-Si) has a stronger optical absorption capability yet 

an inferior Eg (1.7~1.8 eV) in comparison to crystalline Si, showing only ~10% 

PCE for a-Si SCs. Cadmium Telluride (CdTe) SCs have a high light absorptivity - 

about 1-m-thick film can absorb ~90% of the solar spectrum, and therefore can 

reach a high PCE of >20%. Copper Indium Gallium Selenide (CIGS) has an 

exceptionally high absorption coefficient and thus have the highest PCE among 

thin film SCs. However, these thin film SCs still face the challenges of high 

temperature and high vacuum conditions during fabrication.[52-53, 57] 

The high production cost and the harsh fabrication condition of the first- and 

second-generation SCs motivated researchers to explore new materials to tackle 

these problems. Organic solar cells (OSCs), dye-sensitized solar cells (DSSCs), 

and the very recent perovskite solar cells (PSCs) came in this place as the newly 

emerging third-generation photovoltaic techniques. Although most of the third-

generation PV techniques are still at their early age of academic investigation with 

little commercial successes,[58-59] they demonstrate great merits in solution-

processability, cost-effectiveness and superior mechanical flexibility. OSCs make 

use of small organic molecules or large polymers to absorb sunlight and have the 

desired attributes of lightweight, low cost, high flexibility, printing compatibility 
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and so forth. (Figure 4a) Very recently, a polymer SC has been reported with the 

record PCE of 16.5% and 15.3% for a device with a size of 0.09 cm2 and 1 cm2, 

respectively.[60] However, OSCs usually decay very quickly after long-term 

exposure to sunlight as the organic molecules degrade over time.[50, 61-62] DSSCs 

are based on photo-active molecular dyes which are coated on a semiconductor 

electrode and involve the electrochemical process of the reversible redox reaction 

of the liquid electrolyte.[63-64] (Figure 4b) Upon light illumination of the dye, the 

photo-generated electrons diffuse to the cathode via mesoporous TiO2 film, travel 

to the counter electrode via the external circuit and finally recombine with the 

holes remaining in the electrolyte. The DSSCs are cheap to produce by using well-

developed industrial roll-to-roll printing techniques and are semi-flexible. 

Nevertheless, they require some expensive materials such as platinum (Pt) and 

ruthenium (Ru) for high performance. The possible leakage of the liquid 

electrolyte also imposes a serious challenge for the practical use of DSSCs. 

Evolved from DSSCs, PSCs show great potentials in various photovoltaic 

application scenario thanks to their high efficiency, low cost, lightweight, solution 

processability, printing compatibility, high flexibility and so on, although some 

critical issues such as device instability and health threats still need addressing 

before practical commercialization.[52, 65-70] 

 

Figure 4: The schematic operation mechanism of (a) a polymer solar cell,[50] and (b) a dye-

sensitized solar cell based on a ruthenium-type dye (N719).[71]  

2.2 Development of Perovskite Solar Cells 

PSCs were inspired by the DSSCs and took similar configuration at early stages. 

(Figure 5) It was firstly reported by Tsutomu Miyasaka’s group in 2009.[1] In this 

work, the organic photosensitizers of dye molecules traditionally used in DSSCs 



12 

were replaced by the hybrid organic-metal halide perovskites materials 

(CH3NH3PbI3 and CH3NH3PbBr3) and the PSCs demonstrated an initial PCE of 

3.8%. In 2012, the liquid electrolytes in DSSCs were also substituted by a solid-

state hole conducting material and the efficiency of as-prepared PSCs was boosted 

to 9.7% in Prof. Michael Grätzel’s group.[72] Soon thereafter, research group of 

Prof. Henry J. Snaith fabricated two types of representative PSCs, one with an 

insulating Al2O3 scaffold instead of the mesoporous TiO2 electron collecting layer 

in previous PSCs and the other one in the planar heterojunction configuration 

without use of any mesoporous structure, both of which demonstrated a high PCE 

over 10%.[73-74] Ever since, PSCs have been developed with different chemical 

compositions, in different device architectures, and by different fabrication 

methods over a decade of study. 

 

Figure 5: Schematic illustration and comparison of the device structure in a typical DSSC and 

PSC.[59] 

2.2.1 Architecture and Composition of Perovskite Solar Cells 

PSCs are generally configurated in stacked structures of the substrate, the front 

transparent electrode, the rear electrode, the perovskite layer, the ETL, the HTL, 

and possibly some necessary interfacial buffer layers. 

The PSCs can either take the normal/regular structure (i.e. n-i-p) or the inverted 

structure (i.e. p-i-n), both of which could demonstrate a high PCE of >20%.[75-76] 

Initially, the PSCs were fabricated with the ETL located atop the front transparent 

electrode on the substrate. It was therefore to define a device with such structure 

as the normal or regular PSC. In the normal-structured PSCs, the ETL materials 
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could either be in the mesoporous forms or in the planar heterojunction films. Later 

on, the inverted PSCs were also developed with the p-i-n configuration with 

respect to the substrate.[75-78] Inverted PSCs have advantages of lower processing 

temperature, suppressed J-V hysteresis effects, better printing compatibility with 

large plastic substrate and so forth.[8, 77-78] Figure 6 illustrates and compares the 

different device configuration in PSCs. 

 

Figure 6: Schematic illustration of the PSCs in normal (n-i-p) structure with a compact planar ETL 

or a mesoporous ETL or in the planar inverted (p-i-n) structure.[75]  

During the device operation, if the light enters the cell from the device support side 

(e.g. glass), the PSCs are categorized as in the superstrate configuration, which 

means the support is “above” or in “super” state of the actual cell with respect to 

the sun and is similarly named as that in Si SCs.[52, 79-80] (Figure 7) On the contrary, 

the devices are in the substrate illumination configuration if the light goes in the 

cell from the opposite side of the device support. At present, high-performance 

PSCs with the PCE above 20% are mostly realized in the superstrate configuration, 

which however requires the device support to be transparent. Substrate 

configuration is desirable in fabricating the semi-transparent or tandem SCs, 

making using of metallic device supports at a high temperature, or taking 

advantage of the industrial roll-to-roll processes. Noteworthily, other than in the 

specific terminology here for the device operation under sun illumination, the word 

“substrate” elsewhere exclusively means the device support, on which the actual 

cells are residing during fabrication, regardless of the device being tested in the 

superstrate or substrate illumination configuration. 
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Figure 7: Schematic illustration of the PSCs with (a) the superstrate configuration or (b) the 

substrate configuration.[80] 

The Substrate, the Front Transparent Electrode and the Back Electrode  

The substrate for PSCs can be rigid (e.g. glass) or flexible (e.g. polymeric film, 

metallic foil), opaque or transparent depending on the device structure and the 

application scenario. The front transparent electrode permits sunlight to enter into 

the cell and is connected to one end of the two-terminal contacts to the external 

electrical circuit during device operation. TCOs, especially ITO and FTO, are the 

most frequently employed candidates for front transparent electrodes in the 

superstrate configuration, since they could demonstrate excellent optoelectrical 

properties. For example, a 180-nm-thick ITO can achieve a low Rsh of ~11 /□ 

while maintaining a high T% of ~92% over the visible range of 400-700 nm at the 

same time.[81] FTO has comparable optoelectrical performance and can withstand 

the temperature over 150 ℃, which is suitable for some ETLs necessarily 

processed at a high temperature.[82] A back electrode is located on the other side of 

the device to allow reflection of the sunlight and serves as the opposite contact to 

the electrical circuit. Metals like Au, Ag, Cu or Al are mostly the choice of 

materials for the back electrode. In certain cases, both electrodes can be made of 

transparent conductive materials to fabricate semi-transparent PSCs, which are 

advantageous for tandem cell application in junction with other SCs or absorbing 

the light from either side of the device for electricity generation.[24, 80, 83-85]  

The Organo-metal Halide Perovskites 

In the middle layer of the PSCs is present the photo-absorbing material of the 
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perovskite film, which could absorb the sunlight to generate the electron-hole pairs. 

The organic-metal halide perovskites adopt the same crystal structure as the 

inorganic perovskite CaTiO3 and take the general chemical formula of ABX3, 

where A is the organic cations with large sizes (e.g. methylammonium ion, MA, 

CH3NH3
+; formamidinium ion, FA, HC(NH2)2

+), B is the smaller inorganic cations 

(e.g. Pb2+) and C is the halide anions (e.g. I-, Br-, Cl-) (Figure 8a).  

 

Figure 8: (a) Schematic illustration of the crystal structure of the pervoskite ABX3.[65] (b) 

Absorption coefficient of various photo absorber materials. [65] Time-resolved photoluminescence 

measurements of the mixed halide perovskite CH3NH3PbI3-xClx (c, where the inserted figure stands 

for the PL decay rate of the two perovskites with the PMMA layer and the lifetime e is defined as 

the time elapsed to 1/e of their initial intensity) and the triiodide perovskite CH3NH3PbI3 (d) with 

an electron (PCBM) or a hole (Spiro-OMeTAD) quenching layer together with the fitted data.[4] 

MAPbI3 is the simplest form of the organo-metal halide perovskite that can enable 

high efficiency for PSCs. Fine tuning in the chemical composition of A, B and/or 

X component could make significant effects on the film quality (surface coverage, 

film morphology, crystallinity, pinholes density, etc.), the chemical stability, the 

band gap, the charge carriers transporting behaviors, and so on.[86] The bandgap of 

the perovskite MAPbI3 can be engineered by addition of halide ions, [87-88] organic 
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cations (FA+ [89-90]) or metal ions (Sn2+ [91-93]). The slightly excessive amount of 

PbI2 in the triiodide perovskite precursor of MAI:PbI2 mixture, namely non-

stoichiometric ratio, could modify the energy alignment and the electronic 

coupling at the interfaces, beneficial to the charge transfer.[94-95] The excessive 

iodide ions (I-) in the FAPbI3 perovskite layer was also demonstrated to be able to 

decrease the film defects, enabling PSCs with a certified PCE of 22.1% and 19.7% 

for a device with a size of ~0.1 cm2 and 1 cm2, respectively.[96] The Cl- component 

in the precursor solution could slow down the crystallization process and thereby 

lead to a relatively uniform morphology of the film.[97] Use of lead acetate 

(Pb(Ac)2) instead of the lead halide source of PbI2 or PbCl2 could induce a much 

faster growth of the perovskite crystals, contributing to an ultra-smooth and 

pinhole-free perovskite film.[98] 

The organo-metal halide perovskites are excellent photovoltaic materials on the 

following grounds. (1) They have a high absorption coefficient in the wavelength 

range of 300~800 nm, which is very advantageous in making the most of the 

visible sunlight. (Figure 8b)[65] As so, PSCs can demonstrate a PCE over 20% 

with a thin perovskite layer of ~500 nm, 1~3 orders of magnitudes lower than that 

for Si SCs. This is particularly appealing in minimizing the material cost as well 

as in making ultrathin flexible PSCs. (2) The organo-metal halide perovskites have 

an exceptionally long charge carrier diffusion length, ranging from ~100 nm in the 

triiodide perovskite (MAPbI3) to >1 m in the mixed halide perovskite 

(CH3NH3PbI3-xClx), or even to >10 mm in the single-crystal perovskite.[92] The 

longer diffusion length in CH3NH3PbI3-xClx perovskite is reflective of a much 

longer recombination lifetime as shown in Figure 8c and 8d.[4] (3) Low 

temperature and solution processes are feasible for the perovskite film formation, 

which could potentially reduce the material cost and enhance the production 

capability.[99] 

The ETLs, The HTLs and the Interfacial Layers 

In between the two electrodes and the middle perovskite film, two individual 

charge carriers-selective layers on each side of the perovskite film are usually 

necessary to assist the separation and collection of the photo-generated charge 
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carriers. The energy levels, charge carrier mobilities, chemical compatibilities of 

these charge-selective materials with the perovskite will have some profound 

influences on the device efficiency and stability. 

One layer is the ETL which could selectively block the photo-generated holes and 

transport the electrons to one electrode.[100-101] The ETL is usually made of a thin 

film of n-type inorganic or organic semiconductor materials, which have the 

conduction band (CB, for inorganic species) or a lowest unoccupied molecular 

orbital (LUMO, for organic species) in suitable energy level. Devices with a high 

Voc (> 1V) have been realized both with inorganic ETL materials (TiO2,
[102-103] 

SnO2,
[104-105] ZnO.[106-108]) and the organic ETL materials (PCBM[109]). TiO2 

(anatase) has a favorable CB (~4.0 eV) to promote electron transporting as well as 

a deep VB position to efficiently block holes. However, the preparation of TiO2 

ETL generally requires a high sintering temperature (> 450°C), increasing the 

fabrication cost and incompatible with flexible substrates.[9, 101] Although low-

temperature preparation methods of TiO2 have been reported, the quality of such 

TiO2 remained inferior to TiO2 processed at high temperature. ZnO has a higher 

electron mobility than TiO2 and can be processed at a temperature < 150 °C, but 

could react with the perovskite components to cause device instability.[106, 110-111] 

SnO2 is also one promising ETL materials because of its much higher electron 

mobility, lower trap density, wider Eg and low-temperature processability.[14, 105, 

112-113] Doping of these inorganic ETL materials with some metal ions or carbon 

materials could contribute to a better carrier-selection property during PSCs 

operation in terms of the electron mobility and the energy alignment levels.[101] 

PC61BM represents one of the most efficient organic ETL material and particularly 

suits for PSCs in the inverted structure for dramatically suppressing the hysteresis 

issues.  

The other layer is the HTL which plays the opposite role in the charge selection. 

The HTL is generally formed from a film of p-type semiconductors with the 

valence band (VB) or a highest occupied molecular orbital (HOMO).[101, 114-115] 

Some representative organic HTL materials include PEDOT:PSS 4083,[109] 

2,2',7,7'-tetrakis(N,N'-di-p-methoxyphenylamine)-9,9'-spirobifluorene (Spiro-

OMeTAD), [116-117] poly-[3-hexylthiophene-2,5-diyl] (P3HT),[118] and PTAA,[86, 96, 
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119-120] the latter three of which have demonstrated potentials in obtaining a high 

PCE of over 21% for PSCs. PEDOT:PSS has been frequently used in combination 

with ETL material PCBM to fabricate the inverted PSCs, but it has an acidic nature 

which potentially could corrode the TCOs. Besides, it also has a big energy 

mismatch between its work function (WF) (-4.9~-5.2 eV) and the valence band 

(VB) maximum energy of the perovskites (~-5.4 eV), which could greatly reduce 

the built-in potential in PSCs and cause a low Voc.
[9, 121] Spiro-OMeTAD is the 

most popular HTL material for normal-structured PSCs but it suffers from the 

instability issue induced from the dopants. Recently, PSCs with a certified PCE of 

22.7% have been successfully fabricated with the dopant-free P3HT as the 

HTL.[118] In addition to the rather expensive and unstable organic HTL materials, 

inorganic compounds such as CuSCN, CuI, Cu2O, CuO, NiOx, MoOx have also 

been extensively exploited to work as the HTL materials, with significantly 

improved device stability.[8, 107, 114, 122-123] Generally, the inorganic HTL materials, 

with or without doping of ions, have higher hole mobilities and stability than 

organic HTL materials.[107] (Table 2). 

In many cases, some interfacial buffer layers inserted at the interfaces of the ETL 

or HTL side are also essential to adjust the energy level of the films in order to 

promote the charge transportation for the sake of better device performance. For 

example, BCP [77] and LiF [124] have been used on top of the ETL of the PCBM 

film as an efficient electron contact to form the ohmic contact with the rear 

electrode Al. While MoO3 proved to be essential between the HTL material Spiro-

OMeTAD and the top rear electrode Ag.[125] 

These charge carrier-selective layers and the interfacial buffer layers may need 

different preparation strategies depending on the device configuration. For 

example, the ETL material ZnO can be dissolved in more polar solvents such as 

methanol (MeOH) or chloroform,[126-127] when deposited on the front transparent 

electrode before the perovskite film formation in a normal PSC. Such polar 

solvents, however, may cause damage to the perovskite film in the inverted PSCs, 

in which case a nonpolar solvent isopropanol (IPA) is therefore needed to dissolve 

the ZnO.[128]  
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As far as only the device efficiency is concerned, the different layers in PSCs are 

preferably chosen from materials with appropriate energy levels alignment relative 

to each other and of high electronic qualities (e.g. a balanced conductivity and 

mobility, etc.) for the sake of efficient electron-hole generation and transportation. 

Figure 9 schematically illustrates the energy levels alignment of some 

representative materials in PSCs while Table 2 summarizes more details 

information about their electronic and energetic properties. 

 

Figure 9: The energy levels of the front transparent electrodes, the HTL materials, the perovskites, 

the ETL materials and the rear electrodes. Redrawn in accordance with references.[8, 67, 78, 129]  
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Table 2: Electronic features of some of the representative electrodes, charge carrier transporting 

materials and perovskite materials.  

 Electrical  

Conductivity  

σ 

Carrier  

Mobility 

Energy Level  

(LUMO/HOMO  

or VB/CB or WF) 

 S cm-1 cm2 V-1 s-1 eV 

Transparent Electrode   WF 

FTO ~104 [82]  -4.4 ~ -4.6[123, 130] 

ITO ~104 [81]  -4.7 [50] 

CNT   -4.8 [30] 

Graphene   -4.23 [131] 

PH1000 1~1000 [123]  -5.08 [45] 

Rear Electrode   WF 

Ag 6.30*105 [132]   -4.3 [45, 123] 

Au 4.10*105 [132]  -5.1 [130] 

Al 3.77*105 [132]  -4.3 [45] 

Cu 5.96*105 [133]  - 4.5 ~ -4.7 [134] 

HTL   VB or HOMO 

CuSCN  0.01 ~ 0.1 [114, 135] -5.3 [67] 

Cu2O  0.49 [114] -5.4 [78] 

CuI  0.5 ~ 2 [114] -5.3 [67] 

NiOx 10-6 ~ 10-4 [114] 0.14 [114] [123] 

NiMgLiO ~ 10-3 [123]  -5.25 [123] 

P3HT  0.2 [118] -4.9 ~ -5.2 [50, 130] 

PTAA  10-2 ~ 10-3 [114, 118] -5.2 [130, 136] 

4083  10-2 ~ 10-3 [114] -5.0 ~ -5.2 [45, 50, 131] 

Spiro-OMeTAD  10-3 ~ 10-4 [114, 118] -5.2 [72, 130] 

ETL   CB or LUMO 

TiO2  <1 [112] -4.0 [72] 

Ti(Nb)Ox   -4.0 [123] 

ZnO  200~300 [137] -4.4 [67] 

SnO2  ~200 [112] -4.5 [67] 

PC61BM   -4.2 [123] 

BCP   -3.5 [131] 

Perovskite   HOMO & LUMO 

CH3NH3PbI3  8 [6] LUMO: -3.9, HOMO: -5.4 [123] 

CH3NH3PbI3−xClx  11 [6] LUMO: -3.7, HOMO: -5.4 [138] 
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2.2.2 Fabrication Methods of Perovskite Film 

The film quality of the perovskite layer has critical effects on the ultimate device 

performance, therefore tremendous efforts in the research community are devoted 

to developing the perovskite film of high quality. Generally, the perovskite film 

can be formed in one step or via two steps.  

The one-step method deposits the two precursor components, the organohalide AX 

(e.g. MAI, FAI) and the metal halide BX2 species (e.g. PbI2, PbCl2), 

simultaneously on the substrate, accompanied with some necessary annealing 

treatments. With the vapor deposition strategy, the dual sources of dry precursors 

were co-evaporated on the substrate (Figure 10a), which could enable an excellent 

film uniformity and the efficient planar heterojunction PSCs without the need of 

any mesoporous structure.[139-140] The two precursor components could also be 

dissolved in the solvent and deposited on the sample by spin-coating. Anti-solvent 

engineering (chlorobenzene,[141] toluene,[120] ethyl acetate[142]) on the wet 

precursor film are frequently employed to improve the film quality by balancing 

the nucleation and the crystallization process. (Figure 10b) Apart from anti-

solvent engineering, vacuum flash treatment on the perovskite precursor film could 

also promote the perovskite film formation (Figure 10c), leading to a high PCE of 

~20% for devices with a large size of 1 cm2.[143] One-step methods generally 

encounter the uncontrolled perovskite film formation behaviors, leading to a large 

variation in the film morphology as well as the device performance and imposing 

a big obstacle for reproducible device fabrication.[9, 117] 
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Figure 10: Schematic illustration of fabrication strategies for the perovskite film. (a) One-step co-

evaporation from dual source; [139] (b) Anti-solvent (PhCl) quenching on the MAPbI3 film formed 

from one-step spin-coating; [141] (c) Vacuum flash-assisted formation of FA0.81MA0.15PbI2.51Br0.45; 

[143] (d) In-situ formation of FAPbI3 by dipping PbI2 film into the FAI solution; [144] (e) Interdiffusion 

method for preparing MAPbI3 film via two steps; [145] (f) Vapor-assisted two-step perovskite film 

formation;[146] (g) Two-step dynamic sequential deposition of the perovskite film. [147]  

In addition to the one-step deposition, a sequential deposition strategy via two 
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steps was also developed. Generally, the metal halide films were formed on the 

substrate in the first place. Next, the second component of the perovskite, 

organohalide species, were brought into contact and react with the metal halide 

film to generate the ultimate perovskite film. Dipping the PbI2 film in MAI 

solution was reported to generate the perovskite layer in 2014 with a PCE of 7.5% 

(Figure 10d).[144] Later on, spin-coating of the organohalide solution (MAI) on top 

of the pre-formed metal halide (PbI2) film was also developed, known as the 

interdiffusion method (Figure 10e).[145] The organohalide species (MAI) could be 

in the vapor state as well for reacting with the pre-formed metal halide film (PbI2) 

(Figure 10f).[146] A dynamic two-step sequential deposition, which drops the 

organohalide solution on the rotating (rather than the static) metal halide film, was 

reported to be suitable for many different perovskite precursor compositions (e.g. 

MAI-MACl on PbI2,
[148] MAI-FAI on PbI2,

[149] MAI on PbI2,
[150] MAI-FAI on 

PbI2-CsI.[147]) (Figure 10g). Two-step sequential deposition methods generally 

have a better control of the nucleation and crystallization processes of the 

perovskite film compared to one-step strategy, but they often suffer from the 

incomplete conversion of the two precursor components.[117, 151]  

A variety of factors including the spin-coating conditions (duration, acceleration, 

speed, etc.), solvents for the perovskite precursors,[120, 152-153] thermal annealing 

temperature,[154-156] can affect the perovskite film quality quite significantly. In 

addition, additives engineering proved to a very effective approach to tune the 

perovskite film quality.[157] Polymers,[158-160] inorganic acids,[161-162] solvents,[12, 

163-165], water,[166-167] salts[168-169] and other types of chemicals [170-171] have been 

added in the perovskite precursor solutions to ameliorate the perovskite film 

morphology. For example, introduction of the redox shuttle of the Eu3+-Eu2+ ion 

pair could significantly improve the device stability by selectively oxidizing Pb0 

and reduce I0 defects. A certified PCE of 20.52% was obtained with exceptional 

operation durability for this system. 92%, 89% and 91% of the initial PCE could 

be maintained when the device was illuminated under one-sun for 1500 hours, 

heated at 85 °C for 1500 hours or operated at the maximum power point for 500 

hours, respectively.[172] Interfacial engineering, defects engineering and surface 

passivation upon the perovskite film are also helpful to mitigate the film defects 
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and control the film morphology.[173-179] Single-crystal perovskites with a large size 

up to millimeter scale could be achieved via some special strategies. For instance, 

a solution-based hot-casting technique was reported to grow continuous and 

pinhole-free perovskite thin films, which enable a high PCE of ~18%.[92] 

Differently, an antisolvent vapor-assisted crystallization mechanism was 

developed to grow millimeter-scale perovskite crystals with charge-carrier 

diffusion lengths > 10 mm.[180] 

2.2.3 Flexible Perovskite Solar Cells 

As mentioned before, one of the merits of PSCs is that the photo-active perovskite 

layer could be very thin (<1 m) for efficient light absorption, which endows PSCs 

with intrinsic high flexibility. Over the past decade, flexible PSCs have seen great 

achievements and are catching up with their rigid counterparts. In many cases, the 

efficiency gap between flexible and rigid PSCs arose from different surface 

morphology and film quality formed on the substrates, which accordingly required 

different device fabrication conditions.[13, 117, 181] For example, ITO deposited on 

PET has a low crystalline degree than that formed on a rigid glass, leading to a 

deteriorated optoelectrical property. The ETL material TiO2 processed at a high 

temperature of ~500 °C for some of the best devices could not be utilized on the 

flexible substrate. In light of these discrepancies, when fabricating flexible PSCs, 

choice of materials for the substrates, the charge transporting materials and the 

transparent electrodes need to be selected carefully in order to meet the mechanical 

and the thermal constraints in the flexible devices.[20, 182] Many review articles and 

books summarizing the research achievements and the challenges in flexible PSCs 

can be found in the literature in comprehensive details.[8-10, 17, 97, 183-184] In this 

section, some of the representative works in flexible PSCs will be briefly 

illustrated again, with a focus on the analysis of the effects of the substrate 

properties on the device performance.  

From the perspective of the device geometry, flexible PSCs can be made either in 

one dimension (e.g. fiber, wire, etc.) or in two dimensions (e.g. film, foil, etc.).  

Cylindrical Flexible PSCs 
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Cylindrical wire-shaped fibers open tremendous opportunities for portable and 

wearable electronics. The advantages of such wire-shaped SCs are manifolds: the 

device efficiency is independent of the incident light angle, thus providing constant 

performance; they are much more flexible than the film structure and can be easily 

integrated into textiles to serve as the power source for the emerging electronic 

textiles and wearable electronics.[185-187] 

There exist two main strategies for fabricating fiber-shaped SCs. One is the twisted 

structure, in which the photoactive materials are coated onto a fiber electrode and 

then twisted with another fiber electrode (Figure 11 a).[188-189] The twisted 

structure is compatible with continuous and massive production, but it suffers from 

poor contact problems arising from gaps between the two fibers. Another design 

is to coat the different layers in PSCs one after another in the co-axial manner 

(Figure 11 b).[30, 40] Drop-casting, dip-coating or spray-coating methods are 

frequently used to fabricate fiber-based PSCs in such core-shell structure. A 

common issue for fiber-shaped PSCs is the limited efficiency, due to the poor film 

quality on the cylindrical substrates as well as the contact problems.  

 

Figure 11: Wire-shaped flexible PSCs in twisted structure [188] or in core-shell structure.[40] 

Planar Flexible PSCs 

Compared to the fiber- or wire-shaped flexible substrates, PSCs fabricated on 

flexible substrates of polymeric films (e.g PET, PEN, PI) [190-191] or metallic (e.g. 

Ti,[31, 44, 192] Cu.[41]) foils or ultrathin flexible glasses[193] can take advantage of the 

fabrication expertise already known for the rigid devices.  

Polymeric substrates generally limit the fabrication temperature below 150 ℃, 

which is challenging for making high-performance flexible PSCs with the normal 
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structure (n-i-p) since the state-of-the-art PSCs often adopt crystalline TiO2 

compact layer to block holes which were processed usually at a high 

temperature >500℃.[8, 183, 194-195] ZnO, as an ETL material with a lower 

temperature requirement could overcome this challenge. As a matter of fact, the 

first example (PCE of 2.6%) of and one of the most efficient (PCE of 15.6%) 

flexible PSCs both adopted ZnO as the ETL materials.[111, 196] However, the basic 

nature of ZnO may induce fast degradation of PSCs, particularly in use of PbCl2, 

thus the stability of ZnO-based devices remains an issue. On the contrary, a large 

number of flexible PSCs with the inverted structure could also be realized, with 

less harsh demands in temperature. (Table 3).  

Metal substrates can provide better thermal and mechanical tolerance than the 

polymeric foils. But the opaqueness of the bottom metal substrate restricts the 

PSCs in the substrate illumination configuration. As so, the top transparent 

electrodes such as ultrathin metal layers,[37, 197] metal mesh hybridized with other 

conductive materials,[44, 198] and transparent conductive polymers,[24] have to be 

employed. Flexible PSCs based on metal substrates could take the n-i-p normal 

structure, largely using mesoporous TiO2 as the ETL materials.[17]  
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Table 3: Examples of some representative flexible PSCs (excerpted from the reference,[9] where 

the corresponding reference to each item of the individual device listed here could be found).   

 

 

 

2.2.4 TCO-free Perovskite Solar Cells 

Although most of the best-performing flexible PSCs were fabricated with ITO as 

the front transparent conductive electrode on the flexible substrate, the flexibility 

of such device remains limited. As mentioned before, TCOs materials have a brittle 

nature which cannot withstand a high degree of mechanical deformation such as 

bending, stretching, twisting and so forth. It has been reported that the severe 

cracks in ITO film occurred before damages in the active perovskite layers did, 

evidenced by the abrupt resistance increase during bending and making the main 

cause of the performance degradation in flexible PSC device.[8, 17, 19, 21] For 
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example, a safe bending radius threshold was reported to be around 14 mm to an 

ITO/PET with the Rsh of 15 Ω/□,[199-200] and 50% of the initial PCE was lost after 

1000 cycles of bending at a radius of 10 mm,[19] which greatly limits the overall 

flexibility of the devices.  

In view of these challenges, another major effort in flexible PSCs is to fabricate 

high-performance flexible transparent electrodes at low temperature to improve 

the mechanical robustness of the devices, apart from developing fabrication 

conditions or materials for charge carrier transporting layers compatible with the 

flexible substrates. Conductive polymers, carbon films or transparent metal 

structures are the three major categories of materials widely investigated for TCO-

free flexible transparent electrodes.[201-203] 

Polymer-based Flexible Transparent Electrodes 

Conductive polymers have the potentials of being processed in solutions, with 

printing techniques and at low temperatures. The most representative example for 

conductive polymers is PEDOT:PSS, which is composed of the hydrophobic 

conductive PEDOT and the hydrophilic insulating PSS components. The electrical 

conductivity of the pristine PEDOT:PSS is very low (~ 1 S cm-1), but it can be 

significantly enhanced to reach up to 4000 S cm-1via different treatments. Pre-

doping of PEDOT:PSS solution with additives like DMSO,[21, 23, 25, 27, 204-206] EG,[22, 

25-26, 205] sorbitol,[207-208] was proved to be an effective approach to improve the 

electrical conductivity of the PEDOT:PSS film to ~1000 S cm-1. For example, a 

highly-flexible PSC with a total device thickness of 3 µm was fabricated based on 

the transparent electrode formed from spin-coating PEDOT:PSS aqueous solution 

doped with 5 vol.% DMSO on PET. Such PEDOT:PSS film demonstrated a Rsh of 

105 /□ while the flexible PSCs obtained a high PCE of ~ 12% and a remarkable 

power-per-weight as high as 23 W g-1.[23] Very recently, a fluorosurfactant dopant 

was used to help regulate the phase separation of the PEDOT:PSS for the sake of 

electrical conductivity enhancement. Such PEDOT:PSS network electrode 

demonstrated a remarkably high conductivity of >4000 S cm-1 and a high T% 

of >80% from 400 to 900 nm at the same time. Flexible PSCs based on such 

PEDOT:PSS transparent electrode showed a stabilized PCE of 19.0% and 10.9%, 
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which could remain excellent efficiency retention of 85% and 80% during 

mechanical bending at a radius of 3 mm for 5000 cycles, for devices with a size of 

0.1 cm2 and 25 cm2, respectively.[15] Post-treatment of the PEDOT:PSS film with 

suitable solvents (MeOH,[209] EtOH,[209] IPA,[209] DMSO[210]) could also enhance 

the electrical conductivity. Simple MeOH treatment on pre-formed PEDOT:PSS 

films in the manners of deep immersion or surface dropping was reported to 

increase the electrical conductivity of PEDOT:PSS film significantly from <0.3 S 

cm-1 to 1362 S cm-1.[209] Compared to additives or solvents strategies, post-

treatment of PEDOT:PSS film with strong acids turned out to be more effective to 

increase the electrical conductivity. Acids like H2SO4,
[211-214] HNO3,

[24, 215] 

H3PO4,
[214, 216] CH4SO3,

[214, 217-219] CH2O2,
[220] and C2H2O4

[214] have been widely 

used in the literature to significantly improve the electrical conductivity of pristine 

PH1000 up to ~4000 S cm-1 for a variety of desirable optoelectronics application. 

One appealing attribute regarding conductive transparent PEDOT:PSS is that 

transfer printing strategies could be utilized to make the film work as the top 

transparent electrode in the substrate illumination configuration of the device.[22, 

24, 213-214] Examples of representative works using PEDOT:PSS as the transparent 

electrodes have been demonstrated in Figure 12. 

Although the aforementioned strategies have been widely used to improve the 

electrical conductivity of PEDOT:PSS, their electrical conductivities are still 

generally lower than TCOs materials while the strong light absorption by the 

organic components in PEDOT:PSS greatly sacrifice the optical transmittance. 

Besides, the hygroscopic and acidic nature of PEDOT:PSS may impose 

instabilities issues in PSCs.  
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Figure 12: Representative examples of PEDOT:PSS as the transparent electrode for flexible PSCs. 

(a) Highly-flexible PSCs with high power-per-weight based on DMSO-doped PEDOT:PSS.[23] (b) 

A record PCE of 19.0% for flexible PSCs based on fluorosurfactant-doped PEDOT:PSS.[15] (c) 

Semitransparent PSCs based on the HNO3-treated PEDOT:PSS film, which worked both as the 

bottom electrode as well as the top electrode via transfer-printing.[24] 

Carbon-based Flexible Transparent Electrodes 

Carbon films are also alternative candidates for TCO-free transparent electrodes, 

for which CNTs[29-33, 221] and graphene[34-36, 222] are two representative carbon 

derivatives for flexible photovoltaic application. CNTs have the tubular geometry 

and were primarily used as the top transparent electrode due to its high film 

topographical irregularity, which are harmful for perovskite film formation if 

CNTs were located beneath. Figure 13a showed one example of flexible PSCs 

using CNTs as the top transparent electrode, which had a pretty low PCE of only 

8.31% and moderate bending stability.[31] The planar Graphene sheets could serve 

as the bottom transparent electrode due to lower surface roughness. For example, 

a super-flexible PSC using the bis(trifluoromethanesulfonyl)-amide (TFSA) doped 

graphene, which demonstrated an excellent T% of >96% at 550 nm and a Rsh of 
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~150 /□, as the transparent electrode showed a high PCE of 18.3%. Such flexible 

PSCs possessed attractive photo-stability as well as mechanical stability. ∼95% of 

the initial PCE could be maintained under the continuous one-sun light soaking for 

1000 hours at 60 °C and 30% relative humidity. On the other hand, ∼85%, ∼75%, 

and ∼35% of the initial PCE of the device was also retained after 5000 bending 

cycles at a radius of 12, 8 and 4 mm, respectively (Figure 13b).[222]  

 

Figure 13: Examples of carbon-based transparent electrodes for flexible PSCs. (a) A flexible PSC 

based on CNT transparent electrode and its mechanical stability during bending at a radius of 7.5 

mm.[31] (b) Bis(trifluoromethanesulfonyl)-amide (TFSA) doped graphene.[222] 

Although carbon-based transparent electrodes have enabled high-efficiency PSCs, 

these carbon derivatives generally demonstrated poor electrical properties (Rsh of > 

300 /□ for graphene films in spite of stacked sheets,[34] or chemical doping.[35]) 

and topographical non-uniformity, which are harmful to the device performance. 

Besides, the synthesis of CNTs and graphene often involved harsh conditions such 

as chemical vapor deposition in demanding environments and only yielded limited 

quantity of these materials. The necessary transfer processes of these carbon films 

further limited its potentials, especially in the large-scale application scenario. 

Metal-based Flexible Transparent Electrodes 

Compared to conductive polymers or carbon derivatives, transparent metal 
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structures possess substantial advantages in the application for flexible transparent 

electrodes and account for the largest proportion for ITO substitutes in the market. 

First of all, metals have the highest intrinsic electrical conductivities among all 

conductive materials. Secondly, metals are abundant, relatively cheap and do not 

necessarily require intricate synthesis processes like CNTs or graphene. Thirdly, 

transparent metal structures could be fabricated by diverse techniques and 

processes, where low cost, large scalability, solution processability, printing 

compatibility and ambient environments are feasible. Generally, transparent metal 

structures could be categorized in three groups: continuous ultrathin metal film,[37-

39] randomly-aligned metal nanowires (NWs)/nanofibers (NFs),[40-42] or pattern-

specific metal mesh/grid.[223-227] 

The general dilemma of the trade-off between transparency and conductivity lies 

as the most influential barrier for continuous metal film to be excellent transparent 

electrodes since the film thickness sensitively affects the transmittance. When 

depositing metal film on substrates, the metal atoms tender to grow separate 

islands/clusters before forming a complete continuous film at a threshold thickness, 

which is usually tens of nm and blocks much of the incident light. In order to 

achieve high transmittance and high electrical conductivity at the same time, 

strategies like adding seeding layers of other materials, surface treatment of the 

substrate with organic molecules as in self-assembly monolayer, or oxygen-doping 

of the target metal films have been exploited to regulate the metal nucleation 

behavior to form a continuous ultrathin metal film of <10 nm. [228] A common 

practice of developing ultrathin metal film with good optoelectrical properties was 

to use the oxide/metal/oxide (OMO) or dielectric/metal/dielectric (DMD) 

multilayer structures, where wetting inducers of many kinds were employed to 

help control the metal film morphology on chemically heterogeneous substrate.[223, 

229-231] Flexible PSCs based on such transparent ultrathin metal film have been 

reported in the literature, but with low PCEs of <10 %. [37-39, 232] For example, a 

semitransparent flexible TCO-free PSC has been fabricated with ultrathin Au and 

Ag film as the bottom and top transparent electrode, respectively (Figure 14a).[38] 

A seeding layer of 3-nm-thick molybdenum trioxide (MoO3) was deposited on the 

substrate to control the nucleation of Au growth for the sake of a continuous 
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ultrathin Au film of 10 nm as the objective bottom transparent electrode. A DMD 

structure of MoO3 (3 nm)/Au (1 nm)/Ag (7 nm)/MoO3 (5 nm)/Alq3 (50 nm) was 

formed as the top transparent electrode, where the two dielectric layers of high 

refractive MoO3 was employed to improve the optical transmittance while the 

organic tris-8-hydroxyquinoline aluminum (Alq3) film could enhance the light in-

coupling. As-fabricated semitransparent flexible PSCs demonstrated a champion 

PCE of ~7%, 71% of which could be maintained after the bending tests at a radius 

of 4 mm for 1000 times.  

 

Figure 14: Examples of TCO-free flexible PSCs employing transparent metal electrodes. (a) 

Ultrathin MoO3/Au and MoO3/Au/Ag/MoO3/Alq3 as bottom and top transparent electrodes for 

semitransparent PSCs;[38] (b) Ag NWs as the top transparent electrode;[41] (c) Embedded Ag mesh 

made of Ag NPs and in hybrid with PEDOT:PSS layer as the bottom transparent electrode.[45]  

Transparent metal electrodes made of randomly-aligned metal NWs have also been 

largely used in flexible optoelectronic systems including PSCs. Compared to the 

continuous ultrathin metal film fabricated mainly under vacuum conditions with 

precise parameters and complex procedures, solution processability at ambient 

conditions with techniques like doctor blading, spin coating, spray coating, 

printing and so forth endowed metal NWs with wider popularity as the transparent 

electrodes in device fabrication, especially in the semitransparent photovoltaic 

application.[233] Generally, the metal NWs (mainly Ag NWs and Cu NWs) were 
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synthesized ahead of time, dispersed in suitable solvents and finally coated on the 

sample to work as the top transparent electrodes.[40-42, 233-234] One typical example 

of using metal NWs as the top transparent electrode in flexible PSCs was shown 

as in Figure 14b. In this work, an inverted flexible PSC with a top transparent 

electrode (i.e. in the substrate illumination configuration) was fabricated with a 

device structure of Cu/CuI(HTL)/CH3NH3PbI3/ZnO(ETL)/Ag NWs on the 

flexible substrate of Cu foil. 150-nm-thick Ag NWs film were uniformly deposited 

on the ETL layer of ZnO film via spray-coating, giving a Rsh of 21 /□. As-

fabricated flexible PSCs showed a PCE of 12.80% (Jsc of 22.50 mA cm-2, Voc of 

0.958 V and FF of 59.4%) and moderate mechanical flexibility.[41] Despite of the 

achievements of metal NWs as the transparent electrodes, they suffer from several 

drawbacks. Compared to the continuous compact and smooth metal film, the 

irregularly-stacked multilayers of NWs render a high surface roughness for the 

NWs film while the numerous piled wire-to-wire junctions in metal NWs caused 

impaired electrical conductivity. More exposure sites of the metal atoms to the 

environment triggered long-term instability problems due to easier metal 

degradation, especially for the Cu NWs. The chemical impurities introduced in the 

metal NWs like stabilizers and surfactants not only would reduce the electrical 

conductivity and the crystal degree of the metal but also may impose severe threats 

to the stability of the underlying layers of other materials. Besides, the intricate 

synthesis processes (e.g. polyol process, hydrothermal method) and the sintering 

steps raised up the total material and fabrication cost.[225, 233, 235] 

In contrast, the periodically-ordered and/or pattern-specific metal mesh/grid could 

offer a better trade-off between transparency and transmittance than continuous 

ultrathin metal film while still benefit the intrinsic electrical conductivity of the 

bulk metal higher than that of metal NWs. In addition, the material and the 

fabrication costs of metal mesh/grid are generally less than other types of TCO 

alternatives. Importantly, metal meshes suffer from less haze problems and can 

induce light scattering and coupling to make the most of the incident light, which 

are particularly beneficial for the optoelectronic systems, compared to metal NWs-

based transparent electrodes. Figure 15 and Table 4 give a brief comparison of 

different transparent conductive materials in terms of the performance-cost ratio 



35 

and the trade-off of optoelectrical properties, where metal mesh stands out among 

other candidates. Indeed, metal meshes account for more proportion of ITO 

alternatives compared to metal NWs in real optoelectronics application.[224]  

 

Figure 15: Schematic comparison of the transparency-resistance trade-off (a) and performance-cost 

tradeoff of typical transparent electrodes made of ITO, carbon-based (CNTs, graphene), metal-

based (metal NWs, metal mesh) and conductive polymers.[224, 233] 

Table 4: Optoelectrical properties of some representative transparent conductive materials.[201] 

 

Metal mesh can be made of pure bulk metal or metal NWs in specific patterns in 

the embedded or protruded manners. Key parameters to determine the 

optoelectrical properties of metal mesh include the linewidth, the pitch size (the 

spacing between the mesh lines), the thickness and the aspect ratio of the mesh. 

The surface coverage of the metal mesh on the substrate directly influence its total 

optical transmittance, which can be regulated by the linewidth and the pitch size 

of the mesh lines. A higher aspect ratio (height to width ratio) of the mesh lines 

could decrease the electrical resistance of the metal mesh without deteriorating the 

transmittance, which may cause high surface roughness in case of the protruded 
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mesh though. In this regard, embedded metal meshes are more favorable, 

especially when used as the bottom transparent electrode for devices which require 

very smooth surface of the bottom layers. Patterning and printing techniques such 

as vacuum deposition, laser direct writing, electrodeposition, ink-jet, 

photolithography and imprint can be used to fabricate transparent metal mesh/grid 

in desired patterns. It should be reminded that unlike continuous ultrathin metal 

film or metal NWs networks where the distance between individual NWs can be 

as small as in the sub-micrometer scale, a thin transparent capping layer coated on 

top of the metal meshes is often necessary to electrically connecting the mesh lines 

with a pitch size of hundreds of m for proper device operation.[224] 

In the field of flexible PSCs, metal meshes have also been successfully employed 

as the bottom or top transparent electrode.[11, 44-45, 236] For example, the embedded 

Ni mesh in PET film in combination with doctor-bladed PEDOT:PSS formulated 

in the transparent conductive pressure-sensitive adhesive was applied as the top 

transparent electrode for a flexible PSC on metallic Ti substrate.[44] The device 

showed a PCE of >10% and moderate mechanical stability. When bent at a radius 

of 5 cm for 200 cycles, the efficiency decayed by <7%. Another work took the 

embedded Ag mesh as the bottom transparent electrode, which was prepared by 

filling the Ag NPs into the micro-trenches of UV resin adhered onto PET (Figure 

14c). When using the organic materials of PEDOT:PSS 4083 or PTAA in the HTL, 

as-fabricated flexible PSCs could show high PCE of >14% and >18%, 

respectively.[11, 45] Larger than 95% of the initial PCE after 5000 cycles at fully 

bended state could be maintained on such highly-flexible PSCs. 

As discussed above, different types of transparent conductive materials could be 

used to fabricate flexible PSCs, with a large variation in the photovoltaic 

performance and the mechanical stability of the devices. In some cases, a 

combination of these TCO-free materials will be used together to fulfill the optimal 

optoelectrical, mechanical and stability requirements in the application of flexible 

PSCs.[43, 46, 188, 237-238] Table 5 lists some of the representative works on TCO-free 

flexible PSCs and their corresponding photovoltaic characteristics. 
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Table 5: Examples of some representative TCO-free flexible PSCs (excerpted from the reference,[9] 

where the corresponding reference to each item of the individual device listed here could be found). 

 

2.3 Conclusion and Summary for the Research Gaps 

As a promising third-generation photovoltaic technique, PSCs have attracted great 

attention in the research community over the past decade, with the efficiency 

closely approaching the Si cells. Knowhows in fine tuning of the chemical 

composition of the organo-metal halide perovskite have made significant 

contribution to the improvement in the device efficiency, stability and lifetime. 

PSCs also show great potentials in fabricating highly flexible photovoltaic devices 

with sub-micrometer active layer, thanks to their high absorption coefficient and 

long carriers diffusion length. A wide range of transparent conductive materials 

(including TCOs, conductive polymers, carbon- or metal-based transparent 

materials) have been utilized in flexible PSCs to obtain the high efficiency. Yet, 

the disadvantages in these materials are obvious in terms of the optoelectrical 

properties or the material/fabrication cost as discussed in previous sections. 

Therefore, it is still of great significance to develop low-cost, fabrication-ease and 

high-quality TCO-free transparent conductive electrodes for flexible PSCs. 
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CHAPTER 3 METHODOLOGY 

In this chapter, the general information for chemicals/substrates specifications, 

materials synthesis and solutions preparation are described. The working 

principles for several characterization techniques employed in the thesis are also 

introduced.  

3.1 Materials Preparation 

3.1.1 Chemicals and Substrates 

The chemicals and substrates used in the thesis (with abbreviation, specifications 

and sources stated in the bracket) are listed as follows:  

Gold (Au, evaporation slug, 99.99% trace metals basis, Sigma-Aldrich), silver (Ag, 

evaporation slug, 99.99% trace metals basis, Sigma-Aldrich), aluminum (Al, 

evaporation slug, 99.999% trace metals basis, Sigma-Aldrich), copper (Cu, beads, 

≥99.99%, Sigma-Aldrich), photoresist AZ5214E and corresponding developer 

AZ300MIF (MicroChemicals), Au etchant (Sigma-Aldrich), negative photoresist 

NR9-1500PY and resist developer RD6 (Futurrex), nickel(II) nitrate hexahydrate 

(Ni(NO3)2·6H2O, 99.999%, trace metal basis, Sigma-Aldrich), copper(II) nitrate 

trihydrate (Cu(NO3)2·3H2O, 99.99%, Sigma-Aldrich), tetramethylammonium 

hydroxide pentahydrate (TMAH·5H2O, 97%, Sigma-Aldrich), zinc acetate 

dihydrate (Zn(Ac)2·2H2O, 99.999%, trace metal basis, Sigma-Aldrich), ethyl 

acetate (EtOAc, HPLC, 99.8%, Sigma-Aldrich), ethanolamine (ETA, 99%, 

Sigma-Aldrich), potassium hydroxide (KOH, reagent grade, 90%, flakes, Sigma-

Aldrich), CLEVIOS™ PH 1000 (PH1000, aqueous dispersion, Heraeus), 

CLEVIOS™ P VP AI 4083 (4083, aqueous dispersion, Heraeus), ethylene glycol 

(EG, anhydrous, 99.8%, Sigma-Aldrich), Zonyl®FS300 fluorosurfactant (FS300, 

~40% solids in H2O, Sigma-Aldrich), methylammonium iodide (MAI, GreatCell 

Solar®, Sigma-Aldrich), formamidinium iodide (FAI, Sigma-Aldrich), 

methylammonium bromide (MABr, 98%, Sigma-Aldrich), lead(II) iodide (PbI2, 

99.9985%, metal basis, Alfa Aesar), lead(II) chloride (PbCl2, ultra-dry, 99.999%, 

Alfa Aesar), lead(II) bromide (PbBr2, 99.999%, trace metal basis, Sigma-Aldrich), 

cesium iodide (CsI, ultradry, 99.998%, metals basis, Alfa Aesar), [6,6]-phenyl-
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C61-butyric acid methyl ester (PC61BM, >99.5% from Solenne BV or >99% from 

Nichem Fine Technology Co., Ltd.), 2,9-dimethyl-4,7-diphenyl-1,10-

phenanthroline (bathocuproine, BCP, sublimed grade, 99.99%, trace metal basis, 

Sigma-Aldrich), poly(triarylamine) (PTAA, Mw=17700, EM Index), 2,3,5,6-

Tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4-TCNQ, 97%, Sigma-Aldrich), 

methanol (MeOH, 99.8%, Sigma-Aldrich), ethanol (EtOH, laboratory reagent, 

96%, Sigma-Aldrich), isopropanol (IPA, anhydrous, 99.5%, Sigma-Aldrich), 

acetone (ACS reagent, 99.5%, Sigma-Aldrich), N, N-dimethylformamide (DMF, 

anhydrous, 99.8%, Sigma-Aldrich), dimethyl sulfoxide (DMSO, anhydrous, 

99.9%, Sigma-Aldrich), chlorobenzene (PhCl, anhydrous, 99.8%, Sigma-Aldrich), 

toluene (anhydrous, 99.8%, Sigma-Aldrich), methanesulfonic acid (MSA, 99%, 

Sigma-Aldrich). All the chemicals were used as received unless otherwise 

specified.  

Polyethylene terephthalate (PET, 75/125/188 m thick, Suzhou Dawan Plastic 

Electronics Co. Ltd.). 75 or 125 m PET was adhered onto a Glass/PDMS rigid 

support to facilitate the device fabrication of flexible PSCs. The well-mixed 10:1 

wt./wt. silicone elastomer base: curing agent was diluted with hexane in 1:1 v/v 

ratio and then spin-coated on a plasma-treated glass (4000 rpm, 1 minute) to form 

the Glass/PDMS support after thermal annealing. 

PET/ITO (T% 80 %, Rsh ~35  sq-1, 188 m PET, Peccell Technologies, Inc.), 

Glass/ITO (T% 90 %, Rsh ~10  sq-1, Rrms of ITO ~3 nm, 1.1 mm glass, Shenzhen 

Huayu United Technology Co., Ltd.). PET/ITO and Glass/ITO are both patterned 

in a way that a 10-mm-wide ITO stripe is located in the middle region of the 

substrate with a size of 15.4 mm by 13.4 mm, in order to make use of the shadow 

mask design for the top rear electrode to fabricate 6 individual devices per 

substrate with an active area of 7.25 mm2 for each single device (Figure 16).  
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Figure 16: Scheme of the ITO pattern, shadow mask and resulting device. 

3.1.2 Synthesis of Chemicals 

Cu:NiOx NPs: Cu-doped NiOx nanoparticles (Cu:NiOx NPs) were synthesized via 

a chemical precipitation method according to literature.[239-241] Briefly, 14.54 g 

Ni(NO3)2·6H2O (MW= 290.79 g mol-1) and 0.24 g Cu(NO3)2·3H2O (MW=241.60 

g mol-1; 2% relative to Ni in molar ratio) were dissolved in 10 mL deionized H2O 

in a 100 mL 2-necked bottom flask. Under continuous magnetic stirring, the pH of 

the solution was adjusted till the point of 10 by dropwise adding 10 mol L-1 KOH 

aqueous solution (~18 mL KOH solution). After being stirred for another 30 min, 

the green colloidal precipitation was washed three times by deionized H2O via 

centrifugation (3000 rpm, 3 minutes), dried at 80 °C for 6 h, and calcined at 270 °C 

for 2 h to obtain a black powder of Cu:NiOx NPs. The Cu:NiOx NPs were dispersed 

in H2O at a crude concentration of ~10 mg mL-1 and ultrasonicated for hours in 

cold bath to make the Cu:NiOx/H2O dispersion.  

ZnO NCs: Zinc oxide nanocrystals (ZnO NCs) were synthesized according to 

literature.[128] In detail, 0.658 g Zn(Ac)2·2H2O (MW=219.51 g mol-1) was 

transferred into a 100 mL 2-necked bottom flask and dissolved in 30 mL DMSO 

under magnetic stirring at room temperature. 0.906 g TMAH·5H2O (MW=181.23 

g mol-1) weighted inside the glovebox was dissolved in 10 mL anhydrous EtOH 

and then the TMAH solution was added dropwise into the bottom flask via a 

dropping funnel over a period of 8~10 minutes. The reaction continued for another 

1.5~2 hours under constant stirring (if the environmental humidity is high, the 
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reaction could be shortened to even 1 hour since traces of water can accelerate the 

ZnO nanocrystals growth). 40 mL solution was divided into 4 centrifuge tubes, 

each of which contained ~10 mL solution. For a single centrifuge tube of 10 mL 

solution, the solute was precipitated by EtOAc (15~20 mL) and centrifugated 

(3000rpm, 3 mins) to remove the residue solvents. EtOH (~3 mL) was thereafter 

added into the precipitates for re-dissolution with the aid of ultrasonication. ETA 

(5~10 L) can be added to the solution in order to stabilize the nanocrystals 

dispersion in case of humid environment. Repeat the precipitation by EtOAc one 

more time and then dissolve the nanocrystals in 3 mL IPA, which was finally 

filtered via a 0.45 μm PTFE filter to make the ZnO/IPA solution (~ 8 mg mL-1) for 

storage. 

3.1.3 Preparation of Solutions 

d-PH1000/H2O solution: pristine PH1000 (p-PH1000) aqueous solution was 

added with 5 wt.% EG and 0.5 wt.% FS300 or merely 5 wt.% DMSO to make the 

d-PH1000 solution.  

dd-PH1000/H2O solution: p-PH1000 aqueous solution with additives of 5 wt.% 

EG and 0.5 wt.% FS300 was diluted with deionized H2O in 1:1 v/v ratio to make 

the dd-PH1000 solution. 

Cu:NiOx/H2O solution: laboratory-synthesized Cu:NiOx NPs were dispersed in 

H2O at a crude concentration of ~ 10 mg mL-1 and ultrasonicated for hours in cold 

bath to make the Cu:NiOx/H2O solution. 

ZnO NCs/IPA solution: laboratory-synthesized ZnO NCs were dissolved in IPA 

to make ~ 8mg mL-1 ZnO/IPA solution. 

MAI:PbI2/DMF:DMSO solution: 0.49444 g PbI2 (MW=461.01 g mol-1) and 

0.15787 g MAI (MW=158.97 g mol-1 ) were added in every 1 mL mixed solvent 

of DMF(0.8 mL):DMSO(0.2 mL) in 4:1 v/v ratio and then heated at 60 °C for 2 

hours for dissolution to make the 2-component perovskite precursor solution, 

amounting to a total 40 wt.% of the solutes of PbI2:MAI in 1.08:1 M/M ratio.  

FAI:MABr:PbI2:PbBr2/DMF:DMSO solution: 0.172g FAI (MW=171.97 g mol-
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1), 0.0224 g MABr (MW=111.97 g mol-1), 0.5072g PbI2 (MW=461.00 g mol-1), 

0.0808g PbBr2 (MW=367.01 g mol-1) were added into 1 mL mixed solvent of 

DMF(0.8 mL):DMSO(0.2 mL) in 4:1 v/v ratio and then stirred at RT for 

dissolution to make this 4-component perovskite precursor solution of mixed 

organic cations and mixed halides.  

CsI/DMSO mother solution: 0.390g CsI (MW=259.81 g mol-1) was added in 1 

mL DMSO and stirred at RT for dissolution.  

CsI:FAI:MABr:PbI2:PbBr2/DMF:DMSO solution: 53 L CsI/DMSO mother 

solution (1.5 mol L-1) was added in 1mL FAI:MABr:PbI2:PbBr2/DMF:DMSO 4-

component perovskite precursor solution and stirred at RT for dissolution to make 

the triple-cation perovskite precursor solution.  

PTAA/Toluene mother solution: 10 mg PTAA was added in 1 mL toluene and 

stirred at room temperature for dissolution. 

F4-TCNQ/Toluene mother solution: 0.5 mg F4-TCNQ was added in every 1 mL 

toluene and stirred at room temperature for dissolution.  

PTAA:F4-TCNQ/Toluene solution: 250 L PTAA mother solution (10 mg mL -

1) and 50 L F4-TCNQ mother solution (0.5 mg mL -1) were added into 200 L 

toluene to make the PTAA:F4-TCNQ/Toluene solution.   

PC61BM/PhCl solution: 30 mg (Solenne BV or Nichem) PC61BM was weighted 

in 1 mL PhCl and then heated at 60 °C for hours for dissolution to make the 

PC61BM/PhCl solution.  

BCP/IPA solution: 0.5 mg BCP was added in every 1 mL IPA and then heated at 

100 °C for hours for dissolution to make the BCP/IPA solution.  

3.2 Materials and Devices Characterization 

3.2.1 Optical Microscopy 

An optical microscope is a kind of microscope which makes use of visible light 

and groups of lenses to view small objects in different magnification. It is generally 
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accompanied by a digital camera to capture the images and mostly used to reveal 

the morphology of the sample surface.  

3.2.2 Atomic Force Microscopy 

Atomic force microscopy (AFM) is a type of scanning probe microscopy with high 

resolution at the sub-nm scale and are frequently used to finely image the surface 

morphology of the samples (Figure 17). AFM can be conducted in three operation 

modes: non-contact mode, contact mode or tapping mode. Generally, when the 

sharp tip mounted on the free end of a spring-like cantilever is moved towards the 

sample, the cantilever will be deflected by many kinds of repulsive forces between 

the tip and sample. The motion of the cantilever could be recorded by the detector 

and regulated with the aid of the feedback electronics to maintain a constant 

oscillation amplitude or frequency by adjusting the average distance from the tip 

to the sample. Based on such tip-to-sample distance profiles of spots during the 

raster scanning (rectangular patterns), three-dimension topographic image of the 

sample surface can be constructed.  

 

Figure 17: Scheme of an AFM configuration (PSPD: position-sensitive photodetector) 

https://www.parksystems.com  

3.2.3 Scanning Electron Microscopy 

A scanning electron microscopy (SEM) is one kind of electron microscope which 

can generate images revealing topographical and compositional information of the 

samples when the surface of the sample is scanned by a focused beam of electrons 

https://www.parksystems.com/


44 

(Figure 18). The incident primary electron (PE) beam is thermionically emitted 

from the cathode of an electron gun with a high energy up to 40 keV and focused 

by lenses to irradiate the tiny spots on the sample. Several types of energetic 

interaction between the PE beam and the atoms of the specimen surface will occur, 

which can be interpreted from the signals collected by a specific detector during 

the measurement. For example, some secondary electrons (SE) will be emitted 

from the specimen near the surface with low energy (<50 eV) and can produce 

topographical images as a result of the intensity-structure relationship between the 

numbers of SE and the incident angle of the PE beam, with high resolution down 

to 1 nm. On the other hand, since heavier element could reflect more PE than the 

lighter one, the elastically back-scattered electrons (BSE) in the high-energy PE 

beam could distinguish (yet cannot identify) different elements at deeper location 

in the sample from the brightness contrast of the image, with lower resolution than 

that of SE image. Besides, the characteristic X-rays generated during the re-filling 

process of higher-energy electrons to the inner-shell vacancies of an atom left upon 

emission of SE could be used to identify the element species in the sample and to 

map their distribution in accordance with their relative abundance.  

 

Figure 18: Scheme of the instrument configuration of SEM (a) and emitted electrons (b). 

3.2.4 X-ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a spectroscopic technique which uses 

an incident beam of X-rays to irradiate the sample and generate electrons from it 

via the traditional photoelectric effect (Figure 19). It is a very surface-sensitive 
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technique which can both qualitatively identify and quantitatively measure the 

elements present in the upper layer (~10 nm) of the material. Since different 

electrons in different electron configuration (subjected to the element species, 

orbital levels, bonding atoms, valence states, etc.) have distinguishable intrinsic 

binding energies (BE) and numerical quantities, the photo-generated electrons 

would escape from the surface with different kinetic energies (KE) with respect to 

the given energy values of the incident X-ray (h) and the work function (WF) of 

the surface. The spectrum is thereby a curve of individual peaks with the number 

of photo-generated electrons versus their characteristic BE. Most XPS are 

conducted in ultra-high vacuum (UHV) conditions for the sake of better accuracy 

of the measurement, therefore solid samples are required.  

 

Figure 19: (a) mechanism of XPS (BE = h - KE - WF), (b) scheme of the XPS instrument.  

3.2.5 Ultraviolet-Visible Spectroscopy 

Ultraviolet-visible spectroscopy (UV-Vis) is a spectroscopy technique which uses 

visible and adjacent ultraviolet light to excite bonding or non-bonding electrons in 

the molecules to a higher-energy anti-bonding state. UV-Vis is generally used for 

quantitative determination of chemicals in solutions, solids or gases based on the 

Beer-Lambert law that the absorbance (A) of an analyte is proportional to the 

concentration (c) of the species in the solution and the length the incident light 

passes through it (L) (Equation 3, where  is a wavelength- and analyte-specific 

constant known as the extinction coefficient).[242] 

A = 𝑙𝑜𝑔10  
𝐼0

𝐼
=  −𝑙𝑜𝑔10 (T%) =   c L                                       Equation 3 

Transmittance (T%) is defined as the ratio of the intensity of the light after and 
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before passing through the sample (Equation 4). 

T% =  
𝐼

𝐼0

                                                                 Equation 4 

3.2.6 Zeta Potential Measurement 

According to the theory of colloidal chemistry, when a charged particle is 

dispersed in the fluid, an electrical double layer (EDL), composed of an inner Stern 

layer with opposite charges to that of the central dispersed particles and a diffuse 

layer with mixed charges beyond the Stern layer, is formed around the charged 

particle, with a slipping plane as the boundary to the dispersion medium (Figure 

20). Zeta potential (ζ-potential) is defined as the electrical potential difference 

between the EDL at the slipping plane and a point in the dispersion medium away 

from the EDL. It can be calculated from the experimental data associated with the 

electrokinetic or electroacoustic behaviors of the charged particles and is 

expressed in the unit of voltage (e.g. mV). ζ-potential is indicative of the stability 

of colloidal dispersions in a way that higher zeta potential leads to more stable 

dispersion of the charged particles in the dispersant.  

 

Figure 20: Scheme of the EDL layers formation around a charged particle in the dispersion.  

3.2.7 Sheet Resistance Measurement 

Sheet resistance (Rsh) is a measure of the electrical resistance of a conducting film 

of uniform thickness when the current passes along the square surface plane of the 

conducting film (Figure 21a). It is inversely proportional to the thickness yet 
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independent on the size of the square surface area of a conducting film made of 

materials of the same nature. Rsh can be measured by a four-point probe (Kelvin 

technique, Figure 21b) which consists of four metal (e.g. tungsten) tips with small 

radius (e.g. 0.5 mm) arrayed in a line with equal spacing (e.g. 1 mm). By passing 

a current through the outer two probes and testing the voltage drop across the 

middle two probes, four-point probe can determine the Rsh of a thin conducting 

film (usually < 1 m thick). Highly conductive bus bars in ohmic contact with and 

placed in the four corners of the square conducting film can also be employed to 

measure Rsh (Van der Pauw method,[243] Figure 21c). 

 

Figure 21: Scheme and equation for measuring Rsh (/□), where R () is the bulk electrical 

resistance of the conducting film, r (·cm) is the resistivity of the material (constant to a particular 

material of same nature and independent on the geometry of the conductor), L (cm), t (cm) and W 

(cm) are the length, the thickness and the width of the conducting film, respectively (a). Equivalent 

circuit diagram of a four-point probe, showing the wire resistances (RW), contact resistances (RC), 

and sample resistances (RS) (b).One acceptable placement of contacts in Van der Pauw method (c). 

3.2.8 Bending Test 

Bending test is used to measure the properties of a sample when it is bent at a 

varied curvature for certain cycles. It can be coupled with an automated motion 

controller to regulate the movement of the sample (Figure 22) as well as a real-

time recorder to monitor the changes of the variables during the repeated 

mechanical deformation. 
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Figure 22: The digital image of the automatic motion controller (Zolix), which is connected to a 

computer for bending test of flexible transparent electrodes in the thesis.  

3.2.9 Current-Voltage Characterization of Solar Cells 

The Current-Voltage (I-V) curve of a solar cell is a graphic illustration of the 

photovoltaic characteristics of the solar cell under light illumination or its diode 

characteristics in dark. It can be recorded from a sourcemeter (e.g. Keithley 2400) 

when the solar cell is irradiated by a solar simulator which is often equipped with 

an airmass 1.5 (AM1.5) filter to standardize the light intensity. During the 

measurement, a swept voltage bias is applied by the sourcemeter and the current 

the solar cell generates at each scan point of the voltage will be recorded. From the 

I-V curve, the Voc and Isc can be directly read from the points where I and V equal 

to zero, respectively. The Jsc is then calculated by dividing Isc over the illumination 

area of the solar cell.  

3.2.10 External Quantum Efficiency Measurement 

The quantum efficiency (QE) of a solar cell is an index of evaluating the capacity 

of the solar cell in converting the incident photons into generated electrons. The 

ratio of the number of the photo-generated electrons by the solar cell to the number 

of the photons the incident light contains or to the number of the photons absorbed 

by the solar cell is defined as the external quantum efficiency (EQE) or the internal 

quantum efficiency (IQE), respectively. QE curve is often recorded over a range 

of different wavelengths regulated by a monochromator to the emitted lights of a 
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solar simulator when the sample is under illumination. By integrating the detected 

photocurrent at each specific wavelength over the entire illumination range, the Jsc 

can be mathematically calculated from the EQE curve, to serve as a reference to 

the experimentally recorded value. 

3.2.11 Photoluminescence Spectroscopy 

Photoluminescence (PL) refers to the light emission (luminescence) during various 

relaxation processes of the electrons excited by absorption of light back to the 

lower-energy ground state. PL spectroscopy makes use of a laser beam to irradiate 

a substance and then collect the photo-generated light as the electrons in the 

substance relax from the excited state to the ground state. The profile of a 

photoluminescence curve is indicative of many important properties of a material 

such as the bandgap, impurities, defects, recombination processes, and so forth. In 

photovoltaic devices, PL spectroscopy is frequently used to evaluate the charge 

transfer efficiency and/or recombination rates of the carriers in certain interfaces.  
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CHAPTER 4 FABRICATION OF FLEXIBLE TCO-FREE 

TRANSPARENT ELECTRODES 

In this chapter, the fabrication details for making TCO-free flexible transparent 

electrodes will be described and their optoelectrical, mechanical, topographical 

and chemical properties will be discussed. In general, the contents are arranged in 

accordance with the project progresses of PSCs fabrication. Specifically, in view 

of a higher bending stability of the metal grids than ITO on flexible substrate, the 

transparent electrodes for PSCs were firstly developed by coating a thin layer of 

the conductive polymer PH1000 on the ambiently-stable noble metal Au grids, 

which were fabricated in the form of regular square mesh (Au Mesh) or arbitrary 

leaf vein (Au Vein) structures on PET using photolithography technique. Next, 

owing to the rather high material cost of Au, the cheaper metal Cu was patterned 

in hexagonally connected Cu honeycombs (Cu HC) for fabricating the bottom 

transparent electrodes of the flexible PSCs. Lastly, although the Au or Cu metal 

grids represent excellent candidates for TCO-free transparent electrodes for PSCs, 

the high surface roughness caused by the protruded grids and the limited 

transparency due to a high surface coverage of the opaque metal grids on the PET 

imposed significant challenges for obtaining PSCs of high PCE. In view of these 

issues purely polymer-based highly-conductive PH1000 film, which was treated 

by a mild acid methanesulfonic acid (MSA) compatible with the flexible PET 

substrate, was fabricated to work as the transparent electrodes in flexible PSCs.  

4.1 Introduction 

As mentioned in previous chapters, TCOs on flexible substrates have the 

disadvantages of poor mechanical durability, inferior optoelectrical attributes and 

high materials cost. In order to fabricate flexible PSCs with high mechanical 

stability, TCO-free materials need to meet some basic properties as prerequisites. 

In this thesis, TCO-free flexible PSCs only with an inverted structure and in the 

superstrate illumination configuration will be studied on the grounds that inverted 

PSCs normally have better scalable production potentials and a lower temperature 

requirement while devices in the superstrate illumination configuration (i.e. front 

transparent electrodes are directly on top of the device support) possibly suffer less 
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adverse influences from the environment (e.g. solvents, humidity, oxygen, etc.) 

during fabrication of the transparent electrodes compared to the substrate 

illumination configuration (i.e. rear electrodes are on top of the device support). In 

this regard, the bottom transparent electrodes should be fabricated with satisfactory 

optoelectrical, mechanical, morphological and chemical properties. 

On the other hand, from the economical point of view, abundant materials with 

easy fabrication processes are preferable. As the two representative candidates of 

carbon-based transparent conductive materials, CNTs and graphene, especially 

single-walled CNTs and single-layered graphene, generally require harsh synthesis 

conditions and good expertise, which may not be so practical for future large-scale 

application. Instead, transparent metal grids are more feasible for this purpose. 

Various types of metal nanowires could be readily coated on the substrate in the 

solution manner to serve as the bottom transparent electrodes. Nevertheless, the 

intricate chemical synthesis processes and necessary post-annealing treatments 

still complex the fabrication, speak nothing of the uncontrollable irregularity in the 

nanowire alignments. In principle, the embedded metal grids on the substrate 

foresee a better chance for obtaining PSCs with a higher efficiency, as they allow 

a better film coverage and uniformity. Yet, fabrication of embedded metal grids is 

often not straightforward. For example, an embedded Ag/Ni mesh was prepared 

via several steps of imprinting a Ni-master plate on the UV glue on PET, blade-

filling the UV trenches with Ag nanoparticles, thermal annealing of the Ag ink, 

electrodeposition of Ni on the Ag NPs lines and polishing of the protruded Ni 

lines.[244] Another work took the transfer strategy to fabricate Ni mesh on PET.[245] 

A Ni substrate was firstly protected by the photoresist, which was then patterned 

into mesh-like trenches by laser direct-writing. Ni meshes on the Ni substrate were 

achieved by selective electrodeposition of Ni on the exposed Ni lines and upon 

photoresist removal from the Ni substrate. Next, UV-curable resin was cast on the 

Ni/Ni mesh and a flexible PET was roll-to-roll printed onto the resin layer. Upon 

UV curing, PET/UV resin/Ni mesh was detached from the Ni substrate to form the 

flexible transparent electrode. Compared to the metal nanowires or embedded 

metal grids, mildly-protruded metal grids will be developed in the thesis simply 

by photolithography and thermal deposition, with easier fabrication and 
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controllable tuning of the grids patterns. 

In addition, PEDOT:PSS, as the most common conductive polymer for preparing 

conductive films, is also a promising candidate to work as the TCO-free 

transparent electrode. It has good optoelectrical properties, thermal stability, 

mechanical flexibility and can be processed in the solution with relatively low cost. 

Several approaches including dopants, solvents or acids treatment have been used 

to improve the electrical conductivity of pristine PEDOT:PSS (p-PH1000) as 

introduced in Section 2.2.4. Yet, dopants or solvent can only enhance the 

conductivity to a limited extent while most acids can corrode the plastic substrate. 

Methanesulfonic acid (MSA, CH4SO3), stands for one of few choices to treat p-

PH1000 directly on PET substrate with much improved electrical conductivity.[217-

218] 

4.2 Experimental Section 

4.2.1 Fabrication of Hybrid Transparent Electrodes Based on Au Grids 

Au grids on flexible PET (PET/Au grids) were fabricated via the photolithography 

process using a positive photoresist (PR) and the subsequent etching step, for the 

sake of saving noble metal Au in case of poor PR exposure and development. The 

fabrication process flow and detailed photolithography recipe can be seen in 

Figure 23a and Table 6. Briefly, a 5-mm-wide Au stripe with a thickness of 60 nm 

or 100 nm was thermally deposited on the middle part of a bare PET film (size of 

2 cm by 1.8 cm, 188 m thick) via the shadow mask. Next, the PR AZ5214E was 

spin-coated on the PET/Au film, pre-baked and subjected to the UV exposure of a 

Mercury lamp of 365 nm and 350W (SUSS MA6 Aligner, SUSS MicroTec) 

through a photomask of specific patterns (regular square mesh of linewidth of 5 

m and spacing of 100 m or arbitrary leaf vein structures of linewidth of ~20 m) 

for a certain time. After post-baking and development of the exposed PR, Au 

etchant was used to etch away the Au films without the overlying PR protective 

layer, forming the PET/Au Grid upon removal of the remaining PR by acetone 

right before the device fabrication (Figure 23b). Intentionally, an Au busbar on 

one end of the Au stripe was kept during photolithography to serve as one contact 
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for the solar cells testing. 

 

Figure 23: The process flow of fabrication of Au grids on the flexible substrate PET via 

photolithography with a positive PR and a subsequent etching step (a) and the schematic illustration 

of Au grids pattern on PET (b).  

However, such bare Au grids with blank regions cannot function as an effective 

electrode for PSCs since carriers could only diffuse up to m scale in perovskite 

before recombination, necessitating another conductive film electrically 

connecting the blank regions to the Au grid lines. PH1000 has been reported to 

efficiently collect charges both horizontally and vertically as long as the carriers 

diffusion length is less than 100 m.[211] In view of this, the bare transparent Au 

grids were then subjected to the plasma treatment and then immediately coated 

with the solution of a conductive polymer PH1000, which was doped with 5 wt.% 

DMSO to improve its electrical conductivity and spin-coated at different rates for 

1 minute. After thermal annealing at 120 ℃ for 10 minutes in the air, parts of the 

PH1000 film besides the central Au stripe were removed by the Sanyo industrial 

cotton swab (HUBY BB-013) dipped with EtOH to avoid possible short circuit 

failures during device fabrication and measurement, eventually forming the 

flexible hybrid transparent electrode PET/Au Grid:d-PH1000. 
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Table 6: The photolithography processes and parameters for fabricating Au or Cu grids on PET.  

 PET/Au Grids PET/Cu Grids 

Metal deposition Au on bare PET  

Photoresist AZ5214E NR9-1500PY 

Mechanism positive PR for etching  negative PR for lift-off 

Spin-coating PR 500rpm, 5s; 4000rpm, 30s 500rpm, 5s; 4000rpm, 40s 

PET thickness 188 m 75 m 

Pre-baking 110 ℃ for 3 minutes 155℃ for 1 minute 

Contact Mode soft contact; gap of 20 m soft contact; gap of 20 m 

Exposure power*time  40 mJ cm-2 power*time 168 mJ cm-2 

Post baking 90 ℃ for 1 minute 105℃ for 3 minutes 

Development AZ300MIF for ~60s DR6 for ~12s 

Metal etching Au etchant  

Metal deposition  Cu on PET/PR Grid 

PR removal Acetone Acetone for lift-off 

4.2.2 Fabrication of Hybrid Transparent Electrodes Based on Cu Grids 

Cu grids on flexible PET (PET/Cu Grids) were fabricated via the photolithography 

technique too, but with a negative PR and the lift-off process in the final step, 

because of the experimental fact that etching of Cu was not well controlled over 

the entire substrate. The fabrication process flow and detailed photolithography 

recipe can be seen in Figure 24a and Table 6. Briefly, a bare 75-m-thick PET 

film (size of 15.3 mm by 13.3 mm in order to take advantage of the shadow mask 

designed for depositing the top electrode of PSCs based on Glass/ITO or PET/ITO 

depicted in Figure 16) was coated with the negative PR NR9-1000PY, which was 

then pre-baked and subjected to the UV exposure of a Mercury lamp of 365 nm 

and 350W through a photomask of specific patterns (hexagonal honeycombs of 

the linewidth and the diagonal length of 3 m and 180 m, 5 m and 180 m, or 

5 m and 90 m, respectively) for a certain time. After post-baking and 
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development of the un-exposed PR, arrays of separate PR cubes would be 

generated on PET. A 50-nm-thick Cu layer was then thermally evaporated over the 

entire sample at a vacuum pressure below 2*10-4 Pa. Cu layer in regions with the 

underlying PR cubes could be lifted off simply by acetone rinse, generating the 

final PET/Cu grids with a busbar reserved for the contact (Figure 24b). 

 

Figure 24: The process flow of fabrication of Cu grids on the flexible substrate PET via 

photolithography with a negative PR and a lift-off step (a) and the schematic illustration of Cu grids 

pattern on PET (b).  

In order to work as the bottom transparent electrode for PSCs, Cu honeycombs 

(Cu HC) also needed the PH1000 coating layer on top. Unlike plasma treatment of 

the Au surface, 0.5 wt.% surfactant FS300 was added into p-PH1000 solution to 

improve its wettability on PET/Cu HC surface during spin-coating. After attaching 

the PET/Cu HC onto a Glass/PDMS support of the same size, freshly prepared dd-

PH1000 solution (p-PH1000 solution doped with 5 wt.% EG and 0.5 wt.% FS300 

and diluted with H2O in 1:1 v/v ratio) was spin-coated on the sample at different 

rates for 1 minute and then thermally annealed at 100 °C for 10 minutes inside a 

N2-filled glovebox. Finally, PH1000 films besides the central Cu stripe were also 

removed in a similar way to make the bottom flexible hybrid transparent electrode 

pattern of PET/Cu HC:dd-PH1000 for PSCs. 

4.2.3 Fabrication of Transparent Electrodes Based on Highly Conductive 

PEDOT:PSS via Acid Treatment 

Pristine PH1000 was spin-coated on plasma-treated glass (size of 15.4 mm by 13.4 

mm, 1.1 mm) or PET (size of 15.4 mm by 13.4 mm, 125 m) at different rates for 

1 minute and thermally annealed at 120 °C for 10 minutes in the air. After cooling 

down, the Glass/p-PH1000 or PET/p-PH1000 was immersed into a petri dish filled 
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with concentrated MSA for 10 minutes, then rinsed thoroughly with deionized 

water, dried with Air gas blow and annealed again at 120 °C for 10 minutes in the 

air. MSA-PH1000 film was then patterned for a width of 10 mm in the central part 

of the PET by selectively removing those PH1000 lying on the two sides via a 

cotton swab dipped with EtOH.  

4.2.4 Characterization of Flexible Transparent Electrodes 

The optical images were taken from a Nikon Eclipse Ni optical microscope, 

accompanied with a microscopy camera Nikon Digital Sight DS-Ri1 (Nikon, 

Tokyo, Japan). The optical transmittance and absorbance were measured by 

Agilent Varian Cary 300 UV-Visible spectrometer. Sheet resistance of PET/Au 

Grids, PET/Cu Grids, PET/Cu Grids:dd-PH1000 were measured via a Keithley 

2400 sourcemeter in the 4-wire mode, by connecting two pairs of input and output 

electrical wires in the four corners of the busbar on the two sides of the central 

conductive film with a definite area of 1 cm2. The sheet resistance for PET/Au 

Grids:d-PH1000 was measured using a 4-point probe (model RTS-9, 4 PROBES 

TECH, Guangzhou, China). Bending test of PET/Au Grids and PET/ITO were 

performed manually by bending the samples around a solid steel cylinder of a 

given radius of 6 mm or 5 mm for certain times. Bending tests of PET/Cu Grids, 

PET/Cu Grids:dd-PH1000, PET/MSA-PH1000 were performed with a Zolix 

SC300-2A Motion Controller which dynamically deformed the samples from the 

flat state to the bent state of the desired curvature, which was accompanied with a 

Keithley 2400 sourcemeter in the 4-wire mode to monitor the real-time resistance 

change. The AFM topographic images were obtained with an XE-100 AFM (Park 

Systems, Suwon, South Korea) in non-contact mode.  

4.3 Results and Discussions 

4.3.1 Properties of Flexible Hybrid Transparent Electrodes of PET/Au Grid:d-

PH1000 

Two types of Au grids patterns were fabricated, namely the regular square mesh of 

linewidth of 5 m and spacing of 100 m or the arbitrary leaf vein structures of 

linewidth of ~20 m (Figure 25a, b, c, d). It is evident from the microscopic 
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images that the Au lines in either pattern were well jointed after the 

photolithography process, which is of great significance for the subsequent device 

fabrication.  

 

Figure 25: Microscopic images of the regular square Au mesh with the linewidth of 5 m and the 

line spacing of 100 m (a, b), and of the arbitrary Au leaf vein structures with the linewidth of ~ 

20 m (c, d). AFM thickness measurement of the thermally deposited 60-nm-thick Au mesh (e) or 

100-nm-thick Au vein (f). 

Au film of each pattern was then deposited for two different thickness (60 nm or 

100 nm) in order to gain some preliminary insights on their optoelectrical 

properties, and their suitability for PSCs introduced in Chapter 5. To get more 
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accurate values for the thickness of the as-prepared Au grids, samples of 100-nm-

thick Au vein or 60-nm-thick Au mesh on 188 m PET were characterized by AFM. 

It was shown that thermally-evaporated 60 nm Au actually gave ~65 nm film 

(Figure 25e) while thermally-evaporated 100 nm Au led to a film of ~110 nm 

(Figure 25f), indicating a rather good agreement between the desired and the 

obtained thickness of Au grids.  

The optoelectrical properties of these Au grids with four different features were 

then characterized by measuring their optical transmittance (T%) using UV-Vis 

spectroscopy and their sheet resistance (Rsh) with the Van der Pauw method 

introduced in Section 3.2.7. When considering the optical loss merely caused by 

the Au grids (e.g. T% in reference to the substrate PET), all of them showed an 

average T% of >90% from 400 nm to 800 nm, with a slightly higher T% for Au 

vein than that for Au mesh by ~3%. The thickness of the Au grids did not cause 

obvious difference in T% (Figure 26). If the substrate of 188 m PET, which 

already prevented ~10% light transmission, was also included in the T% reduction, 

188PET/60 nm Au mesh demonstrated an average T% of ~84.6% in the same range 

(Figure 27). On the other hand, Rsh of Au square mesh was revealed to be lower 

than that of Au vein of the same thickness, possibly because of more efficient or 

denser current transporting channels in the grid structures.  
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Figure 26: T% of four different types of Au grids measured in reference to the substrate PET. 
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Figure 27: T% of the 188 m PET/60 nm Au grid measured in reference to air. 

The mechanical durability of transparent Au grids on PET was evaluated to probe 

its flexibility. From Figure 28, it was shown that a bending radius of 10 mm was 

rather safe to the 188PET/60 nm Au Mesh for 1000 cycles, with the Rsh fluctuating 

within a small range of 32~36  sq-1. When the bending radius was reduced to a 

curvature of 6 mm, the Rsh started to increase after 700 cycles and reached ~40  

sq-1 up to 1000 times. 
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Figure 28: Rsh change profile of 188PET/60 nm Au Mesh at a bending radius of 6 mm and 10 mm.  
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Figure 29: T% of 188PET/60 nm Au Mesh:d-PH1000 with various thickness in reference to air. 

In order to explore the effects of PH1000 thickness on the optoelectrical properties 

of the hybrid transparent electrode of PET/Au Grid:d-PH1000, different spin-

coating rates ranging from 1000 to 3000 rpm were employed to coat d-PH1000 on 

top of a sample of PET/60 nm Au Mesh. It was found that the d-PH1000 layer 

significantly reduced the overall transmittance, to a value below 70% if the spin-

coating rate was 1000 rpm. The sheet resistance of the hybrid transparent electrode 

changed in the opposite trend as the d-PH1000 thickness varied, giving rise to a 

Rsh <30  sq-1 for d-PH1000 film of any thickness (Figure 29 and Table 7).  

The major surface roughness from the steps between Au grids and the surrounding 

bare PET regions might make a big difference on the film coverage and uniformity 

of overlying layers for PSCs fabrication, thus it is better to be minimized. However, 

coating of d-PH1000 layer did not smooth the surface protrusion originated from 

the Au grids on the bare PET, as seen from the examples of AFM images in Figure 

30 in comparison to Figure 25 and from the complete data list in Table 7.  
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Figure 30: AMF measurement of the grid protrusion in 188PET/100 nm Au Vein:d-PH1000 (a) or 

188PET/60 nm Au Mesh:d-PH1000 (b). 

Table 7: The effects of the spin-coat rate of d-PH1000 on the sheet resistance (Rsh), the 

transmittance (T%) and the protrusions of the hybrid transparent electrode. 

Spin-coat rates of 

d-PH1000 speed  

(rpm) 

Rsh 
a  

 

( sq-1) 

Average T% b 

 

(%) 

Step between PET/Au Mesh:d-

H1000 and PET/d-PH1000 

(nm) 

1000 12.98 69.55 62.77 

1500 14.79 72.95 74.02 

2000 14.10 78.14 76.98 

3000 23.03 83.63 66.38 

bare PET/60nm Au mesh 33 84.68 64.77 

a) Rsh for Au Mesh:d-PH1000 film was measured with a four-point probe (Kelvin technique, 

section 3.2.7) while Rsh for the bare 60 nm Au mesh on 188 m PET was achieved with a Keithley 

2400 sourcemeter (Van der Pauw method, section 3.2.7); b) average T% was calculated as the 

quotient of sum of T% over a range of wavelength divided by the wavelength range itself.  
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4.3.2 Properties of Flexible Hybrid Transparent Electrodes of PET/Cu Grid:dd-

PH1000 

The general methodology for fabricating hybrid transparent electrode based on Cu 

grids is similar to that for the PET/Au Grid:d-PH1000. There are a few alternations 

though, with the aim of improving the mechanical, topographical and 

optoelectrical properties of the hybrid transparent electrode based on Cu grids for 

application in flexible PSCs. (1) In the fabrication of Cu grids and relevant flexible 

PSCs, a thinner PET of 75 m in contrast to the 188-m-thick PET for Au grids 

was employed in order to improve the flexibility of the substrate. (2) Given the 

postulation that the protrusion of the metal grids is preferably as minimal as 

possible for the sake of the target flexible PSCs performance as long as the 

electrical resistance of the metal grids is small enough, a 50-nm-thick Cu film was 

deposited in contrast to the 60-nm-thick Au film. (3) Cu grids were designed for 

hexagonal honeycombs (Cu HC) in the hope that the materials could be deposited 

more easily around the corners of the grids line during spin-coating. In this regard, 

the periodical hexagonal honeycombs were fabricated for three different features, 

with the linewidth and the diagonal length of 3 m and 180 m, 5 m and 180 m, 

5 m and 90 m, respectively. (4) Pristine PH1000 (p-PH1000) was added with 5 

wt.% EG instead of DMSO to improve its conductivity and also with 0.5 wt.% 

FS300 to improve its wettability on PET surface instead of using plasma treatment 

on Cu film. As doped-PH1000 (d-PH1000) was diluted with deionized water in 

1:1 v/v ratio to reduce the optical loss from the PH1000 film (i.e. dd-PH1000) for 

the sake of the device performance in Chapter 6.  

Figure 31 shows the microscopic and AFM images of the Cu grids and the 

associated hybrid transparent electrode Cu HC:dd-PH1000 on a flexible 75-m-

thick PET. It can be seen that the hexagonal honeycombs were perfectly connected 

which is beneficial for the current transportation. The actual Cu film thickness 

from thermal deposition is close to the set value of 50 nm, and the Cu grids 

protrusion was not influenced by the coating of the dd-PH1000 layer.  
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Figure 31: Microscopical images of the hexagonal Cu honeycombs and the hybrid electrode Cu 

HC:dd-PH1000 with three different features on 75 m PET (a-f). AFM thickness measurement of 

the grids protrusion before (g) and after (h) the coating of dd-PH1000 on top of PET/Cu HC.  
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Figure 32: T% of the PET/Cu HC and the flexible hybrid transparent electrode 75PET/Cu HC:dd-

PH1000 with three different features for the honeycomb pattern.  

The optoelectrical properties of the Cu HC and the hybrid transparent electrode Cu 

HC:dd-PH1000 were investigated to explore their potentials for application in 

flexible PSCs. Figure 32 shows that 75-m-thick PET could allow ~93% light 

transmission, superior to the 188-m-thick PET which only had a T% of ~90% 

(Figure 27), aside from the merit of improved flexibility. The Cu honeycombs 

with the linewidth of 5 m and the diagonal length of 90 m on PET limits only 

~80% light transmission, while Cu HC with the linewidth of 3 or 5 m and the 

diagonal length of 180 m have a similar T% of 87%~88%. The dd-PH1000 

coating did not undermine the underlying Cu grids chemically, but reduced the 

light transmission dramatically, with more profound influences in the long 

wavelength range. As a result, 75PET/50 nm Cu HC:dd-PH1000 gained an overall 

average T% of ~77%, ~ 83%, ~84% as the coverage density of Cu HCs increased 

on the surface of PET in accordance with the pattern parameters. On the other hand, 

the  Rsh of the Cu HC and Cu HC:dd-PH1000 samples, which was measured via a 

Keithley 2400 sourcemeter in the 4-wire mode, was governed by the Cu coverage 

too. 50-nm-thick Cu HC with the pattern of 5&90 m gave a value of ~16  sq-1 

which is comparable to that of Glass/ITO. The dd-PH1000 coating increased the 

Rsh to ~29  sq-1. Noteworthily, the opposite change trend of the Rsh after PH1000 
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coating on Au grids and on Cu grids probably came from the different 

measurement techniques. The figure-of-merits (FoM) value was then used to 

evaluate and compare the different conductors. Table 8 lists two different kinds of 

methods for calculating the FoM value, both of which revealed that the Cu HC 

with the linewidth of 5 m and the diagonal length of 90 m performed the best 

among the three different patterns.  
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Figure 33: T% of the doped-PH1000 film on 75 m PET. d-PH1000 denotes the p-PH1000 solution 

doped with 5 wt.% EG and 0.5 wt.% FS300 while dd-PH1000 denotes the diluted d-PH1000 

solution with 1:1 v/v ratio d-PH1000:H2O.  

If merely the d-PH1000 film was used for the transparent electrode without any 

underlying Cu grids, the average T% of the 75PET/d-PH1000 could be over 80% 

but its Rsh was as large as ~127  sq-1. Diluting the d-PH1000 solution by half 

with H2O, the average T% of the 75PET/dd-PH1000 film was largely improved to 

~87.5% at the cost of a much increased Rsh of ~528  sq-1 (Figure 33 and Table 

8). Therefore, it was evident that the Cu HC and the dd-PH1000 layer were both 

essential for playing their roles as the transparent electrodes in PSCs.  
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Table 8: Sheet resistance, average transmittance and the corresponding figure-of-merits values for 

various transparent electrodes. 

 

Rsh    

( sq-1) 

Average T%  

(%) a 

FoM 

(-1) b 

FoM 

(-1) c 

75PET/d-PH1000 127 81.82 0.0011 14.06 

75PET/dd-PH1000 528 87.53 0.0005 5.18 

75PET/50nm Cu HC (5&90 m) 16 80.07 0.0068 100.2 

75PET/50nm Cu HC (5&90 m):dd-PH1000 29 77.32 0.0026 47.35 

75PET/50nm Cu HC (3&180 m) 88 88.58 0.0034 34.26 

75PET/50nm Cu HC (3&180 m):dd-PH1000 132 83.92 0.0013 15.59 

75PET/50nm Cu HC (5&180 m) 32 87.30 0.0080 83.80 

75PET/50nm Cu HC (5&180 m):dd-PH1000 68 82.70 0.0022 27.83 

PET/ITO 42 84.14 0.0042 49.77 

Glass/ITO 15 91.16 0.0264 265.3 

(a) Average T% was calculated over the wavelength range from 400 to 800 nm; (b) FoM was 

calculated by Haacke’s method, namely FoM(H) = T10/Rsh;[246] (c) FoM was calculated by Dressel 

and Gruner’s method, namely FoM (DG) = 188.5/(Rsh(1/√T-1)).[247] 

The mechanical durability of the PET/Cu HC and PET/Cu HC:dd-PH1000 was 

illustrated in Figure 34, with 75PET/50 nm Cu HC (5&90 m) as one example. 

As shown, both 75PET/50 nm Cu HC and 75PET/50 nm Cu HC:dd-PH1000 

demonstrated almost no change in Rsh when they were bent to a radius of 5 mm up 

to 3000 cycles. When the radius was further decreased to 2 mm, their Rsh still 

experienced very trivial changes, fluctuating within a narrow range of <1  sq-1. 

In contrast, the sample of PET/ITO encountered >200 folds increase in resistance 

even shortly after 50 bending cycles under a bending radius of 5 mm. (Figure 35) 

Optical microscopic images revealed that severe cracks of ITO were generated 

after the bending tests while Cu HC remained intact, proving that the flexible 

PET/Cu HC is superior than PET/ITO in terms of mechanical durability. (Figure 

36) 
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Figure 34: Rsh change profile of the Cu HC and the hybrid transparent electrode during the bending 

tests.  
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Figure 35: Comparison of mechanical stability of flexible transparent electrodes of PET/ITO and 

PET/Cu HC:dd-PH1000 during bending tests. 
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Figure 36: Microscopic images of the flexible electrodes before or after bending test. 

4.3.3 Properties of Flexible Transparent Electrodes of PET/MSA-PH1000 

Unlike yet inspired from Au or Cu Grid:d-PH1000 hybrid transparent electrodes 

introduced in Section 4.3.1 and 4.3.2, acid-treated PH10000 film could feature 

smoother surface of no protrusions, better chemical compatibility to overlying 

layers, and possibly higher light transmission too. A variety of acids have been 

reported to improve the electrical conductivity of PH1000, among which the 

methanesulfonic acid (MSA) proved to be a suitable choice which is chemically 

compatible to the flexible substrate thanks to its mild acidity.  

Figure 37 shows the T% of the p-PH1000 films of two different thickness (spin-

coating rate of 1000 or 2000 rpm) formed on the rigid glass, before or after the 

MSA treatment. It was shown that the pure p-PH1000 films without considering 

contribution from the substrate could give rise to an average T% of 85.8% and 

91.5% over the wavelength range of 400~800 nm under the spin-coating rate of 

1000 and 2000 rpm, respectively (Table 9). While on the other hand, the MSA-

PH1000 films possessed an enhanced T% by ~1%, with a stronger effect at the 

longer wavelength. The more profound outcomes of the MSA treatment on the p-

PH1000 films lay in the significant electrical conductivity improvement by three 

orders of magnitude. For example, the Rsh of the p-PH1000 film formed with a 
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spin-coating rate of 1000 rpm was ~13140  sq-1 (corresponding to a low 

conductivity of ~4.2 S cm-1) while MSA treatment on the p-PH1000 of this kind 

reduced the sheet resistance dramatically to ~84  sq-1 (amounting to an increased 

conductivity of ~1227 S cm-1). The conductivity enhancement was ascribed to the 

removal of the insulating PSS components and crystal rearrangement in PH1000 

films,[217] which could be verified by the film thickness decrease upon MSA 

treatment as seen in Figure 38. 
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Figure 37: T% of the p-PH1000 films before or after MSA treatment with glass as the background. 

Table 9: Average transmittance calculated in the wavelength range of 400~800 nm (T% were in 

reference to Glass for rigid samples while in reference to Air for the flexible sample) and the 

electrical conductivity calculated from the equation of =1/(t*Rsh) of PH1000 films.  

Films Average T% 

 

Film thickness 

(t) 

Sheet Resistance 

(Rsh) 

Conductivity  

() 

 % nm  sq-1 S cm-1 

Glass/p-PH1000_1000rpm 85.8 183 13140 4.2 

Glass/MSA-PH1000_1000rpm 87.0 97 84 1227 

Glass/p-PH1000_2000rpm 91.5 105 22170 4.3 

Glass/MSA-PH1000_2000rpm 92.5 85 177 664 

125PET/MSA-PH1000_1000rpm 83.2  77  
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Figure 38: Film thickness measured by AFM. (a) Pristine PH1000 spin-coated on Glass with a rate 

of 1000 rpm (Glass/p-PH1000_1000rpm), where the p-PH1000 film was scratched by sharp steel 

tweezer; (b) p-PH1000 film treated with MSA (Glass/MSA-PH1000_1000rpm), where the MSA-

PH1000 film was scratched by sharp plastic tweezer; (c) Pristine PH1000 spin-coated on Glass 

with a rate of 2000 rpm (Glass/p-PH1000_2000rpm) and (d) Glass/MSA-PH1000_2000rpm, where 

the PH1000 films were scratched by sharp cotton swab dipped with EtOH.   

When such MSA treatment was applied to the target flexible substrate of 125 m 

PET, the overall average T% of 125PET/MSA-PH1000 (for spin-coating rate of 

1000 rpm) including the substrate was ~83.2% from 400 to 800 nm, which was 
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comparable to or even higher than that of 188PET/ITO below 470 nm (Figure 39). 

It was more transparent and more conductive than the d-PH1000 film on the same 

type of substrate. Significantly, its average T% was much higher than that of 

75PET/50 nm Cu HC (5&90 m):dd-PH1000, although the Rsh was inferior 

compared to the hybrid transparent electrode Cu HC:dd-PH1000. 
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Figure 39: Comparison of T% of different transparent electrodes on the flexible PET substrate. 
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Figure 40: Bending test for the flexible transparent electrode made of MSA-treated PH1000 (spin-

coating rate of 1000 rpm) on 125 m PET. 

The mechanical stability of as-prepared flexible transparent electrode based on the 

PH1000 film treated with MSA was investigated by repeated bending (Figure 40). 

It was found that the sheet resistance remained nearly unchanged after 1000 cycles 
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of bending at a radius of 5 mm, suggesting good potentials for application in 

flexible PSCs.  

4.4 Conclusions 

In conclusion, three different types of TCO-free transparent conductive electrodes 

have been fabricated successfully and characterized for their optoelectrical, 

topographical and mechanical properties. 

Firstly, Au grids were formed on the flexible 188 m PET substrate through 

photolithography and thermal deposition, in the pattern of periodic square mesh or 

arbitrary leaf vein, with a set Au film thickness of 60 or 100 nm. Such PET/Au 

grids have good optoelectrical and mechanical properties. For example, 

188PET/60nm Au Mesh demonstrated an average T% of ~85% over the 

wavelength range of 400 to 800 nm and a Rsh of ~33  sq-1 which nearly remained 

unchanged after 1000 cycles (or 700 cycles) of bending test at a radius of 10 mm 

(or 6 mm). A thin layer of d-PH1000 film was then coated on the Au grids to 

generate the hybrid transparent electrode, without causing any obvious effects on 

the protruded grids chemically or topographically. The final 188PET/60 nm Au 

Mesh:d-PH1000 showed an average T% of ~70% and a Rsh of ~13  sq-1 for d-

PH1000 spin-coated at 1000 rpm.  

Secondly, the less-expensive Cu grids were formed on the PET of 75 m with the 

same techniques as Au grids, in the pattern of hexagonal honeycombs of three 

different specifications and with a lower thickness of 50 nm. The 75PET/Cu HC 

with the linewidth of 5 m and the diagonal length of 90 m showed an average 

T% of ~80% and Rsh of ~16  sq-1, which were changed to ~77% and ~29  sq-1 

after the dd-PH1000 film coating. Bending test revealed that both 75PET/Cu HC 

and 75PET/Cu HC:dd-PH1000 experienced almost no changes in the electrical 

resistance after 3000 cycles of bending at a small radius of 2 mm.  

Lastly, a polymer-based transparent conductive electrode was made from the 

PH1000 film on PET after treatment with a mild acid of MSA. Such MSA 

treatment significantly improved the electrical conductivity of the PH1000 film 
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from <5 S cm-1 to >1200 S cm-1 (for MSA-PH1000 films formed under the spin-

coating rate of 1000 rpm and with a Rsh of ~ 80  sq-1). The average T% of the 

flexible transparent electrode of 125PET/MSA-PH1000 was as high as 83% over 

the wavelength range of 400~800 nm, much higher than that of the hybrid 

transparent electrodes made from metal grids and comparable to the PET/ITO. 

Besides, the surface roughness was expected to be much lower than the protruded 

metal grids. The flexibility of this type of flexible electrode was also appealing 

evidenced by a stable resistance upon 1000 bending cycles at a radius of 5 mm.  

Compared to conventional ITO on flexible substrate of PET, the three types of 

TCO alternatives developed in this Chapter showed superior mechanical flexibility, 

although their optical transmittance is lower than that of PET/ITO. (Figure 41) 

PET/MSA-PH1000 showed the highest optical transmittance, yet with the highest 

sheet resistance. MSA-PH1000 is also advantageous in the sense that it has a 

smoother surface topography, which is more favorable for PSCs fabrication, than 

protruded metal grids. 
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Figure 41: Comparison of the optoelectrical properties of three types of TCO-free flexible 

transparent electrodes developed in this Chapter with regard to PET/ITO. 

All in all, the flexible transparent electrodes developed with metals or polymer 

showed very good optoelectrical and mechanical properties, which could well play 

the role of TCOs in flexible PSCs and significantly improve the device stability 

during high-degree mechanical deformation.  
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CHAPTER 5 FLEXIBLE PEROVSKITE SOLAR CELLS BASED ON 

TRANSPARENT GOLD GRIDS 

In this chapter, the flexible PSCs based on the TCO-free hybrid transparent 

electrode PET/Au Grid:d-PH1000 will be demonstrated. The fabrication 

parameters, the photovoltaic performance as well as the mechanical durability of 

such flexible PSCs are discussed.  

5.1 Introduction 

Au has been manipulated in several manners to work as the transparent electrodes 

in a variety of optoelectronics application. For example, an Au nanomesh with 

controllable optical properties was fabricated using the nanosphere lithography 

and metal evaporation for OSCs.[248] In the work, close-packed periodic hexagonal 

polystyrene (PS) nanospheres array was formed on the rigid or flexible substrates 

by self-assembly, which disclosed some empty spaces on the outer edges upon 

appropriate oxygen reactive-ion etching (RIE). Next, the etched PS template was 

firstly coated with thermally-evaporated Au and then removed by chloroform, 

leaving the transparent Au nanomesh with circular holes on the substrate (Figure 

42a). The optical features of such Au nanomesh could be adjusted by the PS size 

and the RIE recipe. OSCs with the active materials of P3HT:PC61BM 

demonstrated a champion PCE of 3.12%. A flexible transparent electrode with 

excellent optoelectrical and mechanical properties was also made of Au 

nanotrough network (Figure 42b).[235] A polymer fiber template was fabricated by 

electro-spinning, and then coated with Au films from vacuum deposition. The 

polymer/Au composite could be together transferred to various substrates and the 

polymer fiber template could be removed by dissolution in suitable solvents. In 

addition, an ultrathin single-crystal Au film of different thickness (<30 nm) was 

achieved by epitaxial lift-off of electrodeposited single-crystal gold foils, which 

was of great advantages over the polycrystalline ultrathin Au films traditionally 

deposited with vacuum technique (Figure 42c).[249] The dramatically reduced 

grain boundaries in the single-crystal Au film were very beneficial for minimizing 

the carrier recombination sites in electronic devices such as organic light-emitting 

diodes. 
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Figure 42: (a) Periodic Au nanomesh with circular holes; (b) Schematic fabrication processes of 

Au nonatrough network; (c) Schematic fabrication processes of epitaxial lift-off of electrodeposited 

single-crystal Au film. 

In the field of PSCs, Au has a high WF of ~ 5.1 eV and has been widely used as 

the top rear electrode in the normal-structure PSCs to collect holes from the HTL. 

Besides, Au is quite stable in the ambient environment and can withstand the acid 

or solvent impacts. All of these attributes make Au as a suitable candidate, in spite 

of a high cost, for making the bottom transparent electrode made of Au grids in the 

TCO-free flexible inverted PSCs. In this chapter, the transparent Au grids on 

flexible substrate discussed in Section 4.2.1 and 4.3.1 will be used to fabricate 

TCO-free flexible inverted PSCs. 

5.2 Experimental Section 

5.2.1 Preparation of Materials 

The flexible hybrid transparent electrodes of 188PET/Au Grid:d-PH1000 were 

fabricated as in Section 4.2.1, where d-PH1000 was made of 5 wt.% DMSO only. 

MAI:PbI2/DMF:DMSO solution with a total 40 wt.% for the perovskite precursor 

solutes, 30 mg mL -1 PC61BM (from Nichem)/PhCl solution, 0.5 mg mL-1 BCP/IPA 

solution were prepared as in Section 3.1.3. 
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5.2.2 Fabrication of Devices 

Based on the hybrid transparent electrode of Au Grid:d-PH1000 on the flexible 

substrate of 188 m PET discussed in Section 4.3.1, inverted PSCs were fabricated 

following the steps below (Figure 43a). More specifically, an ultrathin PDMS film 

of few m was attached selectively on top of the Au busbar region to serve as a 

protective layer for the bottom contact throughout the device fabrication. HTL 

material PEDOT:PSS 4083 was then spin-coated on top of the 188PET/Au Grid:d-

PH1000 at the rate of 4000 rpm for 40 seconds, followed by thermal annealing at 

120 °C for 20 minutes in the air. The sample was then transferred into a N2-filled 

glovebox for spin-coating other layers of materials. 2-component perovskite 

precursor solution of MAI:PbI2/DFM:DMSO were loaded on the sample via a 0.45 

m PTFE filter and spin-coated on top of the 4083 layer at 3000 rpm for 30s, at 

the 10th second of which150 L PhCl was drop-casted onto the sample at a 

medium speed via a pipette to help remove solvents residues. The perovskite layer 

MAPbI3 was formed after thermal annealing at 100 ℃ for 10 minutes. Next, 

PC61BM/PhCl solution were spin-coated at the speed of 2000 rpm for 40 seconds 

neither with filtration nor with post thermal annealing to serve as the ETL. The 

BCP/IPA solution were then spin-coated (4000 rpm, 40 s) on top with no thermal 

annealing to form a thin interfacial buffer layer to facilitate electrons transportation 

to the cathode. Finally, the sample was attached on a shadow mask and transferred 

into a thermal evaporator for depositing the top rear electrode (cathode) of 120 nm 

Ag at a vacuum < 2*10-4 Pa, in the pattern of 2-mm-wide stripes perpendicular to 

the bottom Au grids stripe. The active area of a single device was then determined 

to be 10 mm2 from the overlapping area of the bottom and top electrodes. Rigid 

PSCs on plasma-cleaned Glass/ITO with same device structure were also 

fabricated following the same procedures and conditions to serve as the reference 

examples, with an active area of 7.25 mm2 for a single rigid device.  
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Figure 43: The fabrication process flow of the flexible PSCs based on the bottom transparent 

electrode PET/Au Grid:d-PH1000 with an inverted structure (a). The schematic structure of the 

layers and the contacts used for device testing of the flexible PSCs (b) and the rigid PSCs (c).  

5.2.3 Characterization 

The I-V curve of the devices were collected by a Keithley 2400 sourcemeter in 

forward and reverse scan directions from 1.15 V to -0.05 V. To simulate standard 

sunlight, a solar simulator with AM 1.5 filter (91160, Newport, 100 mW cm-2) was 

used as the light source, after calibrated by a standard Si solar cell before test. The 

flexible PSCs were connected to the sourcemeter via a pair of alligator clips 

(Figure 43b) to the bottom Au (the ultrathin PDMS protective film was here 

peeled off) and the top Ag busbars. The rigid PSCs on Glass/ITO were connected 

via the Pogo Pins in ohmic contact with the two busbars of the devices, of which 

the bottom ITO busbar was disclosed by gently scrubbing away overlying layers 

and covered by an Ag layer during the deposition of the top electrode from the 

shadow mask (Figure 43c). Bending test of the flexible PSCs was performed in a 

manual way, by bending the device around a cylinder of a given radius of 6 mm or 

10 mm for 1000 cycles.  

5.3 Results and Discussions 

Rigid PSCs on Glass/ITO 



78 

In the first place, the photovoltaic characteristics of the rigid PSCs fabricated on 

Glass/ITO were evaluated. It was shown that the best rigid device with an active 

area of 7.25 mm2 demonstrated a Jsc of 18.78 mA cm-2, a Voc of 0.91 V and an FF 

of 76%, amounting to a champion PCE of ~ 12.95% (Figure 44). This is rather a 

good device performance considering 4083 was used as the HTL. The overall 

device performance revealed the interfaces in the device were well constructed, 

indicative of a good selection of materials and the fabrication conditions.  
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Figure 44: J-V curve of the champion rigid PSC on Glass/ITO. 

The surface morphology and the thickness of each layer in the rigid PSCs were 

then characterized by AFM to gain more ideas about these layers and to shed some 

lights on the fabrication of target flexible devices (Figure 45). It was found that 

the HTL layer 4083 with a spin-coating rate of 4000 rpm, the active material layer 

MAPbI3 with a spin-coating rate of 3000 rpm, the ETL layer PC61BM with a spin-

coating rate of 2000 rpm achieved a film thickness of ~37 nm, ~364 nm and ~59 

nm, respectively. The MAPbI3 film had a surface roughness Rrms of ~15.5 nm and 

a crystalline size of 50~200 nm. The PC61BM layer smoothened the surface by 

reducing the roughness to ~ 3.5 nm.  
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Figure 45: AFM characterization of the thickness of the HTL layer 4083 (a), the perovskite layer 

MAPbI3 (b), the ELT layer PC61BM (c) as well as the topography of MAPbI3 film (e) and PC61BM 

film (f). The thickness was measured by scanning the height difference across regions with or 

without (scrubbed away by the sharp tip of a plastic tweezer) the film of the target layer.  

Flexible PSCs on PET/Au Grid:d-PH1000 

Although the optimal fabrication parameters for champion devices on flexible 

substrates may differ from those on rigid substrates,[13] it could still provide some 

insightful reference. Therefore, the same conditions used in the fabrication of the 

champion rigid PSCs were applied to three different types of Au grids, 188PET/60 
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nm Au Mesh:d-PH1000, 188PET/60 nm Au Vein:d-PH1000 and 188PET/100 nm 

Au Vein:d-PH1000 to evaluate the potentials of these Au grids in flexible PSCs. It 

was found that 60 nm Au grids whether in the form of the arbitrary leaf vein or the 

periodic square mesh could enable decent photovoltaic performance, with a 

champion PCE of 10.88% (Figure 46) and 11.45% (Figure 47), respectively. The 

modest Voc (> 0.8 V) of the flexible PSCs, which is a reasonably good output to 

the HTL material 4083, indicated an effective coating of the thin 4083 layer even 

on the protruded Au grids. More interestingly, the high FF (>72%) value suggested 

the efficient charge transfer between various interfaces and boundaries. Overall, 

the flexible PSCs based on 60 nm Au grids performed almost closely to the rigid 

device on Glass/ITO. 
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Figure 46: J-V curve of the champion flexible PSC on 188PET/60 nm Au Vein:d-PH1000. 
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Figure 47: J-V curve of the champion flexible PSC on 188PET/60 nm Au Mesh:d-PH1000. 

In order to see the effects of the HTL, the perovskite and the ETL layers on the 

surface morphology of the bottom hybrid transparent electrode PET/Au Grid:d-

PH1000, a sample of 188PET/60 nm Au Mesh:d-PH1000 (the actual grid 

protrusion of Au Mesh and Au Mesh:d-PH1000 was 64.7 and 62.7 nm in Figure 

25e and 25b, respectively) was characterized by AFM (Figure 48). It was shown 

that the grids protrusion almost did not change after the HTL layer 4083 coating, 

probably because of the very thin film of 4083 (<40 nm) estimated according to 

the value measured from the rigid device. The photo-active layer of perovskite 

MAPbI3 film however significantly reduced the protrusion from ~65 nm to ~30 

nm, given that the perovskite layer at such spin-coating conditions could reach 

over 350 nm in thickness. And this protrusion of ~30 nm nearly remained after the 

ETL layer PC61BM was coated. Importantly, the perovskite layer showed a very 

dense film with no obvious pinholes, which would be very critical for the 

photovoltaic characteristics of the flexible PSCs. 
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Figure 48: AFM characterization of the grid protrusion of the HTL layer 4083 (a), the perovskite 

layer MAPbI3 (b), the ELT layer PC61BM (c) on the basis of the bottom hybrid transparent electrode 

PET/Au Mesh:d-PH1000 as well as the topography of MAPbI3 film (e) and PC61BM film (f). 

When the thickness of the Au grids was enlarged from ~60 nm to ~100 nm, the 

flexible PSCs demonstrated very poor photovoltaic characteristics, with 

remarkable current leakage in the dark state, which might come from the 

inefficient coating of the HTL layer on such rough surface of high protrusions. 

(Figure 49), implying the Au film was too thick to function well in PSCs with this 

structure.  
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Figure 49: J-V curve of the flexible PSC based on 188PET/100 nm Au Vein:d-PH1000. 

The photovoltaic performance of the flexible PSCs was further investigated upon 

mechanical deformation. Initially, a bending radius of 10 mm was adopted to 

evaluate the flexible PSCs fabricated with 188PET/60 nm Au Mesh:d-PH1000. 

From Figure 50 and Table 10, it was seen that the Jsc and FF were rather stable, 

with a small variation of ~5%, when the device was subjected to such mechanical 

challenge. Importantly, the Voc value remained unchanged at all, indicating a very 

efficient and stable function of the polymeric HTL material 4083 in this device 

structure. As a whole, the flexible PSCs could maintain over 90% of its original 

PCE after 1000 times of bending cycles at a radius of 10 mm. When the bending 

radius was decreased to 6 mm (Figure 51 and Table 11), the Voc of the device still 

showed very stable performance while the Jsc and FF fluctuated within a slightly 

larger scope, which collectively made the device degrade by ~15% in PCE after 

1000 bending cycles. It is worthy of note that the alligator clips used for testing 

flexible PSCs may cause some permanent damages on the contacts, thus partially 

responsible for the deteriorated performance after repeated measurement during 

the bending cycles. 
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Figure 50: The change profile of the photovoltaic characteristics of the flexible PSCs fabricated 

with 188PET/60 nm Au mesh:d-PH1000 during bending at a radius of 10 mm for 1000 cycles. 

Table 10: Summary of the photovoltaic characteristics decay of the flexible PSCs fabricated with 

188PET/60 nm Au mesh:d-PH1000 during bending at a radius of 10 mm for 1000 cycles. 

Bending 

Cycles  

(R=10 mm) 

Jsc  

 

(mA cm-2) 

[Jsc- Jsc(0)] 

/Jsc(0) 

(%) 

Voc 

 

(V) 

FF 

 

(%) 

[FF-FF(0)] 

/FF(0)  

(%) 

PCE 

 

(%) 

[PCE-PCE(0)] 

/ PCE(0)  

(%) 

0 15.19  0.792 0.762  9.17  

10 15.62 2.86 0.792 0.750 -1.57 9.29 1.31 

50 15.22 0.20 0.792 0.724 -4.99 8.72 -4.91 

100 14.86 -2.17 0.792 0.733 -3.81 8.63 -5.89 

200 15.79 3.95 0.792 0.696 -8.66 8.70 -5.13 

300 14.99 -1.32 0.792 0.730 -4.20 8.66 -5.56 

400 15.24 0.33 0.792 0.725 -4.86 8.75 -4.58 

500 15.10 -0.59 0.792 0.722 -5.25 8.63 -5.89 

600 15.24 0.33 0.792 0.744 -2.36 8.98 -2.07 

700 15.71 3.42 0.792 0.752 -1.31 9.35 1.96 

800 15.48 1.91 0.792 0.743 -2.49 9.11 -0.65 

900 15.07 -0.79 0.792 0.730 -4.20 8.71 -5.02 

1000 14.68 -3.36 0.792 0.721 -5.38 8.39 -8.51 
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Figure 51: The change profile of the photovoltaic characteristics of the flexible PSCs fabricated 

with 188PET/60 nm Au mesh:d-PH1000 during bending at a radius of 6 mm for 1000 cycles. 

Table 11: Summary of the photovoltaic characteristics decay of the flexible PSCs fabricated with 

188PET/60 nm Au mesh:d-PH1000 during bending at a radius of 6 mm for 1000 cycles. 

Bending 

Cycles  

(R=6 mm) 

Jsc  

 

(mA cm-2) 

[Jsc- Jsc(0)] 

/Jsc(0) 

(%) 

Voc 

 

(V) 

FF 

 

(%) 

[FF-FF(0)] 

/FF(0)  

(%) 

PCE 

 

(%) 

[PCE-PCE(0)] 

/ PCE(0)  

(%) 

0 15.83  0.840 0.632  8.40  

10 15.024 -5.09 0.840 0.632 0.00 7.98 -5.00 

50 14.916 -5.77 0.840 0.604 -4.43 7.57 -9.90 

100 14.544 -8.12 0.840 0.615 -2.69 7.52 -10.5 

200 14.880 -6.00 0.840 0.603 -4.59 7.54 -10.2 

300 14.376 -9.19 0.816 0.624 -1.27 7.32 -12.9 

400 14.881 -5.99 0.840 0.603 -4.59 7.54 -10.2 

500 14.424 -8.88 0.840 0.597 -5.54 7.24 -13.8 

600 14.676 -7.29 0.840 0.613 -3.01 7.56 -10.0 

700 14.988 -5.32 0.840 0.604 -4.43 7.60 -9.5 

800 14.722 -7.00 0.840 0.589 -6.80 7.31 -13.0 

900 14.472 -7.58 0.840 0.596 -5.70 7.25 -13.7 

1000 14.604 -7.74 0.816 0.601 -4.91 7.15 -14.9 
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5.4 Conclusions 

With the objective of replacing brittle and expensive TCOs during mechanical 

challenges in photovoltaic application, flexible PSCs in the inverted structure of 

188PET/Au Grid:d-PH1000/4083/MAPbI3/PC61BM/BCP/Ag has been fabricated 

successfully, based on the bottom hybrid transparent electrode made from 

protruded Au grids and doped PH1000 on the flexible PET of 188 m. The 

transparent Au grids were prepared in the pattern of periodic square mesh or 

arbitrary leaf vein with the Au film thickness of 60 nm or 100 nm as introduced in 

Section 4.2.1 and 4.3.1. 

The champion flexible PSC of such kind showed a PCE of 11.45% (Jsc of 18.80 

mA cm-2, Voc of 0.84 V, FF of 72.5%, area of 10 mm2) for 60 nm Au mesh 

(linewidth of 5 m and spacing of 100 m), which was very close to that of the 

reference sample of the rigid device on Glass/ITO (PCE of 12.95%, Jsc of 18.78 

mA cm-2, Voc of 0.91 V, FF of 76%, area of 7.25 mm2).  

Such TCO-free flexible PSCs showed very appealing mechanical durability. Over 

90% of the initial PCE could be maintained after the device has been bent at a 

radius of 10 mm for 1000 times, with only ~5% changes in Jsc and FF values. A 

smaller radius of 6 mm resulted in a larger PCE decay by ~15% after 1000 bending 

cycles, with a stable Voc output . 
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CHAPTER 6 FLEXIBLE PEROVSKITE SOLAR CELLS BASED ON 

TRANSPARENT COPPER GRIDS 

In this chapter, TCO-free flexible inverted PSCs based on the bottom hybrid 

transparent electrode 75PET/Cu HC:dd-PH1000 were fabricated and characterized. 

The inorganic HTL material Cu:NiOx was synthesized and studied for its potentials 

in flexible PSCs. The mechanical durability of as-fabricated flexible PSCs was 

further investigated. 

6.1 Introduction 

Compared to the Au grids discussed in Chapter 5, Cu not only greatly reduced the 

materials cost but also could potentially improve the device stability. It has been 

reported that Cu is advantageous over other metals like Ag, Al and Au in terms of 

its intrinsic superior stability owing to low/none diffusion of Cu into perovskite 

layer as well as extremely slow reaction between Cu and perovskite 

components.[250]  

On the other hand, the HTL layer is essential in the structure of the majority of 

PSCs for high efficiency. Among commonly employed HTL in inverted PSCs, 

PEDOT:PSS 4083 possesses somewhat energy alignment mismatch with respect 

to the perovskite film, usually exhibiting a limited Voc value of ~0.9 V, as 

demonstrated in Chapter 5. On the contrary, inorganic HTL materials not only 

could reduce the material costs, but also have a higher carrier mobility and stability, 

beneficial to the device performance. Among them, NiOx has been frequently used 

as the HTL to improve the device performance and stability in PSCs. For example, 

a 20-nm-thick NiO film doped with Li and Mg ions (NiMgLiO) enabled a very 

rapid carrier extraction as well as the minimized film pinholes and defects on a 

large substrate. As a result, PSCs demonstrated a high PCE >15% for devices with 

a large size of >1 cm2 and excellent operational stability under continuous sun 

illumination (90% PCE retention after 1000 hours).[123]  

Therefore, in this chapter, Cu will be used as the bottom transparent electrode (i.e. 

PET/Cu HC:dd-PH1000 as prepared in Section 4.2.2 and 4.2.3) as well as the top 

rear electrode to save the electrodes cost in the TCO-free flexible inverted PSCs. 
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Besides, laboratory-synthesized inorganic Cu:NiOx will be employed on top of the 

hybrid transparent electrode as a low-cost HTL material to enable a high Voc 

exceeding 1 V. 

6.2 Experimental Section 

6.2.1 Preparation of Materials 

The flexible transparent conductive electrode 75PET/Cu HC:dd-PH1000 were 

fabricated as in Section 4.2.2, where p-PH1000 was doped with 5 wt.% EG and 

0.5 wt.% FS300 and then diluted with H2O in 1:1 v/v ratio to make dd-PH1000 

solution. Cu:NiOx NPs were dispersed in deionized H2O at a crude concentration 

of 10 mg/mL and ultrasonicated for hours. MAI:PbI2/DMF:DMSO precursor 

solution, PC61BM/PhCl solution (PC61BM from Solenne), BCP/IPA solution were 

prepared as in Section 3.1.3.  

6.2.2 Fabrication of Devices 

The flexible PSCs based on the hybrid transparent electrode PET/Cu HC:dd-

PH1000 were fabricated generally in a similar manner to those with Au grids as 

described in Chapter 5. Differently, since 75 m PET is readier to deform upon 

external stimulus such as heating or vacuum pumping than 188 m PET, the 

75PET/Cu HC was attached onto a Glass/PDMS support for all ensuing processes. 

Besides, all the thermal annealing steps including those treatments on the hybrid 

transparent electrode were conducted inside a N2-filled glovebox to minimize the 

adverse effects of the environment. The ultrathin PDMS protective film was also 

attached selectively on top of the Cu busbar region to reserve the bottom contacts 

for I-V testing. Before coating Cu:NiOx, MeOH was necessarily spin-rinsed (2000 

rpm, 1 minute, 4 times) on top of PET/Cu HC:dd-PH1000, followed by the thermal 

annealing at 100 °C for 5 minutes inside the glovebox. Well-dispersed Cu:NiOx 

solution was then spin-coated on Glass/PDMS/PET/Cu HC:dd-PH1000 through a 

0.45 m PES filter (3000 rpm, 40 seconds, 3 times) and annealed at 100 °C for 5 

minutes to serve as the HTL. One-step antisolvent quenching method was adopted 

to form the two-component perovskite film. Typically, 80 L perovskite precursor 

solution of MAI:PbI2 was loaded on the samples via a 0.45 m PTFE filter and 



89 

spin-coated at a rate of 3000 rpm for 30 seconds, at the 10th second of which 150 

L PhCl was quickly dropped onto the rotating film. The perovskite precursor film 

was then subjected to thermal annealing at 100 °C for 10 minutes to give MAPbI3 

film. PC61BM/PhCl and BCP/IPA solution with no filtration were then 

successively spin-coated at a rate of 2500 rpm and 4000 rpm respectively for 40 

seconds without post thermal annealing. Finally, 100 nm Cu and 100 nm Al were 

successively thermally deposited to serve as the top electrode and the protection 

layer from environmental turbulence respectively, via a shadow mask to give the 

device with an active area of 7.25 mm2. Rigid PSCs on plasma-cleaned Glass/ITO 

and flexible PSCs on PET/ITO with same device structure were also fabricated 

following the same procedures and conditions to serve as the reference examples, 

with an active area of 7.25 mm2 for a single device.  

6.2.3 Characterization 

The AFM topographic images were obtained with an XE-100 AFM (Park Systems, 

Suwon, South Korea) in non-contact mode. XPS measurement of dd-PH1000 films 

before and after MeOH treatment was performed using Thermo ESCALAB 250 

(monochromated Al Kα = 1486.6 eV, 15kV, 150W, spot size of 500 m). Zeta 

potential of Cu:NiOx NPs was measured with a zeta potential analyzer (ZetaPlus, 

Brookhaven Instruments Corporation). The SEM images were collected by a JEOL 

Model JEM-2100F scanning electron microscope. The I-V characteristics of the 

devices were collected by a Keithley 2400 sourcemeter in forward and reverse scan 

directions from 1.15 V to -0.05 V via a solar simulator with AM 1.5 filter (91160, 

Newport, 100 mW cm−2). The EQE spectrums were measured in air by a QE-R 

3011 system from Enli Technology Co. Ltd. (Enli, Taiwan). In order to eliminate 

the contact resistance between the busbars of the flexible device and the wires to 

the Keithley 2400 sourcemeter, which might influence a lot the device 

performance in use of the alligator clips, flexible PSCs were contacted in the same 

manner as for rigid devices via the Pogo Pins for I-V and EQE measurements. 

Steady-state photoluminescence (ss-PL) spectrum and time-resolved transient 

photoluminescence (t-PL) signals of perovskite films were recorded by using 

Edinburgh FLSP920 spectrophotometer. 488 nm laser was used in ss-PL to collect 
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the spectrum from 700 to 840 nm, keeping the slit width ∆ constant during 

measurement for all samples. In t-PL, excitation source of 485 nm picosecond 

pulsed diode laser was used and spectrums were collected for a time range of 150 

ns and constant signal points of 1000 counts. 

6.3 Results and Discussions 

Based on the hybrid transparent electrode Cu HC:dd-PH1000, Cu:NiOx was 

chosen as the efficient HTL material to enable high Voc in PSCs. However, directly 

spin-coating Cu:NiOx solution on top of PH1000 layer caused severe 

agglomeration of the Cu:NiOx NPs (Figure 52a). It was postulated that the 

agglomeration was likely to arise from the charge attraction between opposite 

surface charges of the Cu:NiOx NPs and the PH1000 film. Therefore, the Zeta 

potential characterization was performed to measure the surface charge of the 

Cu:NiOx NPs. It was found that the positively charged Cu:NiOx NPs may indeed 

induce agglomeration with the negatively charged PSS- components on the surface 

of the PH1000 film (Figure 52b). MeOH, reported as an effective solvent to 

improve the conductivity of p-PH1000 by selectively removing the hydrophilic 

soluble PSS- components, was therefore spin-rinsed on dd-PH1000 film to 

overcome this problem.[209] It turned out that such simple MeOH treatment could 

lead to a neat and smooth Cu:NiOx film on top of the dd-PH1000 film (Figure 

52c). It is then reasonable to conjecture that the reduced PSS- moieties on the 

surface of the dd-PH1000 film after MeOH treatment revived the Cu:NiOx film 

formation. In order to investigate the effects of the MeOH on the film composition, 

UV-Vis absorption spectrum was collected on a same sample of dd-PH1000 film 

both before and after MeOH treatment. The results revealed that the quantity of 

PSS- components in the film decreased as its characteristic peak intensity at 225 

nm declined while PEDOT intensity increased over the wide absorption range 

above 350 nm, suggesting a removal effect for PSS thus accordingly a 

concentrating effect for PEDOT in the film by MeOH spin rinsing (Figure 52d). 

Surface analysis was also performed by XPS to have more insights. XPS peaks 

and spectral lines assignments [206, 209, 251] pointed out that PSS- to PEDOT ratio on 

the film surface decreased from 1.89 to 1.72 after MeOH spin rinsing (Figure 52e, 
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f), in accordance with the results from UV-Vis measurement. It is worthy of note 

that, to the best of our knowledge, the successful use of NiOx as the HTL in 

combination with PH1000 seems to be reported for the first time in PSCs. 

 

Figure 52: Microscopic images of Cu:NiOx film on top of dd-PH1000 before MeOH treatment (a). 

Z potential measurement of as-prepared Cu:NiOx NPs dispersion in DI (b). Microscopic images of 

Cu:NiOx film on top of dd-PH1000 after MeOH treatment (c). UV-Vis absorption spectrum of the 

same sample of dd-PH1000 before and after MeOH treatment (d). XPS analysis of dd-PH1000 film 

surface before (e) and after (f) MeOH treatment.  
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Figure 53: AFM (a) and SEM top views (b, c) of Cu:NiOx film on top of Cu HC:dd-PH1000. AFM 

(d, g) and SEM top views (e, f, h) of MAPbI3 film on top of Cu HCs:dd-PH1000/Cu:NiOx. SEM 

cross-section view of Si wafer/Cu HCs:dd-PH1000/Cu:NiOx/MAPbI3/PC61BM (i). 

AFM and SEM characterization were then employed to investigate the 

morphology and the topography of the Cu:NiOx film formed after MeOH treatment 

of dd-PH1000. It was showed that the surface roughness of Cu:NiOx film has a 

Rrms of ~15nm in between the grid lines and the Cu:NiOx NPs could be coated over 

the entire region of the hybrid electrode across the grids lines. (Figure 53a, b, c) 

The perovskite film of MAPbI3 formed by one-step antisolvent quenching method 

on top of the HTL layer Cu:NiOx showed a dense and pinhole-free film in between 

the grid lines and continuous coverage across the grid lines too, evidenced by the 

widening of grid lines and dimming of line boundaries. The surface roughness of 

the perovskite film resembled that of Cu:NiOx and the perovskite crystal size 

ranged from tens of nm to ~400 nm (Figure 53d, e, f, g, h). The cross-section view 

of different layers showed indistinguishable interfaces between layers of Cu HC, 

dd-PH1000 and Cu:NiOx, which collectively obtained a thickness of 60 to100 nm. 

MAPbI3 and PC61BM layers showed a thickness of ~350 nm and ~75nm 
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respectively. (Figure 53i) 

With the motivation of reducing the material cost further, Cu was chosen as the 

metal for the top electrode as well. Al was thereafter deposited to prevent any 

possible adverse influences of surrounding environments during device testing and 

storage. The final device with the structure of 75PET/Cu HC:dd-

PH1000/Cu:NiOx/MAPbI3/PC61BM/Cu/Al demonstrated a champion PCE of 

13.58%, with Jsc of 17.79 mA cm-2, Voc of 1.031 V and FF of 74.07% (Figure 54 

and Table 12) for the Cu HC with a linewidth of 5 m and a diagonal length of 90 

m. Cu HC was found to be essential for obtaining decent Jsc and FF as a result of 

much lowered internal resistance for the hybrid electrode as compared to those 

achieved merely with doped PH1000 electrode. On the other hand, Cu:NiOx 

greatly alleviated the energy alignment gap between the perovskite film and the 

hybrid electrode, effectively facilitating hole transportation and blocking electrons 

from the perovskite layer to the underlying electrode and thereby contributing 

greatly to the high Voc and FF values.  
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Figure 54: I-V curves of flexible PSCs based on hybrid transparent electrode Cu HCs:dd-PH1000 

or merely PH1000 film.  

The reference sample of rigid PSCs based on Glass/ITO transparent electrode 

showed a champion PCE of 16.38% (Jsc of 20.00 mA cm-2, Voc of 1.034 V and FF 

of 79.20%) with the same device structure (Figure 55). Although the Jsc value of 
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flexible PSCs based on the hybrid transparent electrode Cu HC:dd-PH1000 still 

lagged much behind of that in rigid reference sample due to lower light absorption, 

the comparable high values of Voc and FF implicated the high films quality of 

Cu:NiOx and perovskite layers formed on top of the protruded hybrid electrode. In 

contrast, flexible device based on PET/ITO showed inferior performance (PCE of 

10.79%, Jsc of 15.61 mA cm-2, Voc of 0.997 V and FF of 69.35%) compared to the 

hybrid electrode of Cu HC:dd-PH1000.  
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Figure 55: Comparison of I-V curves of flexible PSCs based on hybrid transparent electrode Cu 

HCs:dd-PH1000 or PET/ITO in reference to the rigid device on Glass/ITO. 

Table 12: Comparison of photovoltaic parameters of PSCs based on Cu HCs, PH1000 or ITO.  

/MAPbI3/PC61BM/BCP/Cu/Al 

Jsc 

(mA cm-2) 

Voc 

(V) 

FF 

(%) 

PCE 

(%) 

PET/Cu HC (5&90 m):dd-PH1000 8.93 0.507 50.72 2.30 

PET/d-PH1000/Cu:NiOx 12.44 0.977 69.14 8.40 

PET/dd-PH1000/Cu:NiOx 14.12 0.941 64.07 8.51 

PET/Cu HC (5&180 m):dd-PH1000/Cu:NiOx 15.31 0.969 60.82 9.02 

PET/Cu HC (5&90 m):dd-PH1000/Cu:NiOx 17.79 1.031 74.07 13.58 

PET/ITO/Cu:NiOx 15.61 0.997 69.35 10.79 

Glass/ITO/Cu:NiOx 20.00 1.034 79.20 16.38 
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EQE measurements revealed that the calculated Jsc of the champion PSCs based 

on PET/Cu HC:dd-PH1000, PET/ITO, and Glass/ITO were 17.13, 14.34 and 19.03 

mA cm-2, respectively, which were in good agreement with the measured values 

(Figure 56).  
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Figure 56: EQE measurement of PSCs based on PET/Cu HC:dd-PH1000, PET/ITO, and Glass/ITO. 

In order to have more insights on the charge dynamics, steady-state and time-

resolved transient photoluminescence (ss-PL and t-PL) were performed to study 

charge extraction and charge transfer in the perovskite interfaces. Figure 57 

clearly showed that the steady-state PL peak intensity at 770 nm on hybrid 

electrode decreased by one order of magnitude with respect to that of perovskite 

film on quartz, indicative of efficient and strong charge transfer from the 

perovskite layer to the underlying HTL and the hybrid electrode. Transient 

photoluminescence spectrum was also collected to see the photoluminescence 

decay rate and duration at emission peak of 770 nm (Figure 58). When perovskite 

film deposited on top of Cu HC:dd-PH1000/Cu:NiOx, the photoluminescence day 

was much faster than that on bare quartz, which could translate into an efficient 

transfer and/or recombination of the photogenerated carriers.  
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Figure 57: Steady-state photoluminescence spectrum of perovskite films formed on bare quartz or 

on the Quartz/Cu HC:dd-PH10000/Cu:NiOx. 

0 20 40 60 80 100 120 140 160 180

1

10

100

1000

t-
P

L
 I
n
te

n
s
it
y
 (

a
.u

.)

Time (ns)

 Quartz/MAPbI
3

 Quartz/Cu HC:dd-PH1000/Cu:NiO
x
/MAPbI

3

 

Figure 58: Transient photoluminescence decay curves of perovskite film formed on bare quartz or 

on the Quartz/Cu HC:dd-PH10000/Cu:NiOx. 

The merits of such Cu HC:dd-PH1000 hybrid electrode particularly lie in the 

potential mechanical endurance under deformation, apart from the low materials 

cost. To explore this, a device based on such hybrid electrode was manually bent 

around a solid cylinder with a radius of 5 mm up to 1000 times (Figure 59). It was 

found that the device could still maintain 90% of its original PCE. Importantly, the 

Voc and FF values after such bending fluctuated within a very small range of ±1% 

variation, implicating rather stable interfaces between the hybrid electrode, the 
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HTL layer and the perovskite layer during mechanical deformation. 10% device 

efficiency loss was mostly ascribed to the Jsc drop, which might arise from the 

damaged contacts and cracks in the films after repeated bending and measurement. 

On the contrary, the flexible device based on PET/ITO degraded drastically after 

50 bending cycles and only retained ~10% of its initial PCE after 1000 cycles at a 

radius of 5 mm, which was probably due to the formation of ITO cracks during the 

bending test. (Figure 60) 

 

Figure 59: Change profile of the photovoltaic parameters of the flexible PSCs [75PET/Cu HC:dd-

PH1000/Cu:NiOx/MAPbI3/PC61BM/BCP/Cu/Al] during the repeated bending at a radius of 5 mm. 
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Figure 60: Change profile of the photovoltaic parameters of the flexible PSCs 

[PET/ITO/Cu:NiOx/MAPbI3/PC61BM/BCP/Cu/Al] during the repeated bending at a radius of 5 mm. 
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Figure 61: Change profile of the photovoltaic parameters of the flexible PSCs [75PET/Cu HC:dd-

PH1000/Cu:NiOx/MAPbI3/PC61BM/BCP/Cu/Al] during shelf-storage for 2 months inside the 

glovebox without encapsulation. 

Besides the short-term mechanical stability, tranquil shelf stability was also 

recorded over a time span of 10 weeks for a device stored inside N2-filled glovebox 

without encapsulation. Similarly, the FF degraded less than 3% while the Voc even 

increased a little bit over the same period, suggesting stable interfaces of the hybrid 

electrode and the HTL again. The Jsc decayed by ~10%, causing an overall loss of 

~10% for the PCE (Figure 61).  

14 15 16 17 18 19 20
0

2

4

6

 

C
o

u
n

ts

 Jsc

0.92 0.94 0.96 0.98 1.00 1.02 1.04
0

2

4

6

 

 

C
o

u
n

ts

 Voc (V)

68 70 72 74 76 78 80
0

2

4

6

 

 

C
o

u
n

ts

 FF (%)

9 10 11 12 13 14 15
0

2

4

6

 

 

C
o

u
n

ts
  PCE (%)

 

Figure 62: Photovoltaic parameters distribution of 20 devices fabricated from different batches. 

 



99 

 

Figure 63: I-V curves of PSCs based on Cu HC fabricated on rigid quartz or ultrathin PEN. 

Such devices showed very good reproducibility as seen in Figure 62. The 

photovoltaic parameters distribution of 20 flexible PSCs fabricated from different 

batches all demonstrated PCE over 11% with narrow distribution for each of the 

parameters. The device structure can also be readily extended to substrates of an 

ultrathin PEN film (1.2 m) as well as the bare quartz for demonstration of ultra-

flexible and rigid application (Figure 63), without much efforts on the 

optimization of the device performance of these kinds.  

6.4 Conclusions 

In order to reduce the materials cost, TCO-free flexible PSCs with the inverted 

structure of 75PET/Cu HC:dd-PH1000/Cu:NiOx/MAPbI3/PC61BM/BCP/Cu/Al 

has been fabricated. Low-cost Cu was used as both the bottom transparent 

electrode and the top rear electrode in this device. Inorganic Cu:NiOx was also 

successfully employed as the HTL material to replace expensive organic 

counterparts.  

The champion flexible PSC demonstrated a high PCE of 13.58% (Jsc of 17.79 mA 

cm-2, Voc of 1.031 V and FF of 74.07%) for the optimized Cu grids in the pattern 

of hexagonal honeycombs (thickness of 50 nm, linewidth of 5 m and diagonal 

length of 90 m), which was comparable to the champion rigid device on 



100 

Glass/ITO (PCE of 16.38%, Jsc of 20.00 mA cm-2, Voc of 1.034 V and FF of 79.20%) 

considering the limited optical transmittance of the Cu HC-based hybrid 

transparent electrode. The surface roughness from the protruded Cu grids did not 

exert substantially adverse impacts on the film coverage and uniformity of the HTL 

and perovskite layer, reflected from the high Voc and FF values. Both Cu HC and 

the HTL Cu:NiOx were found to be essential for obtaining such high device 

performance. Critically, spin-rinsing the PH1000 film with MeOH was vital to 

successfully apply the Cu NiOx as an effective and efficient HTL on top of the 

PH1000 film.  

The flexible PSCs made from such Cu-based transparent electrode and the 

inorganic HTL material of Cu:NiOx particularly showed very good device stability 

upon mechanical challenges or after long-term storage. Over 90% of the initial 

PCE could be maintained after the device was bent at a small radius of 5 mm for 

1000 times or stored in dark without encapsulation for more than 10 weeks, with 

trivial changes in Voc and FF. Besides, the high device producibility and the low 

materials cost make such TCO-free flexible PSCs a promising self-generating 

power source in certain application scenarios such as ultra-flexible electronic 

systems.  
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CHAPTER 7 FLEXIBLE PEROVSKITE SOLAR CELLS BASED ON 

ACID-TREATED PEDOT:PSS ELECTRODE 

In this Chapter, TCO-free inverted PSCs based on the bottom transparent electrode 

of MSA-PH1000 film were fabricated and evaluated. The highly conductive 

PH1000 film was obtained after a mild acid (methanesulfonic acid, MSA) 

treatment, which enabled a significantly improved electrical conductivity.The 

inorganic ZnO will be attempted as the efficient ETL material to improve the 

device performance and to reduce the material cost. 

7.1 Introduction 

As discussed in Section 4.3.3, the MSA-PH1000 film has a higher transmittance 

and a smoother surface than the hybrid transparent electrode made of metal grids 

coated with the d-PH1000 layer, which is potentially advantageous in the 

fabrication of flexible PSCs with higher efficiency. 

Acids like H2SO4,
[211-214] HNO3,

[24, 215] H3PO4,
[214, 216] CH4SO3,

[214, 217-219] 

CH2O2,
[220] and C2H2O4

[214] have been widely used in the literature to significantly 

improve the electrical conductivity of pristine PH1000 from ~ <1 S cm-1 to 

3000~5000 S cm-1 for optoelectronics application. The acids treatment could 

induce the phase separation and rearrange the crystal orientation to enable a highly 

ordered PEDOT:PSS film. For example, a full-solution TCO-free flexible OSC 

was fabricated based on the transparent conductive PH1000 film treated with MSA, 

which worked as the anode side to collect holes in the normal-structured OSC.[217] 

The low Rsh of ~40 /□ and the suitable WF of ~4.91 eV of as-prepared PH1000 

film enabled an excellent PCE of >10% for the OSC (Voc of 0.93 V, Jsc of 15.49 

mA cm−2, and FF of 70.27%), which was the best device among all TCO-free 

flexible OSCs as of the publication date in 2018. Importantly, a high mechanical 

durability was achieved with 94% PCE retention after 1000 bending cycles at a 

radius of 5.6 mm.  

In the field of PSCs, acid-treated highly conductive PH1000 films have been 

employed as the TCO-free bottom transparent electrode for making normal-

structured PSCs.[24] The flexible PSCs in the inverted structure hardly exhibited a 
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PCE over 10%.[219] It is reasonable to imagine that PH1000 may have the 

advantage for fabricating the inverted PSCs, given the fact that the intrinsic p-type 

nature of PEDOT:PSS with a high WF is suitable for collecting holes. 

7.2 Experimental Section 

7.2.1 Preparation of Materials 

MSA-PH1000 film was prepared as in Section 4.2.3. Cu:NiOx/H2O solution, 

PTAA:F4-TCNQ/Toluene solution, 2-component perovskite precursor solution of 

MAI:PbI2/DMF:DMSO, Cs-doped triple-cation perovskite precursor solution of 

CsI:FAI:MABr:PbI2:PbBr2/DMF:DMSO, PC61BM (from Solenne)/PhCl solution, 

BCP/IPA solution, ZnO NCs/IPA solution were prepared as in Section 3.1.3.  

7.2.2 Fabrication of Devices 

The PSCs based on the MSA-PH1000 bottom transparent electrode were 

fabricated with different combination of HTL and perovskite materials. For PSCs 

with a device structure of Glass/MSA-

PH1000/Cu:NiOx/MAPbI3/PC61BM/BCP/Ag, the HTL, the perovskite and the 

ETL layers were formed as in Section 6.2.2. For PSCs with a device structure of 

Glass/MSA-PH1000/PTAA/MAPbI3/PC61BM/BCP/Ag, PTAA:F4-

TCNQ/Toluene solution (5 mg mL-1 PTAA and 0.05 mg mL-1 F4-TCNQ) were 

spin-coated on top of MSA-PH1000 film at a rate of 5000 rpm for 30 seconds, 

followed by thermal annealing at 110 °C for 10 minutes. Pure solvent DMF was 

then spin-rinsed on the PTAA layer to improve the wettability of the perovskite 

precursor solution in the next step. 2-component perovskite precursor solution of 

MAI:PbI2/DMF:DMSO were spin-coated in a similar way to that in Section 6.2.2, 

yet with the antisolvent of 150 L ethyl acetate (EA) instead of PhCl to preserve 

the underlying PTAA layer. ETL layers of PC61BM and BCP were fabricated as 

before. For PSCs with a device structure of Glass/MSA-PH1000/Cu:NiOx/triple-

cation Perovskite/PC61BM/BCP/Ag, the perovskite precursor solution was loaded 

on the sample via a 0.45 m PTFE filter and spin-coated in two spinning stages of 

1000 rpm for 10 seconds and 6000 rpm for 30 seconds. At the 20th second of the 

second spinning step of 6000 rpm, 150 L EA was quickly cast on the rotating 
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sample, which was then thermally annealed at 100 °C for 10 minutes to give the 

triple-cation perovskite film. For PSCs with a device structure of Glass/MSA-

PH1000/PTAA/triple-cation Perovskite/PC61BM/BCP/Ag, the PTAA film and the 

perovskite film were processed as mentioned just now. Finally, 120 nm Ag were 

thermally deposited via a shadow mask to make a device active area of 7.25 mm2. 

Flexible PSCs on PET/MSA-PH1000 were also fabricated in the same manner 

with a device active area of 7.25 mm2. 

7.2.3 Characterization 

The contact angles of the PH1000 film before or after the MSA treatment was 

measured using a contact angle microscopy (SDC-200, Sindin, China). The I-V 

characteristics of the devices were collected by a Keithley 2400 sourcemeter in 

forward and reverse scan directions from 1.15 V to -0.05 V via the Pogo Pins 

contacts. A solar simulator equipped with AM 1.5 filter (91160, Newport, 100 mW 

cm−2) was used to generate artificial sunlight for the testing. 

7.3 Results and Discussions 

In order to achieve the target flexible PSCs with the MSA-PH1000 transparent 

electrode formed on the flexible substrate of PET, rigid devices with Glass/MSA-

PH1000 were fabricated in the first place to find out the suitable conditions. It was 

found that the rigid devices based on the MSA-PH1000 film as the transparent 

electrode, the Cu:NiOx film as the HTL layer, the 2-component MAPbI3 film as 

the perovskite layer demonstrated a PCE of slightly over 10%, much lower than 

the rigid devices using ITO as the transparent electrode (Figure 64 and Table 13). 

It is reasonable to imagine a lower value of Jsc and FF for PSCs based on 

Glass/MSA-PH1000, due to its limited transparency and electrical conductivity. 

However, the low Voc value implied an inefficient HTL coating of Cu:NiOx on 

Glass/MSA-PH1000, compared to the rigid device on Glass/ITO.  
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Figure 64: I-V curves of TCO-free flexible PSCs made of MSA-PH1000 films in comparison to 

the rigid device on Glass/ITO, using Cu:NiOx as the HTL and the 2-component perovskite MAPbI3 

as the active layer.  

Table 13: Summary of the photovoltaic characteristics of devices shown in Figure 64. 

/MAPbI3/PC61BM/BCP/Ag 

Jsc 

(mA cm-2) 

Voc 

(V) 

FF 

(%) 

PCE 

(%) 

Glass/ITO/Cu:NiOx 20.00 1.034 79.20 16.38 

Glass/MSA-PH1000_1000rpm/Cu:NiOx 15.94 0.918 68.83 10.07 

Glass/MSA-PH1000_2000rpm/Cu:NiOx 17.29 0.932 64.62 10.42 

Glass/MSA-PH1000_2000rpm/dd-PH1000/Cu:NiOx 17.25 0.951 71.96 11.80 

The impact of the MSA treatment on the surface wettability of the PH1000 film 

was then investigated via the contact angleswith regard to water. From Figure 65, 

it was seen that the hydrophilicity of the PH1000 film actually did not change too 

much upon MSA treatment. It is therefore reasonable to postulate that the Voc loss 

in the device may not come from the incomplete coverage of the HTL of Cu:NiOx.  
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Figure 65: Contact angles of the PH1000 film before and after MSA treatment. 

Instead, one possible reason for such Voc loss may come from the energy level 

alignment mismatch between MSA-PH1000 and Cu:NiOx. It has been reported 

that the WF of PEDOT:PSS was related to the contents of the PSS component,[252] 

and the acid-treatment of PEDOT:PSS could reduce the WF of the PH1000 film.[24] 

As a matter of fact, when inserting a very thin layer of dd-PH1000 film between 

MSA-PH1000 and Cu:NiOx film, the Voc of such device could be increased 

(Figure 64 and Table 13), implying a better energy alignment between dd-PH1000 

film and the HTL Cu:NiOx film than MSA-PH1000. Although the dd-PH1000 

coating caused more optical loss from the incident sunlight, it could also reduce 

the internal resistance for the sake of Jsc and FF. As a result, dd-PH1000 film 

enabled the PSC with a higher PCE of ~12%, with the improved Voc and FF values 

yet at no cost of a lowered Jsc.  

On the other hand, if the perovskite material was changed from the two-component 

MAPbI3 to the Cs-doped triple-cation perovskite of CsI:FAI:MABr:PbI2:PbBr2 

with mixed organic cations and mixed halides, the device showed a Voc close to 1 

V (Figure 66 and Table 14) (the device fabrication condition was not 

systematically optimized for devices of this structure, thus the FF and PCE were 

low). Furthermore, when the HTL was changed from Cu:NiOx to PTAA to work 

with the triple-cation perovskite material, as-fabricated PSC demonstrated a PCE 

of >13% as of now, with much improved Voc and FF values. These findings 

plausibly consolidate our previous postulation that it may be the WF change of the 

PH1000 film after MSA treatment that imposed the barrier for obtaining a high 

efficiency of the device based on Cu:NiOx and MAPbI3.  
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Figure 66: Comparison of photovoltaic characteristics by changing HTL or perovskite materials. 

Table 14: Summary of photovoltaic characteristics of devices as shown in Figure 66. 

Glass/MSA-PH1000_2000rpm 

/HTL/Perovskite/PC61BM/BCP/Ag 

Jsc 

(mA cm-2) 

Voc 

(V) 

FF 

(%) 

PCE 

(%) 

Cu:NiOx/triple-cation perovskite* 15.16 0.990 54.86 8.22 

PTAA/MAPbI3 16.20 0.827 73.11 9.80 

PTAA/triple-cation perovskite 16.81 1.031 76.92 13.32 

* Triple-cation perovskite film was formed from the Cs-doped perovskite precursor solution of 

mixed organic cations and mixed halides [CsI:FAI:MABr:PbI2:PbBr2]. 

7.4 Conclusions 

The TCO-free inverted PSCs based on the transparent electrode made of acid-

treated conductive PH1000 film (MSA-PH1000) have been fabricated. The MSA 

treatment may cause some change in the WF of the PH1000 film, requiring a 

careful selection and combination of the HTL and perovskite materials to enable a 

high efficiency for the inverted PSCs.  

As of now, the champion rigid device based on Glass/MSA-PH1000 transparent 

electrode demonstrated a PCE of ~13.32%, which was obtained with PTAA as the 

HTL and the Cs-doped triple-cation perovskite of mixed organic cations and mixed 
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halides as the active material. The Voc (1.031 V) and FF (76.92%) of this device 

were already high enough while Jsc still needs some significant improvement. One 

possible solution is to further improve the electrical conductivity of the MSA-

PH1000 film, which was only ~1220 S cm-1 at best as calculated in Section 4.3.3. 

For example, changing the MSA treatment parameters such as volume and 

duration and/or performing multiple cycles for the MSA treatment on p-PH1000 

may lead to a much improved electrical conductivity, which could enable a higher 

Jsc as a result of less optical loss from the incident light as well as less current loss 

from the internal resistance. Besides, the fabrication conditions for the HTL and 

Perovskite layers still need great efforts for optimization. All in all, it is still very 

promising to fabricate TCO-free flexible inverted PSCs with the PCE of >15% 

based on such MSA-PH1000 transparent electrode in the future. 

  



108 

CHAPTER 8 CONCLUSIONS AND OUTLOOK 

8.1 Conclusions 

In this thesis, transparent electrodes made of metals or polymer have been 

fabricated to replace TCOs materials in the first place. Their optoelectrical, 

topographical and mechanical properties were characterized. Based on these 

transparent electrodes, TCO-free flexible PSCs have been successfully realized in 

the inverted structure with some low-cost materials. The photovoltaic performance 

and mechanical stability of these PSCs were analyzed and discussed. In details, 

the projects in the thesis are progressed as follows: 

In Chapter 4, three kinds of TCO-free transparent conductive electrodes with 

satisfactory optoelectrical features were achieved. Firstly, transparent protruded 

Au grids were formed on the flexible 188 m PET substrate via a combination of 

photolithography and thermal deposition techniques. The Au grids were patterned 

in the periodic square mesh (linewidth of 5 m and line spacing of 100 m) or 

arbitrary leaf vein (linewidth of ~20 m), with two film thickness of 60 or 100 nm. 

Such transparent PET/Au grids have good optoelectrical and mechanical attributes. 

For instance, the sample of 188PET/60nm Au Mesh showed an average optical 

transmittance (T%) of ~85% over the wavelength range of 400 to 800 nm and a 

sheet resistance (Rsh) of ~33  sq-1 which remained stable upon 1000 bending 

cycles at a radius of 10 mm. In order to work as the transparent electrode of PSCs, 

the transparent Au grids were coated with a thin PH1000 film to form the hybrid 

transparent electrode of 188PET/Au grid:d-PH1000, which demonstrated an 

average T% of ~70% and a Rsh of ~13  sq-1. Secondly, with the aim of reducing 

the material cost, hybrid transparent electrode of 75PET/Cu HC:dd-PH1000 were 

fabricated in a similar manner, with 50-nm-thick Cu grids in the pattern of 

hexagonal honeycombs. The 75PET/Cu HC:dd-PH1000 demonstrated an average 

T% of 77%, a Rsh of 29  sq-1 and a stable electrical resistance after 3000 bending 

cycles at a radius of 2 mm, for the Cu HCs with the linewidth of 5 m and the 

diagonal length of 90 m. Thirdly, in order to eliminate the surface roughness and 

improve the optical transmittance caused by the metal grids, conductive polymer 
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PH1000-based transparent electrode was fabricated upon the treatment of a mild 

acid, MSA. The transparent electrode of 125PET/MSA-PH1000 could obtain an 

average T% of 83% and a stable Rsh of ~77  sq-1 after 1000 bending cycles at a 

radius of 5 mm.  

In Chapter 5, the first type of TCO-free flexible PSCs were fabricated with the 

bottom transparent electrode of 188PET/Au Grid:d-PH1000 and in the inverted 

structure of 188PET/Au Grid:d-PH1000/4083/MAPbI3/PC61BM/BCP/Ag. Such 

flexible PSCs showed a champion PCE of 11.45% and very good photovoltaic 

characteristics (Jsc of 18.80 mA cm-2, Voc of 0.84 V, FF of 72.5%, area of 10 mm2) 

for the Au grids in the periodic square mesh (linewidth of 5 m, spacing of 100 

m, thickness of 60 nm), which was comparable to reference rigid device on 

Glass/ITO (PCE of 12.95%, Jsc of 18.78 mA cm-2, Voc of 0.91 V, FF of 76%, area 

of 7.25 mm2). Importantly, these TCO-free flexible PSCs showed high stability 

upon mechanical challenges. For example, the PCE degraded by <10% or ~15% 

after the device was subjected to the bending tests for 1000 cycles at the radius of 

10 mm or 6 mm, respectively. 

In Chapter 6, the second type of TCO-free flexible PSCs were fabricated with the 

bottom transparent electrode of 75PET/Cu HC:dd-PH1000 and in the inverted 

structure of 75PET/Cu HC:dd-PH1000/Cu:NiOx/MAPbI3/PC61BM/BCP/Cu/Al. 

The use of Cu as both electrodes and inorganic Cu:NiOx as the HTL material could 

reduce the materials cost to great extents. A champion PCE of 13.58% with 

improved Voc and FF (Jsc of 17.79 mA cm-2, Voc of 1.031 V and FF of 74.07%) was 

obtained for the flexible PSCs based on the 50-nm-thick Cu HCs with a linewidth 

of 5 m and a diagonal length of 90 m, which was close to its rigid counterpart 

on Glass/ITO (PCE of 16.38%, Jsc of 20.00 mA cm-2, Voc of 1.034 V and FF of 

79.20%). The flexibility, stability and reproducibility of such flexible PSCs were 

also appealing. For instance, the device maintained >90% of the initial PCE when 

the device was bent for 1000 cycles at a radius of 5 mm or stored under dark and 

inert conditions for 10 weeks without encapsulation, with negligible changes in 

Voc and FF values. 

In Chapter 7, the third type of TCO-free PSCs were fabricated with the bottom 
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transparent electrode of MSA-PH1000 film and in the inverted structure of 

Substrate/MSA-PH1000/HTL/Perovskite/PC61BM/BCP/Ag, where different 

combination of HTL and perovskite compositions were investigated. As of now, 

the rigid PSC based on Glass/MSA-PH1000 showed a champion PCE of ~13.32% 

(Jsc of 16.81 mA cm-2, Voc of 1.031 V, FF of 76.92%), when using PTAA as the 

HTL and the Cs-doped triple-cation perovskite as the active material.  

8.2 Outlook 

The objectives of fabricating TCO-free and low-cost flexible PSCs for the thesis 

have been realized as concluded above. Yet, there still remain many spaces for 

improvement, especially for the devices with TCO-free transparent electrode 

based on MSA-PH1000 film in Chapter 7. Looking in the future, more works shall 

be done in the following perspectives.  

(1) Jsc improvement. The photo-generated output current is affected by many 

factors including the incident light absorption, charge carriers recombination 

inside the device, and so forth. Therefore, Jsc may be enhanced by the following 

methods. (a) Optimization of the MSA treatment conditions on PH1000 film. As 

discussed in Section 4.3.3, the as-obtained MSA-PH1000 in the thesis 

demonstrated an electrical conductivity of ~1220 S cm-1 at best, which was only 

~1/3 of the reported values from acids treatment. The improvement in the electrical 

conductivity of MSA-PH1000 could help alleviate the current loss due to the high 

internal resistance. Strategies like optimizing the volume, the duration or the 

repeating cycles of the MSA treatment may fulfill this purpose. (b) Optimization 

of the fabrication parameters for the different layers in the PSCs. For example, the 

concentration and the spin-coating rate of the HTL PTAA solution and the Cs-

doped triple-cation perovskite precursor solution directly determine the films 

thickness, which are closely related to the carrier diffusion pathway and might 

make some significant differences on the carrier transporting behavior inside or at 

the interfaces of the films. (c) Use of the transparent ETL materials such as ZnO 

instead of PC61BM. As proposed in Figure 67, if the transparent ZnO was used as 

the ETL in partial or full replacement of PCBM, more light possibly could be 

reflected back to the perovskite layer and absorbed again for generating more 
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current, beneficial to the Jsc output. As a matter of fact, such effects have been 

performed on the rigid devices with a standard structure as shown in Figure 68 

and Table 15. Preliminary experiments revealed that reducing the film thickness 

of PCBM (20 mg mL-1, 2500 rpm) while applying additional ETL layer of ZnO 

(4000 rpm) increased the Jsc from 20.00 mA cm-2 to 21.71 mA cm-2 compared to a 

pure thicker PCBM layer (30 mg mL-1, 2500 rpm).  

 

Figure 67: Proposed mechanism for improving Jsc by replacement of PCBM with transparent ZnO. 
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Figure 68: Effect of ZnO in partial replacement of PCBM as the ETL on the photovoltaic 

characteristics of a standard rigid device.  

Table 15: Summary of the photovoltaic characteristics of the devices shown in Figure 68. 

Glass/ITO/Cu:NiOx/MAPbI3/ETL/BCP/Ag Jsc(mA cm-2) Voc(V) FF(%) PCE (%) 

30 mg/mL PCBM_2500rpm 20.00 1.034 79.20 16.38 

20 mg/mL PCBM_2500rpm/ZnO_4000rpm 21.71 1.005 78.55 17.15 

20 mg/mL PCBM_2500rpm 18.22 0.997 76.77 13.94 
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(2) Characterization of the properties changes of PH1000 films upon MSA 

treatment in terms of chemical composition, work function and so forth. This will 

shed some lights on how to modify the PH1000 film or how to select an appropriate 

HTL material for a better energy level alignment.  

(3) The flexible PSCs based on PET/MSA-PH1000 should be fabricated with a 

target PCE  15% (i.e. Jsc  20 mA cm-2, Voc  1 V, FF  75%) after the optimal 

electrode and device fabrication conditions as well as the proper materials have 

been explored.  

In general, the TCO-free and low-cost flexible PSCs developed in this thesis have 

promising potentials of being integrated into a variety of flexible and wearable 

electronic systems to function as the sustainable power source. On the broader 

scopes, it may also hopefully provide some insightful references to the fabrication 

and application of other types of flexible, TCO-free and low-cost transparent 

electrodes and optoelectrical devices. 

In the long term, when considering the future potential practical application of the 

low-cost flexible transparent electrode developed in the thesis, especially the Cu 

grids, more systematic study on the design of the Cu grid for the sake of the 

electrical conductivity should be performed. For example, how to achieve a 

minimal electrical resistance for the Cu grid could be exploited from the 

perspectives of geometry and feature size of the pattern, with reference to the 

know-hows in the design of the well-established Si cells and with the help of some 

modelling prediction. Fabrication cost of the Cu grid is also important for viable 

commercialization and thus should be minimized together with the least raw 

material consumption, especially for large-scale mass production. Techniques like 

roll-to-roll photolithography or electrodeposition may play a better role for this 

end use. Besides, metal grids in the embedded state instead of in the protruded 

state would be of more advantages for readily tuning the trade-off between the 

optical transparency and electrical conductivity, which is critically important for 

fabrication of some optoelectronic devices which require a smooth electrode 

surface. Stability of the Cu electrodes is another concern and thus some protection 

mechanism should be adopted such as efficient encapsulation layers.  
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