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Abstract 

    The aim of this PhD thesis is to undertake a comprehensive research to study the optical, 

electrical, surface electronic and morphologic properties, formulation and surface 

modification of solution processable organic-inorganic hybrid transparent electrodes as well 

as their applications in optoelectronic devices. In this study, MoO3 nanoparticles and 

graphene oxide (GO) nanosheets were incorporated into the poly(3,4-ethylenedioxythiophene) 

-poly(styrenesulfonate) (PEDOT:PSS) layer forming a hybrid anode interfacial layer (AIL) 

and subsequently a hybrid transparent electrode of AIL/silver nanowires (AgNWs), 

significantly improved charge injection in CdSe/ZnS-based quantum dot-light emitting diodes 

(QD-LEDs) and charge collection in bulk heterojunction (BHJ) organic solar cells (OSCs). 

The effect of oxidation behavior and charge transfer between PEDOT and MoO3, as well as 

PEDOT and GO, on the enhancement in conductivity of hybrid PEDOT:PSS-MoO3 and 

PEDOT:PSS-GO AILs was investigated systematically.  

    The presence of a PEDOT:PSS-MoO3 AIL promotes a good interfacial contact between 

the hole transporting layer (HTL) and the solution-processed hybrid transparent electrode for 

efficient operation of QD-LEDs. This work reveals that the use of the hybrid 

PEDOT:PSS-MoO3 AIL benefits the performance of QD-LEDs in two ways: (1) to assist in 

efficient hole injection, thereby improving luminous efficiency of QD-LEDs, and (2) to 

improve electron-hole current balance and suppression of interfacial defects at the 

QD/electrode interface. The surface wettability of the PEDOT:PSS-MoO3 AIL was controlled 
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successfully for making a good contact between the HTL and the AgNWs, enabling efficient 

charge injection or charge collection, and thereby improvement in the device performance.  

    The effect of PEDOT:PSS-GO AIL on the performance of transparent QD-LEDs was 

also analyzed. The maximum brightness of the transparent QD-LEDs, made with a 

solution-processed hybrid top transparent electrode of PEDOT:PSS-GO/AgNWs, is 3633 

cd/m2 at 15 V, comparable to that of a structurally identical control QD-LED made with an 

evaporated Ag electrode, with a brightness of 4218 cd/m2 operated under the same condition. 

The change in the hydrophobicity of the PEDOT:PSS-GO AIL, e.g., from the hydrophobic to 

hydrophilic characteristics, was observed. The interaction between PEDOT and GO 

nanosheets induces the transition between benzoid-quinoid structures, contributing to the 

enhanced charge carrier transport via the PEDOT:PSS-GO AIL. The energy level alignment 

at the HTL/electrode interface and the excellent electrical conductivity of PEDOT:PSS- 

GO/AgNWs transparent electrode result in an obvious improvement in the performance of 

QD-LEDs.  

    Transparent QD-LEDs also demonstrated remarkable efficiency via cathode interfacial 

engineering. Two cathode interfacial modifications include incorporating (1) a hybrid 

bathophenanthroline (Bphen):Cs2CO3-based electron transporting buffer layer (EBL) and (2) 

a conjugate polymer of poly[(9,9-bis(3'-((N,N-dimethyl)-N-ethylammonium)-propyl)-2,7- 

fluorene)-alt-2,7-(9,9-dioctylfluorene)] (PFN-Br)-based EBL. The approach of n-doping 

effect in the BPhen:Cs2CO3 EBL not only modifies the surface electronic properties of the 

ZnO electron transporting layer (ETL) but also improves the electron injection at the 

QD/cathode interface. The n-doping mechanism in the Bphen:Cs2CO3 EBL was investigated. 
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PFN-Br EBL has also been employed to tune the surface work function of ZnO ETL. It was 

observed that the ZnO/PFN-Br formed an interfacial dipole at the ETL/QD interface, which is 

suitable for efficient electron injection in the transparent QD-LEDs. In order to improve 

electron-hole current balance, a GO/MoO3-based multilayer AIL was adopted facilitating 

efficient charge transfer through improved energy level alignment at the HTL/hybrid 

electrode interface. Photoelectron spectroscopy revealed tuned surface work function with 

reduced interfacial barrier for efficient hole injection in transparent QD-LEDs. In these 

devices, the cathode and anode interfacial modifications have been optimized and studied.  

    This study was also extended to investigate the effect of the organic-inorganic hybrid 

electrode on performance enhancement of all solution processable organic solar cells (OSCs). 

The reduction in series resistance and increase in shunt resistance of solution-processed OSCs 

originated from improved contact selectivity as well as enhanced charge collection efficiency. 

These properties are reflected in the significantly improved fill factor and short-circuit 

photocurrent density for the all solution-processed OSCs. Enhanced charge collection at the 

BHJ/electrode interfaces and improved process compatibility are mainly responsible for 

efficiency improvement in the cells. The outcomes of this work would allow further advances 

in device performance. This research also highlights the need to explore interfacial electronic 

properties and reduce energetic barrier at BHJ/electrode interfaces in fully solution-processed 

OSCs through photoelectron spectroscopy measurements. The results of this research 

demonstrate that the solution processable organic-inorganic hybrid transparent electrode 

developed in this work is beneficial for application in fully solution-processed optoelectronic 

devices.  
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Chapter 1: Introduction 

1.1. Background and motivations 

    Inorganic semiconductors, e.g., silicon-based, optoelectronics are of central importance 

in the current microelectronics industry, which serves as an engine to drive progress in 

today’s electronics technology. However, there is great need for significant new advances in 

the rapidly expanding field of electronics. The demand for more user-friendly and emerging 

organic electronics is propelling efforts to produce portable, head-worn and hand-held devices 

that are flexible, lighter, more cost-effective and more environmentally benign than those 

presently available. Organic electronic systems that use functional organic semiconductors 

offer an enabling technology base. This technology allows for an astonishing amount of 

electronic complexity to be integrated onto lightweight, flexible substrates for the production 

of a wide range of optoelectronic devices via a cost effective solution fabrication route.  

    The development of printable optoelectronic devices and the technologies has led to a 

significant growth in different applications with a market from $26.54 billion in 2016 to 

$42.03 billion in 2018, as shown in Fig. 1.1, predicted by IDTechEx [1]. Different printing 

technologies, including screen printing, ink jet printing, blade coating and roll-to-roll printing 

are being developed for fabrication of large-area optoelectronic devices. Moreover, printable 

manufacturing processes also have the advantages of low capital equipment investment, 

higher throughputs and suitability for printing different functional thin films on flexible and 

even fragile substrates. 
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Fig. 1.1: Market forecast for different printable optoelectronic devices and applications (From 

IDRechEx). 

 

    An estimation of the average energy consumption that is required for fabricating a typical 

organic solar cell is illustrated in Fig. 1.2. At present, the fabrication of organic solar cells 

(OSCs) involves the solution-processed organic functional layer and thermal evaporated 

electrodes. The evaporation of the metal contacts in the vacuum contributes more than 50% of 

the total energy usage in the device fabrication. The involvement of thermal evaporation 

processes in the device fabrication is apparently not a commercially viable approach for large 

scale production of flexible OSCs. 
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Fig. 1.2: The estimated energy consumption involved in material process and fabrication of a 

typical standard organic solar cell in the laboratory [2]. 

    The use of solution processable electrodes is one of the desired approaches to overcome the 

issues in terms of its flexible film deposition capability, efficient material usage and process 

compatibility for fabrication of large area optoelectronic devices via different printing 

techniques. Recently, a variety of solution processeable electrode materials such as graphene 

nanosheets, carbon nanotubes, conductive polymers and silver nanowires have been explored 

as potential solution-processable transparent electrode materials due to their superior electrical 

conductivity. These nanoscale materials can be formulated to form different “ink” solutions 

that can be used to print different transparent electrodes or contacts in optoelectronic devices 

using printing processes. These conductive inks have been used for making solution 

processable electrodes in a variety of larger area devices, e.g., flat touch panels, radio 

frequency integrated circuits (FRIC), OLEDs, and OSCs, through more environmental friendly 

and cost effective manufacturing processes. 

Furthermore, the solution processable electrodes also need to satisfy the desired 

requirements for device integration. This includes a compatible process with the underlying 

function materials, high transparency and good conductivity, forming an electrode contact 
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with desired interfacial electronic properties for efficient carrier injection or collection, and 

good adhesion to the underlying function materials. The roll-to-roll printing has not yet been 

fully adopted and developed for consumer electronics. Formulation of high-conductivity inks 

for solution processable electrodes, control of surface morphologic and electronic properties 

of printed contacts, wettability, process compatibility with other functional layers in the 

printing fabrication processes are some of the technological challenges this field faces today.  

1.2. Solution processable optoelectronic devices: opportunities 

and challenges 

 

1.2.1. Quantum dot light emitting diodes 

    The flat panel displays have various advantages for improving our life quality, possible 

uses include a wide variety of industrial, medical, military and other consumer-oriented 

applications. Fig. 1.3 predicts the development of future display technologies and applications, 

including smartphones, wearable sensors for health care, flexible displays, TVs and 

communication walls etc. 

 

 

Fig. 1.3: The past, present and future of flat panel display technology, from SNE Research [3] 
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    The organic electroluminescence was first reported by Pope in early 1960s [4], the organic 

light emitting diode (OLED) based on bilayer structure of Tris (8-hydroxyquinolinato) 

aluminium (Alq3) and diamine was reported by C.W. Tang in 1987 [5]. By 1990, the polymer 

electroluminescence was demonstrated by Friend et al [6]. Remarkably, solution processable 

OLEDs on flexible aluminum-laminated polyethylene terephthalate (Al-PET) substrate were 

also demonstrated by F.R. Zhu et.al. in 2005 [7], involving in the development of high 

performance low-process temperature indium tin oxide (ITO) transparent electrode using 

radio magnetron sputtering [7].  

    OLED and polymer light emitting diodes (PLEDs) have many advantages over traditional 

inorganic semiconductor based light-emitting diodes (LCDs). The OLED research is centered 

on the development of new materials and novel device structures to improve the luminous 

efficiency, lifetime and reduction of the cost for practical applications. OLEDs having a low 

voltage operation, low energy consumption and compatible fabrication process with flexible 

substrates are essential for commercialization of future large area flexible displays.  

    Commercial OLED display products are seen in some mobile devices, bendable TVs, 

and next generation flexible touch panels. The lifetime of the organic materials in oxygen and 

moisture-rich environment is one of the challenges in OLEDs. This shortcoming might 

restrict their future development and application. Even with the protection of encapsulation, 

the operation lifetime of OLEDs is still limited due to unavoidable chemical reaction occurred 

at the organic/electrode interfaces. Moreover, the full-width at half-maximum (FWHM) of the 

emission from the light-emitting organic molecules and polymers is relative large. 
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    On the contrary, light-emitting devices based on quantum dots (QDs) are able to produce 

electroluminescence (EL) peak having a narrow FWHM of 30 nm, due to a narrower 

nanocrystal size distribution of the quantum dots. The saturated and pure colors of QDs make 

them suitable for brightness QD-LEDs. The variation in size and elemental composition in the 

QDs has been successfully used to tune the intensity of emission in QD-LEDs [8]. The 

quantum yield of the electroluminescence from QDs can be enhanced through optimizing the 

appropriate ligands on the surface of the QD nanocrystals. EL emission with a broad light 

spectrum can be produced efficiently by QD-LEDs for application in lighting and flat panel 

displays at a low cost. Fig. 1.6 summarizes the progress in peak EQE and brightness of 

CdSe-based red QD-LEDs [9], the related progresses in OLEDs are also presented for 

comparison. 

 
Fig. 1.4: Comparison of the progresses in (a) peak EQE and (b) brightness of red-emitting 

QD-LEDs and OLEDs made in the period from 1985 to 2005 [9]. 

 

    Particularly, QD-LEDs are the most attractive light-emitting device technology due to 

their unique emission characteristics for application in displays and solid state lighting. A 

reliable, energy-efficient, and highly tunable color solution for next generation displays was 

demonstrated by QD Vision in 2006 [10]. QD-LEDs also have shown superior performance 
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with unique features of ultrathin, visible light transparency and flexibility, allowing for new 

display and lighting concepts and product designs.  

1.2.2. Organic solar cells 

    Solar energy is the source of all renewable energies. Fossil fuels are limited because of the 

slow transformation processes from the biomaterials to oil or/and gas. Wind power is one of the 

most exploited energy resource. The kinetic energy in the wind could be converted to 

mechanical power with wind turbines. Then, the mechanical power into electricity though the 

function of generators. The development of renewable energy from direct sunlight conversion 

has attracted worldwide attention. There are two direct solar energy conversion technologies, 

solar thermal and photovoltaic. The solar heating systems based on the solar thermal effect 

utilize mainly for water heating. The solar call is an optoelectronic device which directly 

converts sunlight into electricity. A current and a voltage could be produced to generate electric 

power based on the photoelectric effect. 

    Organic solar cells consist of a stack of functional organic materials sandwiched between 

a front transparent electrode and a reflective rare contact. A transparent OSC can be formed if 

both electrodes are transparent. The organic photoactive materials include small molecules, 

organic dyes, polymers and their combinations. OSCs are an attractive alternative to the 

conventional inorganic semiconductor based solar cells and can be produced by 

solution-based manufacture processes at a low cost. The solution-processable functional 

photoactive organic semiconductor materials offer the potential for high throughput production 

solar cells via printing processes. The mechanical flexibility of organic polymer materials 

allows the OSCs to be incorporated into flexible substrates for different applications. The “roll 
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to roll” processing of OSCs on flexible structures is being developed. Fig. 1.5 is a photo 

picture showing a prototype roll-to-roll printing line for fabrication of large area flexible 

OSCs.  

 
Fig. 1.5: An example of industrial scale fabrication of flexible organic solar cells using 

roll-to-roll printing process, from Mekoprint [11] 

 

    In the 1980s, polymer based solar cells with a PCE of 0.1% were reported [12]. 

Introduction of a donor/acceptor bilayer in organic solar cells by C.W. Tang in 1986 is 

considered as the major breakthrough achieving PCE of 1.0% [12]. The ultrafast photo-induced 

charge transfer from a donor to acceptor was reported in 1992 [13]. The performance of OSCs 

was further enhanced using a blend of donor/acceptor bulk heterojunction layer, reported in 

1996 [14]. In 2000, Alan J. Heeger, Alan G. MacDiarmid and Hideki Shirakawa were awarded 

Nobel Prize in Chemistry "for the discovery and development of conductive polymers" [15]. 

Significant progresses have been made in OSCs through material innovations, new device 

architectures and process integration. Best research-cell efficiencies and recent progresses of 

different solar cells (from NREL) are presented in Fig. 1.6 [16-17]. Recently, tandem OSCs 

based on small molecules having PCE of 12 % [18], solution-processed tandem OSCs with a 
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PCE of 10.6% [19] and single junction cells with a PCE of 9.2% [20] were reported. The organic 

solar cell modules with a record PCE of 9.5% were also demonstrated [21]. In parallel to the 

exciting advancements made in the PCE of OSCs, substantial studies in understanding the 

charge recombination processes, transport and charge collection at the organic/electrode 

interfaces in OSCs are carried out using a combination of theoretical calculation and 

advanced characterization tools including photo-CELIV, photoluminescence quenching, 

transient photocurrent measurements, morphology analyses and device characterization. 

 

 

Fig. 1.6: Best research-cell efficiencies of different solar cells (from NREL). 

 

    It is known that high efficiencies reported are for OSCs made with different evaporated 

metal contacts. The thermal evaporation is apparently not a film coating step that is 

compatible with that of the large area flexible OSCs formed by printing fabrication processes. 

Therefore, much research has been focused on developing fully solution-processable 
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functional materials including active layer, interlayers and transparent electrodes for attaining 

high efficiency OSCs through printing fabrication method. 

1.3. Thesis objectives 

The development of solution processable transparent electrodes has attracted much 

attention for eventual application in printable organic optoelectronic devices. However, fully 

solution-processable transparent electrodes still face some technical challenges to meet the 

desired characteristics for device applications, such as good electric conductivity, high optical 

transparency over the visible wavelength region, tunable surface work function to facilitate 

the efficient charge injection/extraction, low process temperature in ambient condition, 

excellent adhesion to the substrates, stable chemical property and organic solvent 

compatibility.  

This PhD research project aims at undertaking a comprehensive study to understand the 

optical, electrical and surface electronic properties of the solution processable transparent 

electrode, their ink formulation, effects on charge injection/collection and applications in fully 

solution processable QD-LED and OSCs. The objectives of the research work include: 

1) To unveil the mechanisms of conductivity enhancement in different hybrid transparent 

electrodes that are formulated using conductive polymers, metal oxide nanoparticles, 

graphene oxide nanosheets, silver nanowires and their combinations using optical, 

electric, Raman spectroscopy and photoelectron spectroscopy measurements 
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2) To study surface electronic properties of hybrid transparent electrodes, their surface 

modification and process compatibility with the underlying functional materials for 

application in fully solution processable QD-LEDs and OSCs. 

3) To investigate charge injection behavior in CdSe/ZnS-based QD-LEDs, analyze 

collection of photo-generated charges at hybrid electrode/organic interface in OSCs, and 

develop solutions to improve the device performance.   

The flow of research work is illustrated in Fig.1.7.  

 

Fig. 1.7: Flow of research work in this thesis 

 

1.4 Organization of this thesis 

    There are seven chapters in this thesis. Chapter 1 gives an overall introduction on the 

motivation of this work, the background of the emerging printable electronics, the advantages 

and challenges of fully solution processable transparent electrodes and process integration for 
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high performance optoelectronic devices, e.g., QD-LEDs and OSCs. The objectives of this 

PhD research work are also listed in Chapter 1.  

    Chapter 2 discusses the recent progresses of fully solution-processed optoelectronic 

devices made with different transparent electrodes, such as graphene nanosheets, carbon 

nanotube, conductive polymers and silver nanowires. In addition, the surface modification of 

solution processable transparent electrodes with desired energy level alignment at the 

electrode/functional layer interface for efficient charge injection and collection are described. 

A brief summary on different solution processable fabrication methods, including the drop 

casting, spray coating, nano-transfer process and roll-to-roll printing, are presented. 

    Chapter 3 summarizes the formulation of the hybrid organic-inorganic transparent 

electrodes developed in this PhD work, discusses the process optimization, fabrication and 

characterization of QD-LEDs (luminance, current, voltage, current intensity, luminance 

efficiency) and OSCs (contact quality, charge collection, J–V characteristics, EQE, PCE). The 

operation principles of major characterization tools such as photoelectron spectroscopy, 

atomic force microscopy and Raman spectroscopy are also reviewed briefly.  

    Chapter 4 reports the optical, electric and surface electronic properties of hybrid 

PEDOT:PSS-MoO3 and PEDOT:PSS-GO based highly conductive layers for application in 

QD-LEDs. The mechanism of conductivity enhancement in different hybrid electrodes of 

PEDOT:PSS-MoO3 and PEDOT:PSS-GO, e.g., caused by the oxidation in PEDOT and 

charge transfer between PEDOT and MoO3 as well as that between PEDOT and GO, are 

discussed. The results of solution-processed QD-LEDs made with these electrodes are 

presented. The effect of GO-modified PEDOT:PSS and GO/MoO3-based multilayer AIL on 
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charge injection in QD-LED due to efficient charge transfer through improved energy level 

alignment at the HTL/hybrid electrode interface is also discussed.  

    Chapter 5 discusses the realization of transparent QD-LEDs with remarkable luminous 

efficiency via cathode interfacial engineering. Two cathode modification approaches were 

developed: (1) to interpose a Bphen:Cs2CO3-based electron transporting buffer layer (EBL) 

between the QD-emission layer and upper transparent cathode, and (2) to introduce a 

PFN-Br-based conjugate polymer EBL between the QD emitter and the upper cathode. The 

effects of two different cathode modification approaches on improvement of the electron 

injection at the QD/cathode interface, and thereby performance improvement of transparent 

QD-LEDs, are discussed. 

    The results of transparent OSCs made with the organic-inorganic hybrid electrode are 

presented in Chapter 6. The mechanism of the solution-processed hybrid transparent electrode 

for reduction in series resistance and increase in shunt resistance of solution-processed OSCs, 

originated from improved electrical contact as well as enhanced charge collection efficiency, 

are discussed. These properties are reflected in the significantly improved fill factor and 

short-circuit photocurrent density for the all solution-processed OSCs. The enhanced charge 

collection at the BHJ/electrode interface indicates that the process of hybrid transparent 

electrode is highly compatible with the solution-processed underlying organic photoactive 

layers in OSCs.      

    Chapter 7 summarizes the main research achievements of this PhD work, including the 

development of fully solution procesable organic-inorganic hybrid transparent electrodes with 

unique properties of high optical transparency and electric conductivity, mechanism of 
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conductivity enhancement in hybrid transparent electrode and their surface modifications to 

facilitate the efficient carrier inject in QD-LEDs and charge collection in OSCs. Finally, the 

future work and the application of solution processable hybrid transparent electrodes and 

technologies thus developed for application in optoelectronic devices are outlined. 

Chapter 2: Recent progress in solution processable transparent 

electrodes and interfacial modification layers 

Traditional inorganic semiconductor technologies have been successfully used in a 

variety of optoelectronic devices, but suffer from relatively high costs. Compared to the 

devices made with the inorganic semiconductor materials that are opaque and rigid, organic 

and organic-inorganic hybrid polymer-based optoelectronic devices offer a low-cost 

alternative way to produce large area devices through solution fabrication process. The 

organic electronic technology is still in its development stage, particularly the solution 

processable functional materials, new device designs, the performance and printable 

fabrication processes. Significant progresses in fully solution-processed optoelectronic 

devices have been made over the past twenty years. This includes the development of solution 

processable functional organic light-emitting emitters and photovoltaic materials that can be 

used for making large area devices through fully solution fabrication processes. Apart from 

the development of organic semiconductor materials, the solution processable transparent 

technology has also attracted great interests. The solution processable transparent conductive 

materials such as grapehene sheets, carbon nanotubes, conductive polymers and silver 

nanowires have been reported for use in organic light emitting diodes (OLEDs) [22], quantum 

dot light emitting diodes (QD-LEDs) [23], OSCs [24] and other novel electronic devices.  
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    QD-LEDs also enjoy a rapid progress in terms of the luminous efficiency and emission 

brightness due to the development in high quality core/shell (C/S) QD emitters, e.g., cadmium 

selenide (CdSe)/zinc sulfide-alloyed (ZnS). It is shown that anode interfacial layers (AILs) 

and cathode interfacial layers (CILs), serving as the interlayers between the QD emitters and 

the electrodes, also play an important role in determining the performance of QD-LEDs. The 

use of the appropriate interlayers allows tuning the  interfacial energy barrier and improving 

charge injection by suppressing interfacial defects in QD-LEDs. A brief summary on recent 

progresses of fully solution-processed transparent electrodes and examples of their 

applications in optoelectronic devices are presented in this chapter. 

2.1 Solution processable transparent conducting materials 

2.1.1 Graphene nanosheets  

    Great attention has been drawn to developing cost-effective, high-efficiency fully 

solution-processed optoelectronic devices to meet the ever increasing demand for large scale 

production. The graphene nanosheets are considered as one of the promising conductive 

materials for transparent electrode. Graphene nanosheets have a two-dimensional, 

honey-comb lattice structure and have attracted worldwide interests for understanding their 

notable characteristics of high carrier mobility, and exploring their potential for fully 

solution-processable transparent electrode in optoelectronic devices. However, transparent 

electrode based on the graphene nanosheets still face some challenges due to the irregularly 

shaped and inevitably contaminated graphene nanosheets in fully solution-processed 

optoelectronic devices. Moreover, the low work function of the graphene nanosheets is also a 

concern that limits the efficient charge injection/collection at the graphene/organic interfaces, 
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caused by the undesired interfacial energy level mismatch.  To date, the performance of 

optoelectronic devices made with the solution-processed graphene-based electrodes is still 

less than satisfactory as compared to that of the ones fabricated with the thermal-evaporated 

contacts.  

   Graphene structure consists of a single molecular carbon sheet forming covalent bond 

between the adjacent carbon atoms through sp2 hybridization. The p-orbital electrons are 

delocalized contributing to the electric conductivity. The graphene nano-sheets are randomly 

distributed networks provide an effective way to manipulate charge carriers transport inside 

the films. The electronic properties of graphene nanosheets can be specifically designed by 

selecting proper functionalized groups through charge transfer process. Transparent and 

conductive Au NPs-doped graphene layer has a high work function of 4.9 eV, which is 

suitable serving as the transparent electrode for application in QD-LEDs. For example, 

QD-LEDs with a CdZnSeS/ZnS QDs emission layer sandwiched between a pair of Au 

NPs/graphene and AgNWs/graphene transparent electrodes were demonstrated, having a 

luminous efficiency of 0.45 cd/A at the luminance of 358 cd/m2, as shown in Fig 2.1. The 

graphene based transparent QD-LEDs also possess a high optical transparency of 70–80% [25].  

Although QD-LEDs on graphene nanosheets electrodes have a relatively lower luminous 

efficiency as compared to the ones with Ag contacts formed by thermal evaporation, 

solution-processed graphene-based transparent electrode has the potential for achieving fully 

printable optoelectronic devices. The graphene layer is also modified forming cathode for 

application in OLEDs. CsF-modified graphene, via solution-processed route, was used for 

transparent blue OLEDs with a maximum brightness of 1034 cd/m2 at 13 V [26]. In addition to 

the optical and electric properties, tunable surface electronic properties of graphene 
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nanosheets enable to function as both anode and cathode for application in a variety of 

optoelectronic devices. 

 

Fig. 2.1: Schematic cross-sectional view showing the multi-layered QD-LEDs incorporating 

transparent graphene anode and cathode [25]. 

2.1.2 Carbon nanotubes 

    Carbon nanotubes (CNTs) have attracted extensive attention as an alternative transparent 

electrode material for use in lightweight, flexible large area light-emitting and energy 

harvesting devices. Likewise, the high charge mobility and electrical conductivity in 

individual single-walled CNTs (SWCNTs) are already been used as transparent anode to 

improve the hole injection in organic solid state lighting [27]. CNT has attracted a considerable 

interest as an alternative transparent electrode to replace the conventional ITO for application 

in high performance OLEDs at a low fabrication cost. Transparent CNTs have a work 

function of 5.2 eV which is higher than that of the ITO [28]. The electrical conductivity, optical 

transparency, mechanical flexibility and solution processability are the important factors for 

CNTs that have direct impact for the development of high performance OLEDs [29].  The 

improved performance in OLEDs made with solution processable CNT electrodes was 

demonstrated. This is achieved through optimization of process condition and device structure. 

However, there is a limitation in forming a homogeneous CNT-based layer by one-step 
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coating process. The inherent uncontrollable surface roughness of CNTs is one of the critical 

issues that leads to low charge transport and also contributes to the electric shorting in the 

devices. Blade coating is one of the process methods to form uniform CNT electrodes for 

device application. For example, a flexible perovskite light emitting diode with a CNT anode 

and a AgNW cathode was reported [30]. In this perovskite LED, the CNT anode was prepared 

by blade coating, showing a maximum luminance of 360 cd m−2 at 6.1 V, a maximum 

luminous efficiency of 0.6 cd/A and an EQE of 0.14%, as shown in Fig. 2.2, demonstrating 

the capability of printable perovskite devices in ambient conditions.  

 

Fig. 2.2: Schematic diagram showing (a) the perovskite LEDs made by blade coating 

fabrication process and (b) photographs taken for perovskite LEDs emitting green light. [30] 

2.1.3 Conductive polymers 

    Transparent conducting polymers are essential in applications of variety devices, which 

facilitate charge transport through their delocalized  bond electrons. The application of these 

polymers is widely used for energy harvesting and light-emitting devices, e.g., flat-panel 

displays and solar cells due to their excellent optoelectronic properties, solution fabrication 

ability, and good compatibility with different organic solvents [31-32]. PEDOT:PSS is one of 
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the widely used conductive polymers acting an anode interfacial layer (AIL) or an electrode 

for applications in solution processed organic electronic devices.  

    PEDOT:PSS (Clevios PH1000) has a good electrical conductivity, which is one of the 

solution processable electrodes for various optoelectronic devices. PEDOT:PSS is often 

doped with liquid organic compounds, such as dimethyl sulfoxide (DMSO), to replace ITO 

for PLED applications [33]. The electrical conductivity of PEDOT:PSS can be further 

improved by incorporating DMSO, due to an increase in the density of the carriers through 

dipole−dipole or dipole−charge interactions between PEDOT:PSS and DMSO. Significant 

increase in the conductivity of PEDOT:PSS-DMSO polymer layer can be obtained without 

affecting its optical transparency. In addition, H2SO4-treated PEDOT:PSS transparent 

conductive layer with a high visible light transparency of 91.6% at 540 nm was also reported 

[34]. PEDOT:PSS-based transparent OLEDs with the maximum luminance of 5500 cd m−2 at 

13 V, as well as a low turn-on voltage of approximately 3 V of such devices were 

demonstrated, as shown in Fig 2.3. However, the strong acidity and hygroscopic nature of 

PEDOT:PSS is not favorable for efficient operation of the OLEDs over a long period time. 

 

Fig. 2.3: (a) A photo picture taken for a transparent PLED, (b) the schematic diagram 

illustrating the energy levels of the functional materials used in a PEDOT:PSS-based PLED. 
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2.1.4 Silver nanowires 

    Roll-to-roll processed random networks of metal nanowires have been developed for 

use in different flexible optoelectronic devices. Additionally, silver nanowires have many 

properties that are different from that of the bulk silver materials, such as solution 

processability, synthesis of the AgNW inks and excellent optical transparency of the thin 

films of AgNWs. The thin layer of AgNWs creates a random network of wires forming a 

conductive pathway on the substrate. In principle, the wire-wire contact could be improved to 

increase the electric conductivity by post annealing treatment. The solution processable silver 

nanowire offers a great technology platform to facilitate manufacturing large area flexible 

touch panels through high throughput, printing fabrication processes. However, it has been 

reported that the direct use of AgNWs often causes a high leakage currents or electric shorting 

owing to the high surface roughness nature. A PEDOT:PSS/AgNWs bilayer transparent 

electrode, formed by transferring a layer of AgNWs on PEDOT:PSS surface with a low RMS 

roughness of ~12 nm was reported. The flexible green OLEDs fabricated with a AgNW-CNT 

hybrid electrode exhibit an obvious enhancement in out coupling efficiency due to light 

scattering effect, having a maximum luminous efficiency of 118 cd/A and high brightness of 

10,000 cd/m2 [35]. High performance solution-processed PLEDs with a pair of transparent 

graphene oxide (GO) anode and AgNW-based cathode also possess an improved luminous 

efficiency as compared to a structurally identical control PLED made with a pure Ag top 

contact. The enhancement in the luminous efficiency was ascribed to the improved 

percolation path amongst AgNWs surface by graphene oxides. The GO/AgNWs hybrid 

electrode was also applied for stretchable PLEDs with a luminous efficiency of 2.1 cd/A and 

luminance of 280 cd/m2 recently, as shown in Fig.2.4 [36]. 
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Fig. 2.4: Schematic drawing showing the use of the silver nanowire-based electrode in PLEDs 
[36]. 

 

    One of critical challenges to reach high efficiency for fully solution-processed QD-LEDs is 

to control interfacial properties of electrodes, which determine charge transporting behavior, 

energy band alignment and thereby the device performance. Especially for multilayer 

structured QD-LEDs, the compatible deposition of the top transparent electrode is desired 

without causing the damage to the underlying organic layers. Therefore, the choice of 

electrode materials and compatible solution process are the two most important considerations 

for realizing high performance fully solution-processed QD-LEDs. First of all, the solution 

processable electrodes should be highly conductive and highly transparent to avoid the possible 

deterioration in device due to the poor electric conductivity and optical transparency. 

   Apart from the solution processable transparent hybrid electrode, interfacial modification 

of the hybrid electrodes also plays an important role to determine the device performance. For 

example, the use of the interlayer allows adjusting the alignment of energy levels between QD 

emitters and the electrodes for imroving efficient carrier injection and electron-hole current 

balance, and thereby efficient operation of QD-LEDs. Development of solution processable 
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electrodes with appropriate interfacial modifications is a prerequisite for realizing 

high-performance printable optoelectronic devices. 

2.2 Overview of anode and cathode interfacial layers 

2.2.1 Anode interfacial layers 

    A thin layer of PEDOT:PSS based anode interfacial layer is often coated on ITO surface 

to facilitate the hole injection in QD-LEDs. Further improvement in optical, electric and 

surface electronic properties of PEDOT:PSS layer has also been carried out. This includes the 

technology for improvement in the visible light optical transparency, electric conductivity, 

and integration of compatible aqueous solution process that can be adopted by industry for 

fabrication of flexible optoelectronic devices in large scale. PEDOT:PSS has a relatively low 

work function of 5.0~5.2 eV. The PEDOT:PSS surface modification, e.g., modify by 

perfluorinated ionomer (PFI) dopant to form a self-organized structure of AIL as shown in Fig 

2.5, is needed to enhance the charge injection property [37]. The surface work function (WF) of 

a self-organized AIL can be adjusted by controlling the proportion of PFI dopant in the 

polymer, e.g., WF of PEDOT:PSS-PFI can be tuned from 5.05 to 5.70 eV by increasing the 

volume ratio of PFI to PEDOT:PSS in the film [37]. The relative work function value is 

important because it impacts the alignment with highest occupied molecular orbital (HOMO) 

level of HTL/EML. Self-organized AILs with a graduate change in the surface work function 

can be classified according to the difference in the hydrophobicity between fluorocarbon 

chains and the polystyrene chains in PFI. In addition, this capability of self-organized AILs 

improves the process compatibility to avoid the undesirable reaction between the EMLs and 
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ITO anodes. It means that there is no pathway that Sn or In element could migrate to emission 

materials layer from ITO electrode. The lifetime of OLEDs was significantly prolonged due 

to the improved charge injection and electron-hole current balance. With regard to using new 

self-organized AILs to fabricate OLEDs, which will naturally lead to the novel molecular 

structure design of novelty AILs in future research.  

 

Fig. 2.5: Schematic diagrams illustrating degradation mechanism related to charge injection, 

transport and accumulation in OLEDs with different AILs of (a) PEDOT:PSS and (b) 

PEDOT:PSS-PFI [37]. 

 

    Development of solution-processed transition metal oxide, such as MoO3, WO3 and V2O5, 

based hole transporting has attracted a lot of research interests, due to easy synthesis, and 

cost-effective solution fabrication process. Thin film of solution processable MoO3 (sMoO3) 

has a high work function and is very stability as compared to the PEDOT:PSS layer. sMoO3 

layer can also be prepared by sol–gel MoO3 precursors consisting of MoO3 powder in 

NH3/H2O2 solution. MoO3 does not dissolve in organic solvents and enables sol–gel derived 

MoO3 to be used in multilayer device architectures, e.g., in OLEDs prepared using in organic 

solvents. The use of solution-processed MoO3 HTL helps to achieve efficient charge injection 

and electron-hole current balance in OLEDs, e.g., the high performance green OLEDs with 
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MoO3 HTL as illustrated in Fig 2.6 [38]. The formation of the Mo5+ species in the MoO3-based 

HTL helps to improve the work function of the interlayer to facilitate the efficient carrier 

injection. In addition, the environmental stability of sol-gel MoO3 indicates the suitable of 

MoO3-based HTLs for application in OLED displays and lighting with prolonged operating 

lifetime. However, the formation of sol-gel MoO3 requires a high sintering temperature, which 

is not compatible for application in fully solution-processed optoelectronic devices.  

 

 
Fig. 2.6: Device structure of green OLED with the solution processed MoO3 HILs [38]. 

 

    Fabrication of high work function metal oxide based interlayer from solution processable 

transition metal oxide nanoparticles is another approach. For example, WO3 nanoparticle have 

a work function of 5.15 eV and high stability in air-environment, providing potential 

applications in many practical devices such as OLEDs [39] and QD-LEDs [40]. Hybrid AIL 

materials, e.g., mixture of V2O5 and PEDOT:PSS, for use to improve the hole injection in 

PLEDs were reported. More than 10 % reduction in the leakage current in PEDOT:PSS-V2O5 

AI- based PLEDs was reported as compared to the control PLED with a PEDOT:PSS AIL. 

The improvement in the PLED performance is attributed to the suppression of acidic damage 

to the TCO anode using hybrid V2O5/PEDOT:PSS bilayer AIL [41]. 
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    The solution processable GO AIL for performance in QD-LEDs was also reported, due to 

its advantages of high optical transparency, better electron blocking ability, and  compatible 

processes. Moreover, GO has a high hole mobility, which is manifested as efficient AIL in fully 

solution-processed optoelectronic devices. Because of these advantages, GO AIL-based high 

performing QD-LEDs were demonstrated [42], as shown in Fig 2.7. The present study shows 

that use of a layer-by-layer assembled deposition technique can simultaneously improve the 

electrostatic interaction between GO and QDs. However, there is a form further improve the 

performance of GO AIL-based QD-LEDs, e.g., tuning the work function the GO AIL to match 

the energy level of different polymer HTLs used in the QD-LEDs. 

    The solution processable graphene oxide also acts as secondary dopants for improving 

conductivity of PEDOT:PSS (PH1000) to 800 S/cm [43] because of their high mobility, air 

stability, optical transparency, and compositional uniformity. Therefore, GO-doped 

PEDOT:PSS hybrid AILs also has been widely used for application in OLEDs, PLEDs and 

QD-LEDs due to their excellent optoelectronic properties, simple solution process, and 

appropriate work function to form an ohmic contact at the anode/emissive layer interface. 

However, employing PEDOT:PSS-GO based materials with controllable electronic properties 

for application in high-performance fully solution-processed QD-LEDs still remains 

challenges, e.g., device geometry design and multilayer manufacturability. Therefore, a 

systematic research on developing PEDOT:PSS-GO AIL with required optical, electric and 

surface electronic properties for fully solution-processed QD-LEDs are urgently needed.  
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Fig. 2.7: Device structure of the QD-LEDs with the GO buffer layer [42]. 

2.2.2 Cathode interfacial layers  

    The search for cathode interfacial layers (CILs) has been driven by the rapid 

development in PLEDs, OLEDs and QD-LEDs. It is often desirable to have a work function 

tunable CIL for efficient electron injection property in the light-emitting devices. In 

light-emitting diodes with inverted device architecture, the surface electronic properties of 

CILs, such as alkali metal-containing compounds, transitional metal oxides, conjugate 

polymers and non-conjugate polymers, are essential for the electron transfer from the cathode 

to the emissive region, ensuring an efficient injection to take place. 

    The CILs are the essential component in QD-LEDs as they play an important role in 

determining the luminous efficiency and luminance intensity of the light-emitting devices. 

Advanced interfacial contact is required to further boost the efficiency of QD-LEDs. The 

results of QD-LEDs an evaporated cesium carbonate (Cs2CO3) CIL were reported. As shown 

in Fig. 2.8 , a hybrid Cs2CO3 and aluminum-zinc-oxide (AZO) CIL was used in the inverted 

QD-LEDs [44]. Employing Cs2CO3-doped AZO (CIL) and HAT-CN (AIL), respectively, the 

inverted QD-LEDs with a maximum luminance of 57 350 cd/m2 were observed. 
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Fig. 2.8: Energy band diagram of an inverted QLED with an hybrid AZO:Cs2CO3 CIL [44]. 

 

    Realization of energy level alignment is another important requirement for efficient 

operation of QD-LEDs. On this regard, inorganic semiconductor nanoparticles are selected 

for use in CIL due to their appropriate energy levels for confining charges in the QDs, as well 

as tunable work function for efficient electron transport properties. For instance, many large 

bandgap metal oxide NPs (i.e., ZnO and TiO2) based QD-LEDs exhibit possibility of radiative 

recombination due to the reduced energy barrier between the CILs and QDs, even for a 

certain chemical structure, the work function of the metal oxide NPs can also be tuned via 

specific surface modification. Inverted QD-LEDs, with an air-stable hybrid ZnO@TiO2 CIL, 

with maximum luminance of 730 cd/m2 and power efficiency of 1.7 lm/W were reported, the 

cross-sectional view of a QD-LED with a hybrid ZnO@TiO2 CIL is shown in Fig. 2.9 [45]. The 

effect of hybrid ZnO@TiO2 CIL on charge recombination and electron-hole current balance in 

the solution-processed QD-LEDs was analyzed. 
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Fig. 2.9: (a) The schematic drawing showing the cross-sectional view, and (b) the 

corresponding energy band diagram of a white QD-LEDs [45]. 

 

    A lot of exciting progresses have been made in QD-LEDs, e.g., realization of the optimal 

size and composition of the QDs, their surface modification, the synthesis of the QDs, and 

performance optimization of QD-LEDs with small molecule based transporting layers and the 

metal contacts that are formed typically by thermal evaporation. Solution processed 

conductive polymers find increasing use in optoelectronic devices. The use of a polymer 

based CIL opens up an opportunity for the development of high performing QD-LEDs via 

solution fabrication route. However, processing these materials with the desired conductivity 

and stability is challenging. The search for newly designed high-performance polymer-based 

CILs, the multilayer device architectures and compatible processes are the prerequisites for 

the performing printable QD-LEDs.  

    Conjugate polymers, such as polyelectrolyte (PFN), fulfill the requirement of innate 

solubility in highly polar solvents. The cross-linkable water/alcohol soluble PFN interlayer 

was adopted for reducing 0.5 eV in the surface work function of ZnO ETLs through formation 

of interface dipoles [46]. Recently, the bright, efficient, and environmentally benign 
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green-emitting InP@ZnSeS QD-LEDs were demonstrated, as illustrated in Fig. 2.10, 

exhibiting a high EQE o 3.46% and a maximum brightness of 3900 cd/m2 [46]. 

 

Fig. 2.10: Flat band energy level diagram of QD-LEDs, illustrating the reduction in electron 

injection barrier at ZnO/QDs interface due to the presence of a PFN CIL [46]. 

   Non-conjugate polymer-based CILs also have been studied for use in QD-LEDs, such as 

polyethylenimine (PEI) and polyethylenimine-ethoxylated (PEIE) which exhibite high 

electron transporting properties. Inverted CdSe/ZnS QD-LEDs with a single PEIE CIL 

showed a maximum luminance of 2900 cd/m2 and a luminous efficiency of 0.35 cd/A [47]. 

However, the luminance and current density of these QD-LEDs are rather low due to 

insulating nature of PEIE. A hybrid CILs involving a combination of ZnO and PEIE was 

introduced between the QD emitters and the cathode to improve the device performance. The 

PEIE modification enables tuning the surface work function of ZnO to facilitate efficient 

electron injection. The maximum luminance of 8600 cd/m2 and luminous efficiency of 1.53 

cd/A were obtained for red CdSe-ZnS QD-LEDs with a ZnO NPs/PEIE interlayer, as shown 

in Fig. 2.11 [48]. The results reveal that the incorporation of this hybrid CIL not only improved 

the luminous efficiency but also enhanced the stability of the QD-LEDs that were operated 

even in the environment with the presence of oxygen and moisture [48].  
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Fig. 2.11: (a) Current density‒voltage, (b) luminance‒voltage, and (c) luminous 

efficiency‒voltage characteristics of Q-DLEDs made with different CILs of PEIE and ZnO 

NPs/PEIE [48]. 

    The incorporation of these CILs, however, has a limitation in terms of the fabrication 

complexity and performance reproducibility due to the extra solution manufacturing process 

and imprecise control of film thickness. A dual-function CIL that can serve as both an ETL 

and electron transporting buffer layer (EBL) is highly preferred, taking the advantage of 

effective modification of the surface electronic properties of the electrode and performance 

reproducibility. In this work, the improvement in the performance of QD-LEDs made with 

Bphen:Cs2CO3 and PFN-Br-based dual-function CILs was demonstrated. The correlation 

between the presence of an interfacial dipole, induced by the dual-function CILs, and 

improvement of charge injection and electron-hole current balance in the QD-LEDs is 

discussed in chapter 6. 
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2.3 Solution fabrication approaches  

    The development of solution processable electrodes has a practical implication for use in 

printable optoelectronic devices, such as OLEDs, PLEDs and QD-LEDs. It is anticipated that 

high performing solution processable electrodes should possess simultaneously a low 

resistivity of <10-3 Ωcm and a high optical transparency of > 80 % in the visible range. In the 

emerging field of printable electronics, different solution processable deposition methods, 

such as drop casting and spray coating, nano-transfer printing and roll-to-roll printing, have 

been developed for cost-effective and large-scale device fabrication. A brief summary of 

different solution printing techniques is presented in the following sections. 

2.3.1 Drop casting and spray coating 

    The drop casting and spray coating are the two commonly used solution-processing 

techniques for film deposition. The film uniformity and the thickness of the films can be 

controlled by concentration of the precursors in the solution, solvents, viscosity of the 

solution and spray speed. The structural, electric, optical and surface morphologic properties 

of the films thus prepared also depend on the wettability of the solution on the surface of the 

substrate and post annealing treatment. For example, the solution-processed PEDOT:PSS 

layer has a conductivity in the order of 1000~3000 S/cm, its hydrophobic property has a 

limitation in forming a PEDOT:PSS with a smooth surface. A multiple process though drop 

casting forming PEDOT:PSS/AgNWs transparent electrodes with desired patterns for OLEDs 

was reported recently [49]. Fig 2.12 illustrates the use of spray-coated PEDOT:PSS transparent 

electrodes  in an OLED with a structure of PEDOT:PSS/ZnO/PEI/Super Yellow/WO3 

/PEDOT:PSS/AgNWs [49]. 
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Fig. 2.12: Photo pictures taken for fully solution-processed TOLEDs emitting (a) yellow and 

(b) blue light [49]. 

 

    Spray costing also is a well suited deposition method for preparing a range of functional 

layers and transparent electrodes for application in different optoelectronic devices, e.g., 

making an ITO-free front transparent electrode for in OSCs, as shown in Fig 2.13 [50]. The use 

of PEDOT:PSS in a combination with AgNWs further improves  film processability and 

conductivity, making AgNWs/PEDOT:PSS bilayer transparent electrode an excellent choice 

for high performing fully solution-processed OSCs. 

 

Fig. 2.13: Schematic diagram showing formation of an OSCs with a hybrid 

Ag/NWs/PEDOT:PSS transparent electrode deposited by spray coating method [50]. 
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2.3.2 Nano-transfer printing 

Nano-transfer printing is another unique approach for solution processable thin film 

deposition. This technique has the advantages of the compatibility of processing different 

films on substrate by controlling interfacial adhesion. This deposition method also avoids the 

possible degradation due to solvent mixing effect that often encountered in in other solution 

processed approaches. Fig. 2.15 illustrates the formation of a high conductive PEDOT:PSS 

layer on the surface of light-emitting polymer via a transfer process with elastomeric stamp. 

The conductivity of the transferred PEDOT:PSS can be further improved by the H2SO4, 

treatment to improve the performance of OLEDs, as shown in Fig. 2.14 [34]. 

Solution-processed H2SO4-treated high conductivity PEDOT:PSS transparent electrode in 

OSCs and OLEDs were demonstrated, however a systematic study on analyzing and 

optimization the interfacial properties between the PEDOT:PSS and underlying layers  with 

desired contact properties for enhanced charge injection/collection has not been reported. 

 

Fig. 2.14: The preparation of a highly conductive PEDOT:PSS layer on the surface of a 

function polymer using transfer process [34]. 
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2.3.3 Roll-to-roll printing 

    The roll-to-roll manufacturing is an emerging printing technology that has the 

advantages of high throughput, superior material utilization and low processing temperature. 

This technology would provide a cost-effective approach for mass production, a widely 

welcomed process for industries, Fig 2.15 shows some photo pictures of roll-to-roll system 

used for coating of thin films on flexible substrates [51]. However, roll-to-roll manufacturing 

has some limitations e.g., relatively difficult in printing electrode materials, complex ink 

formulation and integration of encapsulation equipment for continuous process. Coupling 

with rapid development in optoelectronic devices, there is a need to develop printable 

electrode platform technology that meets the stringent requirements of high performance, 

large-area and low-cost optoelectronic devices in the near future.  

 

Fig 2.15: Illustration of film coating on flexible substrates using roll to roll printing [51]. 
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2.3.4 Summary  

Fully solution fabrication is an enabling technique that can be used to print facile 

functional thin films for use in different optoelectronic devices, but much knowledge needs to 

be generated before this technology can be applied for practical applications. This includes 

the development of solution-processable functional semiconductor materials, transparent 

electrodes, material formulation, and tuning the interfacial electronic properties at the 

electrode/functional layer interface for desired charge injection/collection properties. In the 

following chapters, we report our research effort and the results on developing 

organic-inorganic hybrid transparent electrodes, their surface modification and the application 

in fully solution-processed high performing QD-LEDs and OSCs.  
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Chapter 3: Material formulation, device fabrication and 

characterization 

In this chapter, the experimental details of material formulation, process parameters of 

solution processable transparent electrodes and interlayers for application in QD-LEDs and 

OSCs are presented. The techniques of some major material characterization techniques used 

in this research work are described. The operation principles of the devices are also reviewed.  

3.1 Material formulation and film preparation 

In this work, different solution-processed transparent electrodes and their surface 

modification and devices were prepared in the glove box (MBRAUNMB 20/200), with H2O 

and O2 levels below 0.1 ppm. Fig 3.1 is a photo picture taken for the glove box system used in 

the work. QD-LEDs and OSCs were fabricated in the N2 gas processing environments. 

 
Fig. 3.1: Photo picture taken for the system of glove box and thermal evaporation 
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    The functional materials including Clevios PVP AI 4083 PEDOT:PSS (Heraeus, 

Germany), PC60BM and P3HT (One-material),  Silver nanowires (diam.× L 60 nm × 10 μm, 

0.5%, dispersion in IPA), Graphene oxide (2 mg/mL, dispersion in H2O) from Sigma-Aldrich 

were used as purchased. The colloidal quantum dot (620 nm, 25 mg/ml in Toulene) were 

purchased from Najingtech (China). Bphen, PVK and PFN-Br were bought from Nichem 

Fine Technology Co. Ltd. (Taiwan). The materials were used as received without further 

purification, but were formulated with using different conditions to meet the process 

compatibility and requirement for high performing QD-LEDs and OSCs. 

3.1.1 Synthesis of metal oxide solutions 

    Apart from these commercial materials, some in-house solution processable metal oxides, 

e.g., ZnO and MoO3 NPs, were also synthesized for use in the formulation of electrode 

solution and modification of functional layers in the devices. ZnO NPs were synthesized 

following the procedure described in the literature [52]. In the beginning, 780 mg of zinc 

acetate dihydrate (Zn(Ac)2·2H2O) is dissolved in the methanol solution (30ml) at 60 0C. The 

methanol solution of 0.3 M potassium hydroxide (KOH) was also prepared at 60 °C. The 

reaction of Zn(Ac)2·2H2O and KOH solutions was taken place by gradually adding KOH 

solution in the flask. The reaction was kept at a constant temperature at 60OC using a water 

bath for 120 mins. The ZnO NPs thus synthesized were collected by centrifugation and then 

purified in methanol twice. The precipitated ZnO NPs with white color were re-dissolved in 

IPA at the concentration 35 mg/ml to form ZnO NPs solution as shown in Fig.3.2. 
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Fig. 3.2: The photograph taken for a bottle of the in-house prepared ZnO NP solution 

 

    The in-house MoO3 NP solution was synthesized following the method suggested in the 

literature [22]. First, molybdenum powder was dispersed in ethanol at the concentration of 10 

mg/ml with an ultrasonic bath, using a cleaner (Branson 2510-MTH), for 10 minutes. Second, 

H2O2 (30%, 0.7 mL) were dropped quickly and dissolved using a magnetic stirring for 18 hr. 

After chemical reaction, the MoO3 NPs were collected by remove the organic solvent using 

vacuum approach. Finally, the MoO3 nanoparticles were dissolved in IPA at the concentration 

of 5 mg/ml forming MoO3 solution for use in the experiments. The photograph taken for a 

bottle of the MoO3 solution is shown in Fig. 3.3. 
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Fig. 3.3: The photograph taken for the bottle of in-house prepared MoO3 solution. 

3.1.2 Substrate cleaning and film preparation  

    The ITO/glass substrate cleaning is the first step to remove the surface contamination 

prior to the film and device fabrication. First, ITO substrates were cleaned sequentially by 

ultrasonic treatment in detergent, deionized water, acetone and IPA for 15 mins each. Finally, 

ITO substrates were cleaned with deionized water and then kept in an oven (Memmert UNE 

200) at 120 °C for drying.  

 In this work, the functional layers and the devices were fabricated using the formulated 

solutions by spin coating method. A photo picture taken for a spin coater used in the 

experiments is shown in Fig.3.4. The schematic diagram showing the formation of a film on 

substrate by spin-coating fabrication processes is illustrated in Fig. 3.5. Firstly, the functional 

material solution is dropped on the substrate surface, as shown in Fig. 3.5 (a), the layer of the 

material on the substrate is then form by rotating the substrate. The film thickness can be 
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controlled by adjusting the rotation speed and the concentration of the materials in the 

solution, e.g., as illustrated in Fig. 3.5 (b). The uniform film on the substrate can be obtained 

after the solvent is fully dried, as shown in Fig. 3.5 (c) 

 

 

Fig. 3.4: A photograph taken for the spin coater (Laurell WS-650Mz-23NPP) used in this 

work. 

 

Fig. 3.5: Schematic drawings illustrated the processes of film formation on a substrate by spin 

coating method. 
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3. 2 Material characterization   

3.2.1 Atomic force microscopy 

Atomic force microscopy (AFM) is one of the commonly used non-vacuum surface 

characterization techniques for analyzing the surface properties of the films with resolution on 

the order of fractions of a nanometer. In the AFM experiment, the test sample is placed on the 

surface of a sample holder in the measurement set-up as illustrated in Fig. 3.6. The sample is 

scanned by a sharp micro-fabricated tip, which is connected to a cantilever. There is the force 

between a tip and test sample, which causes the deflection of cantilever. 

 

 

Fig. 3.6: Schematic diagram of an AFM measurement system. 

    The morphologic properties of different thin films can be investigated and mapped using 

AFM. There are two useful modes to obtain topographical imaging, one is the contact mode 
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and the other is the tapping mode. In contact operating mode, there are permanent contact 

between the AFM tip and the surface of the sample. The topographic properties of the sample 

can be measured and visualized by scanning the sample area. The change in the height of the 

sample surface in the measurement is proportional to the force constant of vertical movement 

in the scanner. In this case, the morphology of the sample surface can be recorded and 

visualized after data processes. The contact operating mode is often adopted for measuring the 

surface morphologic properties of the hard samples. 

    In tapping mode, the cantilever is driven to oscillate up and down. The amplitude of the 

cantilever oscillation is kept constant, leading to constant amplitude of the cantilever 

oscillation as long as there is no drift or interaction with sample surface. It is expected that the 

topographic images can be measured with the changes in the scanner height based on known 

accuracy of the methods and supported by repeated measurements in the field. This mode 

used should be able to get best performance for imaging in general conditions, especially 

those due to selective fragile samples. 

3.2.2 Raman spectroscopy 

    Raman spectroscopy is quantitative measurement of vibrational spectroscopy 

complementary to infrared (IR) spectroscopy. The polarizability and dipole of the molecule 

can be provided in principle by interaction of light with the molecule. The transition in the 

polarizability and dipole of the molecule is strongly related to the rise of IR bands. Raman 

spectroscopy is a powerful photonic technology for observing vibrational and rotational 

modes in a system. Thus, a Raman spectrum is the plot of the Raman radiation versus Raman 

shift with respect to the frequency of the incident light as illustrated in Fig. 3.7. 
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    The peaks in the Raman spectrum are related to the energy transitions, providing the 

information for identification of molecules. The quantization standard depends on the specific 

energy transitions and specific molecular vibrations, serving as the “molecular fingerprint” 

that can be used to analyze the molecular vibration modes of almost any chemical compound. 

This representation allows viewing Raman bands centered at the Raman frequencies 

characteristic of each material. In a Raman spectrum the information is mainly on the position 

of each of the bands that identify unequivocally the material under analysis. Therefore, the 

Raman spectrum is unique for each material. 

 

Fig. 3.7: Schematic of Raman spectrometer 

3.2.3 Photoelectron spectroscopy  

    In this work, we employed two complementary surface photoelectron spectroscopy 

measurement methods: X-ray photoelectron spectroscopy (XPS) and ultraviolet photoelectron 

spectroscopy (UPS) to study the surface chemical states and electronic properties of the 

functional materials used in the solution processable QD-LEDs and OSCs. Both UPS and 
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XPS have been used to perform the quantitative analyses of the change in the composition 

and electronic properties at the interfaces of organic/inorganic materials in the devices.  

    The electron spectroscopy for chemical analysis (ESCA) or also known as X-ray 

photoelectron spectroscopy (XPS), was first developed by Siegbahn, is a very helpful surface 

analysis technology for analyzing oxidation state, atomic composition and surface electronic 

properties of samples [53]. XPS provides a photoelectron spectrum for quantitative analysis of 

the surface composition. In the XPS measurement, the electron in the atoms of the sample is 

excited by a beam of monochromatic X-rays, e.g., Al K line with photon energy of 1486.6 

eV. The processes of photoelectron excitation in the XPS and UV measurements are 

illustrated in Fig. 3.8 (a). With sufficient excitation energy, the electron is excited from the 

atom with a well-defined kinetic energy because of photoelectric effect. The kinetic energy of 

electrons that escaped from the sample surface is measured by the energy analyzer in the 

electron detector in XPS and UPS systems. The XPS or UPS spectrum is plot of the number 

of emitted photoelectrons as s function of the kinetic energy. Furthermore, an extraordinary 

resolution of XPS peak that can help us to analysis the small spectral interface change, 

because the shift in the peaks is directly related to the change in the chemical states or the 

oxidation states due to the variation of the chemical composition in the sample. 
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Fig. 3.8: Schematic diagram showing the processes of photoelectrons in the XPS (a) and UPS 

(b) measurements 

 

    UPS is often used to analyze the surface and interfacial electronic properties at the 

organic/metal and organic/organic interfaces, which is one of the most established methods 

for surface analysis. Both XPS and UPS measurements are carried in an ultra-high vacuum 

system with a base pressure typically <1×10-10 Torr. A helium resonance lamp with two 

different lines having photon energies of 21.2 eV and 40.8 eV and a double-pass cylindrical 

mirror analyzer are often used in the UPS measurements. In addition, the feature of the UPS 

spectrum near the Fermi energy provides the information of the valence electron behavior of a 

semiconductor sample, allowing examining the interfacial energy band alignment at the 

interface of two different materials, e.g., when a second semiconductor materials or metal is 

deposited gradually on the surface of the underlying materials in the vacuum. The surface 

work function of the semiconductor or metal films can also be measured, as illustrated in Fig. 

3.8 (b). Fig. 3.9 presents a typical UPS spectrum, showing the valence band feature of a 

conducting sample, the secondary electron cutoff (Ecutoff) edge and the position of zero 
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kinetic energy. The work function, , of the sample can then be obtained by the following 

equation: 

                                (3.1) 

 

 

Fig. 3.9: Typical UPS spectrum of a conductive sample. 
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3.3 Device fabrication and characterization 

3.3.1 Fabrication and characterization of QD-LEDs 

 

The use of high-quality colloidal quantum dots (CQDs) increases significantly the 

luminous efficiency of the quantum dot light emitting devices (QD-LEDs). The brightness, 

color purity and air-ability of QDs offer promise for different types of high performance 

optoelectronic devices that can be fabricated through solution processes at a low cost, e.g., 

solution processable light-emitting, light detection and energy conversion devices. It has been 

demonstrated that there are two different carrier injection mechanisms in QD-LEDs, through 

energy transfer or direct charge injection processes. To design the device configuration for 

high performing QD-LEDs, one approach is to achieve a balanced electron-hole current to 

confine the recombination of the excitons in the QD emission region. Another approach is to 

realize the efficient exciton recombination to take place in the QD emission region through 

desired energy transfer process at the interface between organic small molecules and QD 

emission zone. The later approach requires the efficient Forster energy transfer process in 

QD-LEDs. 

    The balance between the Förster resonance energy transfer (FRET) and direct charge 

injection in QD-LEDs has been discussed. For FRET mechanism, an exciton is initially 

formed in the adjacent charge transport layers (CTLs). Then, the energy of the excitons is 

transferred to the QDs non-radiatively via near-field dipole−dipole coupling. The overlap of 

the spectral between the absorption of QDs and the photoluminescence (PL) of the CTLs 

determines the phenomenon of FRET in QD-LEDs. Hence, identification of appropriate CILs 
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in device structure is expected to induce energy transfer processes to QDs in QD-LEDs. For 

QD-LEDs with an optimized luminescent species, e.g., light-emitting polymers, small 

molecule and inorganic semiconductors materials, an efficient energy transfer between QDs 

and the luminescent species is desired. This requires an effective nonradiative energy transfer 

between the luminescent species and QDs. The effective FRET process in QD-LEDs can be 

realized through appropriate material selection and optimization of device configuration. 

    Electrons and holes can also be directly injected and recombine in the QDs to release 

energy to emit photons. It is known that carrier mobility and transport properties in the HIL, 

EIL, HTL and ETL play an important role in the performance of QD-LEDs. Therefore, the 

HTLs and the ETLs were chosen to have similar free-carrier concentrations and energy-band 

offsets to the QDs so that electron and hole injection into the QD layer was balanced. 

Efficient charge injection and the electron-hole current balance are essential for attaining 

efficient QD-LEDs through optimal combination of hole/electron transporting layers. J. M. 

CARUGE et al. [54] reported that light output in ZnCdSe-based QD-LEDs can be maximized 

thought interposing a ZnO:SnO2-based ETL between QDs and Ag electrode, due to the 

improved charge injection and suppression of Förster energy transfer. The energy alignment 

between the energy level of CTL and work function of the electrode at the CTL/electrode 

interfaces is a prerequisite for efficient operation of the QD-LEDs through solution 

fabrication routes. Therefore, it becomes critical to develop appropriate solution processable 

transparent electrodes and their surface modification with desirable energy matching for 

achieving high performing QD-LEDs.     

    From a device structure perspective, the two aspects relate to QD-LEDs are to achieve 

electron-hole current balance and the formation of excitons in QD emission zone. In terms of 
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both considerations, hole transporting materials with desired band-gap that matches the 

energy levels of the QDs will promote the exciton generation and a subsequent transfer to the 

QDs. However, the balance between FRET and direct charge injection in the electrical 

excitation of QDs, as illustrated in Fig. 3.10, is still under intensive research [55-57]. In situ 

interfacial engineering, band-gap alignment and the balance between FRET and direct charge 

injection are promoting a systematic integration for the development efficient QD-LEDs.  

 

 
Fig. 3.10: Schematic diagram showing the energy transfer and carrier injection processes in 

QD-LEDs 

     The performance of the fully solution-processed transparent QD-LEDs was studied. 

The fabrication process flow of transparent QD-LEDs is shown in Fig. 3.11. First, a 45 nm 

thick ZnO EIL was coated on the top the ITO/glass using spin-coating method (2000 rpm, 40 

s) in the N2-purged glove box, followed by thermal annealing at 150 ° for 10 mins. A 25 nm 

thick QD emitting layer was then formed on the ZnO EIL by spin-coating at 2000 rpm (40 s), 

using solution having a QD concentration of 5mg/ml in Toluene. The QD emitting layer was 
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then covered with a 30 nm thick PVK HTL layer by spin-coating at 2500 rpm using 

formulation a PVK concentration of 10 mg/ml in CB, following a post-deposition annealing 

at 120 °C for 10 mins. A 5 nm thick solution-processed MoO3 (sMoO3) HIL was deposited 

using in-house formulated MoO3 solution by spin-coating at 4000 (30 s) in N2 atmosphere 

without post annealing. 

   

Fig. 3.11: Schematic diagram showing the fabrication process flow of transparent QD-LEDs. 

 

      The upper transparent anode consists of a PEDOT:PSS (Clevios PH1000)/silver 

nanowire bilayer structure. A shadow mask was used to define the electrode area prior to the 

deposition of the bilayer anode contact [49]. A 70 nm thick PEDOT:PSS layer was formed on 
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the sMoO3 surface by spin-coating at 1500 rpm for 30 s, following with a post annealing 

treatment (120 °C, 10 mins). Subsequently, a thin layer of silver nanowires (AgNWs), with an 

area density of 0.10 g/m2, was coated on the PEDOT:PSS surface to form a bilayer anode. A 

post-annealing treatment, 120 °C, 10 mins in N2 environment, was carried out to improve the 

contact adhesion between the silver nanowires and the underlying layer. 

The structurally identical control QD-LEDs with an opaque top Ag anode were 

fabricated for comparison studies. A 200 nm thick top Ag contact in the control devices was 

deposited by thermal evaporation in an adjacent evaporation chamber having a base pressure 

of <10−6 mbar.  The transparent QD-LEDs have an active area of 3.0 mm × 3.0 mm. The 

layout of the QD-LEDs is shown in Fig. 3.12. 

 

Fig. 3.12: Layout of the transparent QD-LEDs. 

    The current density–voltage–luminance (I-V-L) characteristics of the transparent 

QD-LEDs were measured over a forward bias range from 0 – 15 V using a Keithley source 

measurement unit (Keithley Instruments Inc., Model 236 SMU) and a spectra colorimeter 

(Photo Research Inc., Model 650).  The power efficiency (lm/W) and the luminous 

efficiency (cd/A) of the QD-LEDs are derived from the I-V-L characteristics. The visible light 

transparency of the transparent QD-LEDs was measured by Oceanoptics fiber spectrometer 

(Model USB 4000). 
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3.3.2 Fabrication and characterization of OSCs 

 

    Thin film OSCs consist of an organic donor/acceptor bulk heterojunction layer, 

sandwiched between a pair of a transparent and an opaque electrode. Transparent OSCs can 

be made when both electrodes are transparent. The organic donor and acceptor used in the 

OSCs can be small molecules, conjugated polymers, or a combination of both, forming a 

donor/acceptor bulk heterojunction for light harvesting. Fig. 3.13 illustrates six fundamental 

photovoltaic conversion processes in the OSCs [58].  

 

Fig. 3.13: Schematic diagram showing the photovoltaic conversion processes in OSCs 

 

The performance of OSCs is determined primary by the following factors: (1) and (2) 

light absorption by the photoactive materials for generating photo-induced excitons; (3) the 

exciton diffusion; (4) exciton dissociation at the donor/acceptor interface; (5) charge transport 

and (6) collection efficiency at the anode/organic and organic/cathode interfaces. Depending 

on the alignment of energy levels at the donor/ acceptor interface, the dissociation of the 

photo-excited excitons occurs at the donor/acceptor interface. 

Absorption of light:  
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    The photon is absorbed by the active material, and the absorption capability is the result 

of combination of factors: (a) the absorption coefficient (b) the absorbing layer thickness (c) 

the internal multiple reflections. Generation of excitons: To achieve a high efficiency of 

charge generation, the absorption spectrum of polymer materials extended to the long 

wavelength range is desired.  

Diffusion of the excitons:  

    The excitons would diffuse to the dissociation interface with compatible organic material 

to dissociate into free charges. The charges produced by interfacial exciton dissociation must 

escape from recombination, otherwise they could not result the delivered photocurrent in the 

OSCs. The performance of OSCs is limited due to the mismatch between the absorption depth 

and the charge transport scale, due to the limited charge mobility in organic semiconductors. 

[59-60]. 

Dissociation of the excitons with generation of charge:  

    Exciton dissociation is known to occur at the donor/acceptor interface in the bulk 

heterojunction. At the donor/acceptor interface, a strong electric field exists due to the 

presence of an abrupt potential energy difference at the donor/acceptor interface. 

Photo-induced charge transfer can occur if excitons reach such interface within their lifetime. 

The main challenge in improving efficiency of OSCs is to design the device architectures with 

favorable exciton transport and to understand the mechanism of energy transfer.  

Charge transport:  

    In order to improve charge extraction for OSCs, the phase separation of donor and 

acceptor must be continuous in the bulk heterojunction. The optimal morphology could 

improve the dissociation of excited states and charge carrier transport, which is a curial factor 
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for typical electrical behaviors of OSCs. For effective charge transport of OSCs, the charge 

carrier mobility also should be considerable to respective materials capability.  

Charge collection:  

    After the dissociation of the excitons and the transport of charges, the electron must 

make its way through the acceptor to be collected at the organic/cathode interface, while the 

hole must travel through the donor to be collected at the anode/organic interface. The charge 

collection efficiency of an OSC can be optimized through tuning the alignment of energy 

level and contact properties at the electrode/organic interface.  

 

 

Fig. 3.14: Schematic diagram showing the flow of fabrication processes of transparent OSCs. 
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The schematic diagram showing the flow of fabrication processes of transparent 

OSCs is shown in Fig. 3.14. The OSCs were fabricated using the pre-patterned ITO/glass 

substrate. There are 4 identical OSCs with an identical active area of 3.0 mm×3.0 mm. The 

OSC results presented in the thesis are the average of more than 12 cells.  

     

Fig. 3.15: Typical J–V characteristics measured for an organic solar cell under illumination.  

 

The fabrication procedure of the transparent OSCs is schematically shown in Fig. 3.15. 

First, a 10 nm thick ZnO electron extraction layer is formed on the ITO/glass by spin-coating 

at 2000 rpm. Then, solution of the donor/acceptor (P3HT:PC60BM) blend was prepared by 

mixing P3HT (20mg) and PC60BM (16mg) into DCB (l ml). A 160 nm thick 

P3HT:PC60BM-based active layer is deposited on ZnO by spin-coating at 1000 rpm for 120 s, 

following with an annealing at 150 °C for 20 mins in N2-purged glove box. A 5 nm thick 

sMoO3 hole extraction layer is formed on the surface of the active layer by spin-coating at 



 

  56

4000 rpm for 30 s. The active area of the OSCs is defined using a shadow mask, with an 

opening of 3.0 mm 3.0 mm. Finally, a 70 nm thick conductive polymer interlayer is covered 

on the sMoO3 layer by spin-coating in ambient air, following with a post-deposition annealing 

at 120 °C for 10 mins. A transparent OSC is then completed by overlaying a 

solution-processed silver nanowire layer to improve the lateral electric conductivity of the top 

electrode. The silver nanowire layer is formed by spin-cating at 3000 rpm following with a 

post annealing at 120 °C for 10 mins. 

The current density–voltage (J–V) characteristics of the OSCs were measured under air 

mass 1.5 global (AM1.5G) irradiation (100 mW/cm2), generated by a solar simulator. Light 

intensity of the solar simulator for OSC characterization in the laboratory was determined by 

a monosilicon detector (with KG-5 visible color filter) to minimize spectral mismatch. The 

typical J–V characteristics of the OSCs measured under illumination are shown in Fig. 3.15. 

The power conversion efficiency (PCE) of a solar cell is defined as: 

      (3.2) 

where L is the intensity of illumination power in W/cm2, PMAX is the maximum power 

produced by the OSCs, which is defined as the maximum possible value of the electrical 

power produced in watts per area: 

            (3.3) 

where Jmp and Vmp are the photo-current density and photovoltage at the maximum output 

power point of the solar cells under a given illumination with a power density of L. This 

product is also illustrated in Fig. 3.16 by area inside the green square. 
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    The short circuit current density (Jsc), open circuit (Voc) and fill factor (FF) are three 

key parameters describing the performance of the cells. Jsc is the maximum photocurrent 

density produced by the cells at short circuit condition. (2) Voc is the maximum output 

voltage produced by the cell at zero current. The value of Voc in OSCs is closely related to 

the energy offset between the HOMO level of the donor and LUMO level of the acceptor. The 

values of Voc and Jsc are denoted in the J–V characteristics in Fig. 3.16. (3) FF is a ratio of 

the maximum power output of a cell, small rectangle area (green), to the product of VocJsc, 

large rectangle (grey) in Fig.3.16. The FF can be calculated using the following expression: 

                                  (3.4) 

The PCE of the OSCs can be calculated using the following equation: 

                                  (3.5) 

    In practice, the measurement of OSCs is carried out under AM1.5G condition with a 

power density of 100 mW/cm2. The power conversion efficiency of the cells can be easily 

obtained taking the product of Voc, Jsc, and FF. 
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Chapter 4: Hybrid PEDOT:PSS-MoO3 and PEDOT:PSS-GO 

based highly conductive layers for application in QD-LEDs 

    QD-LEDs are attractive alternative LED technology for application in solid-state lighting 

and flat displays. High performance fully solution-processed QD-LEDs require a multilayer 

architecture to provide an exciton confinement region and hole-electron current balance [61]. 

Fully solution-processed QD-LEDs are intrinsically compatible with the roll-to-roll 

manufacturing process. However, the commonly used deposition approach for metal 

electrodes, e.g., Al, Ag or Au deposited by thermal evaporation, is not compatible to the 

roll-to-roll printing. Therefore, solution-processed high performance electrode and the surface 

modification with desired contact properties that can be made by solution fabrication process 

are the prerequisites for printable QD-LEDs. The progress in PEDOT:PSS/AgNWs composite 

electrodes as well as optimal device design has made a good contribution for high 

performance fully solution-processed OLEDs [49]. However, multilayered QD-LEDs with that 

can be fabricated using fully solution processes have not yet been demonstrated due to the 

limited choice of high performance solution processable electrodes as well as some process 

challenges involved in the device preparation, e.g., low electric conductivity, high 

post-annealing temperature and high interfacial energy barrier at electrode/functional layer 

interface.  
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4.1 Hybrid PEDOT:PSS-MoO3 AIL: Surface electronic properties 

and charge transfer  
 

    In this research work, an organic-inorganic hybrid AIL that consists of PEDOT:PSS and 

a MoO3 NPs was developed for application in QD-LEDs. The optical, electric and surface 

electronic properties of the PEDOT:PSS-MoO3 AIL have a great impact on the performance 

of fully solution-processed QD-LEDs, e.g., suppressing the interfacial defects and improving 

the hole injection at HIL/anode interface towards improvement in luminance and luminous 

efficiency of the fully solution-processed QD-LEDs. The optical, electrical property, chemical 

and surface electronic of the PEDOT:PSS-MoO3 AILs and the application in QD-LEDs were 

investigated 

    Generally, when the pristine PEDOT:PSS films are treated with the liquid organic 

compounds, e.g., ethylene glycol (EG), N,N-dimethylformamide (DMF) or dimethyl 

sulfoxide (DMSO), the conductivity of as-prepared PEDOT:PSS films can be improved up to 

∼2000 S/cm [62]. An increase in electric conductivity is due to the removal of PSS component 

in the PEDOT:PSS layer as reported in the previous studies [62]. In addition to the reduction in 

PSS component, the improvement in the conductivity of treated PEDOT:PSS layer was 

attributed to better connection between PEDOT units [63]. 

    In the present study, the effect of solution processable PEDOT:PSS-MoO3 AILs on 

charge injection, hole-electron current balance and the overall performance of QD-LEDs was 

analyzed. As seen in TABLE 4.1, the electric conductivity of PEDOT:PSS layers prepared 

with different concentrations of MoO3 NPs (dissolved in isopropanol solvent) in the solution 

were measured. It is shown that the PEDOT:PSS solution with a 25 wt. % MoO3 NPs 
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exhibited the highest electrical conductivity. The conductivity of pristine PEDOT:PSS layer 

was also measured, which was prepared using PEDOT:PSS solution by adding isopropanol 

(IPA) solvent using the same volume ratio of IPA to PEDOT:PSS in the mixture solution to 

avoid possible change in the conductivity that could be caused due to the polar solvent effect.  

 

TABLE 4.1: Conductivity of thin films of PEDOT:PSS-MoO3, prepared using different 

volume ratios of MoO3 to PEDOT:PSS in the mixed solution, on glass substrate. 

 

 

    The compositional properties of PEDOT:PSS-MoO3 thin films were further 

characterized by X-ray photoelectron spectroscopy (XPS) measurements for understanding 

the possible change in chemical state in the hybrid PEDOT:PSS-MoO3 layers. As shown in 

Fig 4.1, S2p XPS peaks over the binding energy range from 162~166 eV are contributed by S 

atoms in the PEDOT chains, and S2p XPS peaks over the binding energy range from 166~172 

eV are assigned to the S atoms in the PSS chains [63]. The area of the S2p XPS spectrum was 

calculated to estimate the ratio of PEDOT to PSS, yielding 0.13 in the PEDOT:PSS-MoO3 

layers, which is closed to 0.12 obtained for the pure PEDOT:PSS layer. XPS results indicate 

that the insulting PSS component in the PEDOT:PSS-MoO3 hybrid layers cannot be removed 

by adding the MoO3 NPs in the mixed solution.  Obviously, the thin films made with 

PEDOT:PSS-IPA and PEODT:PSS-MoO3 mixed solutions exhibit different electronic 

properties, suggesting that the interaction between PEODT:PSS and MoO3 in the mixture that 

contributes to the improvement in the conductivity of the film. However, the mechanism of 

improvement in the conductivity of PEDOT:PSS:MoO3 hybrid film is not very clear. The 
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advantage of organic-inorganic solution for application in transparent electrodes has not yet 

been fully explored. 

 

Fig. 4.1: S2p XPS spectra measured for the pure PEDOT:PSS and hybrid PEDOT:PSS-MoO3 

layers 

 

    The UV-Vis absorption spectra of a 200 nm thick pure PEDOT:PSS thin film and hybrid 

PEDOT:PSS-MoO3 layer deposited ono quartz substrate, with a post annealing at 120 °C in 

air, are shown in Fig 4.2. The optical properties of p-doped conjugated polymers are 

determined by their molecular structure, e.g., the optical band gap determining the intrinsic 

optical properties, relating to the excitation of the electrons from π to π* band. Appropriate 

doping in the PEDOT:PSS creates the extra sub-states in the band gap, thus electronic 

transitions in lower energies are allowed. The absorption at 590 nm reveals the absorption by 

the π–π* transition in neutral chains (NC), the absorption at 750 nm is due to the radical 

cations (RC), and the absorption band at wavelength >1200 nm is associated to the 

appearance of di-cations (DC) [64]. Therefore, the variation in the UV-Vis absorption spectra in 
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the NIR reflects the change in the PEDOT chain conformation in pure PEDOT:PSS and 

hybrid PEDOT:PSS-MoO3 films. 

 In the visible region, no obvious absorption in the PEDOT:PSS and 

PEDOT:PSS-MoO3 films is observed, exhibiting a good optical transparency. However, the 

PEDOT:PSS-MoO3 layer has an additional absorption in the red to near-infrared region, 

which is related to the change in the confirmation of the PEDOT chains, leading to the 

generation of additional carriers in the hybrid PEDOT:PSS-MoO3 films. This absorption is 

attributed to the oxidation of PEDOT due to the reduction of MoO3 NPs, and thereby the 

change in chemical composition of PEDOT:PSS-MoO3 films. 

 

 

Fig.4.2: Visible and near IR absorption spectra measured for the pure PEDOT:PSS (black) 

and hybrid PEDOT:PSS-MoO3 films (red). 

 

    Surface wettability of the solution-processable electrode is another critical factor that 

determines the contact quality between the electrodes and the surface of the active area for 
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efficient charge injection in QD-LEDs. The hydrophobicity of solution-processed 

PEDOT:PSS-MoO3 layers was examined by contact angle measurements, as shown in Fig. 

4.3 (a) and 4.3 (b). The contact angle for PEDOT:PSS-MoO3 and PEDOT:PSS films are 29° 

and 59°, respectively. Interestingly, the PEDOT:PSS-MoO3 hybrid layer has a much smaller 

contact angle than that of the pristine PEDOT:PSS layer, although the wettability of hybrid 

films was varied using mixed solution having different ratios of PEDOT:PSS to MoO3. This 

result also indicated that the adhesion is improved when PEDOT:PSS-MoO3 hybrid AIL was 

used, as illustrated in Fig 4.3 (c). The addition of MoO3 NPs in the PEDOT:PSS-MoO3  

mixed solution helps to improve the wetting of the hybrid AIL on the surface of the functional 

layers, and thereby improvement of the film adhesion. This improvement in the wettability of 

the hybrid PEDOT:PSS-MoO3 layer could facilitate the deposition of a transparent electrode 

on the surface of a hydrophobic underlying layer and thereby an improved interfacial contact 

at the electrode/function layer interface. PEDOT:PSS-MoO3-based hybrid conductive layer 

with hydrophilic behavior is preferred for application in fully solution processable 

optoelectronic devices, including QD-LEDs and OSCs demonstrated in this work. 
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Fig. 4.3: Contact angles measured for (a) hybrid PEDOT:PSS-MoO3 and (b) PEDOT:PSS 

thin films on the surface of sMoO3/ITO/glass, (c) Schematic drawings showing the different 

the wettability properties for films with low and high contact angles. 

 

    The valence electronic states of Mo atoms in hybrid PEDOT:PSS-MoO3 layer were 

analyzed by XPS measurement. The Mo 3d XPS spectra measured for the pure MoO3 and 

hybrid PEDOT:PSS-MoO3 films are analyzed using curve fitting as shown in Fig. 4.4. The 

Mo 3d5/2 and Mo 3d3/2 XPS spectra with the binding energies of 232.8 and 235.9 eV are due 

to the Mo6+ state, and the Mo 3d5/2 and Mo 3d3/2 XPS spectra at 231.6 and 234.7 eV are from 

Mo5+ electronic state. The binding energies of Mo3d5/2 and Mo3d3/2 peaks in the XPS spectra 

measured for the sMoO3 are at 232.8 eV and 235.9 eV, corresponding to the Mo6+ electronic 

states [65]. XPS measurements reveal that the atomic ratio of Mo to O in PEDOT:PSS-MoO3 

and that in the pristine MoO3 films are 1:2.98 and 1:2.82, respectively. It is found that there is 
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an obvious increase in the Mo5+ electronic state in hybrid PEDOT:PSS-MoO3 layer, which is 

associated with the increase in the conductivity of the hybrid layer. Therefore, it shows clearly 

that the increase in the film conductivity is directly related to the presence of the Mo5+ 

electronic state in the hybrid PEDOT:PSS-MoO3 layer. The XPS results clearly indicate there 

is a charge transfer and chemical reaction between the PEDOT and MoO3, which is 

responsible for further oxidation of PEDOT, and thereby and increase in the conductivity due 

to oxygen-induced doping effect in the PEDOT. The presence of the Mo5+ electronic state in 

the PEDOT:PSS-MoO3 hybrid layer helps improving the film conductivity, caused by the 

charge transfer between PEDOT and MoO3, and an increase in the surface work function of 

hybrid film is then expected [66]. 

 

Fig.4.4: Mo3d XPS spectra measured for (a) PEDOT:PSS-MoO3 and (b) MoO3 thin films. 

 

    The surface electronic properties of the hybrid PEDOT:PSS-MoO3 layer are a function 

of their surface defects, coordination environment, chemical state, and electronegativity of 

metal cations and oxygen anions. The work function of the PEDOT:PSS-MoO3 films was 

analyzed the by UPS measurement. The UPS spectra and the second cut-offs measured for 

hybrid layers made with different volume ratios of PEDOT:PSS to MoO3 in the mixed 
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solutions are shown in Fig 4.5, A work function of 5.3 eV for PEDOT:PSS-MoO3 layers was 

obtained, which is 0.3 eV higher than that of pristine PEDOT:PSS film (5.0 eV). The increase 

in the work function of the hybrid PEDOT:PSS-MoO3 layers is apparently favorable for hole 

transport when they contact to the HILs with deeper work function. 

    The increase in the work function of the hybrid conductive layer is due to the further 

oxidation of the PEDOT, caused by the interaction between PEDOT and MoO3, leading to the 

formation of Mo5+ electronic state in the hybrid layers as observed in the XPS measurements 

[66]. Although the addition of MoO3 NPs dopant was not shown to remove the PSS 

components from the PEDOT:PSS , the presence of Mo5+ electronic state acts as a mediator 

facilitating the charge transfer. Therefore, the work function of the hybrid layer increases due 

to the decrease in the coulombic attraction between the PEDOT and PSS in the hybrid 

PEDOT:PSS-MoO3 thin film [67]. 

                             

Fig.4.5: (a) UPS spectra and (b) secondary electron cut-off measured for the 

PEDOT:PSS-MoO3 and PEDOT:PSS films fabricated on ITO/glass substrates 
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    The possible change in the conformation of PEDOT components in the PEDOT:PSS 

chains was analyzed using Raman Spectroscopy. PEDOT structure contains two resonating 

benzoid and quinoid structures. The transition from benzoid to quinoid measured by Raman 

spectroscopy reflects the change in the internal structures of the PEDOT:PSS thin film. The 

transition between benzoid and quinoid is closely related to the change in the conductivity of 

PEDOT films. The shift in the wavenumber of the Raman peak from 1447 to 1432 cm-1, 

observed in the hybrid film as compared to the pure PEDOT:PSS reveals that PEDOT 

polymer contains more quinoidal structures and thus the film is more conductive [68]. The 

transition from benzoid to quinoid is very sensitive to the induced oxidation doping in the 

PEDOT:PSS-MoO3. Raman spectroscopy measurements reveal an obvious transition from 

quinoid and benzoid in the hybrid PEDOT:PSS-MoO3 films, leading to an increase in the 

number of polarons. Since the MoO3 have special electronic chemical potential and absolute 

electronegativity, the interaction between the PEDOT and PSS chains is disturbed due to the 

coulombic attraction between the positively charged PEDOT chains and negatively charged 

MoO3. This results in the change in the resonant structure of the PEDOT chains from benzoid 

to quinoid, converting the coil shaped PEDOT to the linear structure. The extension of 

PEDOT chains help improving network between the conducting PEDOT units, an increase in 

the conductivity of hybrid PEDOT:PSS-MoO3 layer can then be obtained. 
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Fig. 4.6: Raman spectra measured for the pristine PEDOT:PSS and hybrid 

PEDOT:PSS-MoO3 thin films. 

 

    Based on the above discussions, charge transfer between PEDOT having a low 

ionization energy and MoO3 having a high electron affinity caused partial oxidation of the 

PEDOT and the partial reduction of MoO3 as illustrated in Fig 4.4. The oxidation induced 

doping of PEDOT:PSS, caused by the interaction between PEDOT and MoO3, takes place at 

room temperature. The formation of Mo5+ electronic state becomes an electron acceptor due 

to the charge transfer between PEDOT and MoO3, forming quinoid structure as illustrated in 

Fig. 4.7. The work function of the solution processable hybrid PEDOT:PSS-MoO3 layer can 

be tuned by controlling the volume ratio of the MoO3 in the mixture solution [20]. As a result, 

such a high conductivity solution processable transparent           
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conductive layer can then be used for making multilayered QD-LEDs via solution fabrication 

process.  

 

Fig. 4.7: Schematic depiction illustrating the structure and the partial oxidation of PEDOT in 

the hybrid PEDOT:PSS-MoO3 film. 

 

    The luminance-voltage and luminous efficiency-current density characteristics of fully 

solution-processed QD-LEDs, with a structure of ITO/ZnO/CdSe:ZnS 

QDs/PVK/sMoO3/PEDOT:PSS/AgNWs, and a structurally identical control QD-LED, with a 

structure of ITO/ZnO/CdSe:ZnS QDs/PVK/sMoO3/thermal-evaporated Ag (100 nm) are 

shown as Fig. 4.8 (a) and (b). Fig. 4.9 presents the corresponding energy diagram of the 

sMoO3-based QD-LEDs. The sMoO3 HIL has two advantages: (1) improved hole injection at 

the HTL/anode interface, and (2) an annealing free solution process that does not damage to 

the underlying layers. Other HIL processes that involve non-orthogonal solvents often have a 



 

  70

limitation deteriorating the properties in the underlying layers. The combination of the 

advantages helps to improving charge recombination in the QD emitters. 

 
Fig. 4.8: (a) Current density-voltage, and (b) efficiency-current density characteristics 

measured for a structurally identical control QD-LED with a configuration of 

ITO/ZnO/CdSe:ZnS QDs/PVK/sMoO3/Ag (100 nm) 

 

 

Fig. 4.9: Schematic diagram showing the energy level of the functional materials used in the 

control QD-LEDs. 
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    Hybrid PEDOT:PSS-MoO3 conductive layers have the advantages over the 

solution-processed pure conductive layers. One of the unique features of the hybrid 

conductive layers is that their work function can be tailed by controlling the ratio of MoO3 in 

the mixed solution. In our previous study, we applied hybrid PEDOT:PSS (AL-4083)-MoO3 

HIL for solution-processed green phosphorescent OLEDs, due to its good 

solution-processability and high work function [20]. In this section, the performance of red 

transparent QD-LEDs made with a PEDOT:PSS (PH1000)-MoO3 hybrid AIL was examined 

and compared to that of a device having a pristine PEDOT:PSS (PH1000) AIL. The effect of 

MoO3 in the hybrid PEDOT:PSS- MoO3 AIL on the performance of QD-LEDs was 

investigated.  

    The energy diagram and the cross-sectional view of the transparent QD-LEDs employing 

a fully solution processable PEDOT:PSS-MoO3/AgNWs transparent electrode are shown in 

Fig. 4.10. The J–V–L characteristics of QD-LEDs, with a structure of ITO/ZnO/CdSe:ZnS 

QDs/PVK/sMoO3/PEDOT:PSS-MoO3/AgNWs, and a structurally identical control device 

having a PEDOT:PSS AIL are plotted in Figs. 4.11 (a) and (b). The transparent QD-LEDs 

with a hybrid PEDOT:PSS-MoO3 AIL possess a higher current density of 498.7 mA/cm2, as 

compared to that of a control QD-LED with a pristine PEDOT:PSS AIL (407.8 mA/cm2), at 

the same bias of >15 V. 

    The presence of a solution processable hybrid AIL is important for the efficient operation 

of the transparent QD-LEDs, e.g., a low turn-on voltage via tuning its surface work function. 

In the following discussion, we discuss the performance of QD-LEDs at a luminance of 1000 

cd/m2, a brightness level that is relevant to the requirement for the high-end flat panel displays. 

A brightness of 1000 cd/cm2 for QD-LEDs with a PEDOT:PSS-MoO3 AIL is achieved at 8.2 
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V. The The transparent QD-LEDs having a high luminance of >1000 cd/m2 at a low operation 

bias of ~8.0V are practically useful for solid state lighting or display applications. The 

maximum brightness of 4839 cd/m2 was obtained at 15 V, which is the highest luminance 

reported for in the fully solution processed inverted QD-LEDs reported so far in the literatures. 

The luminance of transparent QD-LEDs with a hybrid PEDOT:PSS-MoO3-based AIL was 

much higher than that of with the ones having a pristine PEDOT:PSS AIL. The hybrid AIL 

helps to improve the adhesion and also to form an ohmic contact between the sMoO3 and 

AgNWs. The UPS results reveal that the AgNWs has a work function of 4.4 eV, while that of 

sMoO3 is 5.6 eV. The presence of an interfacial energy barrier at the sMoO3/AgNWs contact 

has a limitation in charge injection in QD-LEDs. The insertion of a PEDOT:PSS-MoO3 AIL, 

with a work function of 5.3 eV, between the sMoO3 HIL and AgNWs is apparently more 

favorable for efficient operation of the all solution-processed QD-LEDs. As shown in Fig 4.12, 

the EL peaks of the emission spectra measured for two different types of the QD-LEDs have 

the same peak position at 620 nm and a narrow FWHW of 27 nm. The improvement in the 

charge injection, caused by well aligned energy levels at the electrode/QD interface and 

thereby the enhanced electron-hole current balance, contributes to the efficient light emission. 

    The results of transparent QD-LEDs made with a hybrid PEDOT:PSS-MoO3 AIL and a 

pristine PEDOT:PSS AIL are summarized in TABLE 4.2. The luminous efficiency of 

transparent QD-LEDs with a PEDOT:PSS-MoO3 AIL is much higher than of the control 

device with a PEDOT:PSS AIL, achieved due to well aligned energy levels between 

electrodes and QD emitter. The low luminous efficiency seen in the control device with a 

pristine PEDOT:PSS AIL is primarily originated from the poor charge injection due to the 

mismatch in the energy level alignment between organic and the anode. It is clear that a 
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combination of improved charge injection and conductivity of the hybrid AIL, formed by 

solution fabrication process at room temperature, favors the efficient operation of the 

QD-LEDs. 

 

Fig. 4.10: (a) Schematic energy level diagram, and (b) cross-sectional view of the  

QD-LEDs. 

 

Fig. 4.11: J-V-L characteristics measured from the ITO cathode and AgNWs anode sides of 

two different QD-LEDs prepared with (a) a pure PEDOT:PSS AIL and (b) a hybrid 

PEDOT:PSS-MoO3 AIL. 
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Fig. 4.12: EL peaks of two transparent QD-LEDs made with different AILs of pure 

PEDOT:PSS (black) and hybrid PEDOT:PSS-MoO3 AIL (red) 

 

TABLE 4.2: A summary of luminance and luminous efficiency measured from the ITO 

cathode and AgNWs anode sides of different transparent QD-LEDs made with a pure 

PEDOT:PSS AIL and a hybrid PEDOT:PSS-MoO3 AIL. The results of a structurally identical 

control QD-LED with an opaque Ag anode (100 nm) are also listed for comparison. 

 

 

    The optical transparency spectra measured for a pure PEDOT:PSS (70 nm) layer/glass, a 

thin film of hybrid PEDOT:PSS-MoO3 (70 nm)/glass, and a fully solution-processed QD-LED 
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are plotted in Fig 4.13. The transparency of the ITO/glass over the wavelength range is also 

plotted for comparison. The measured transparency of a hybrid PEDOT:PSS-MoO3 is above 

86 % over the wavelength range from 400-800 nm, which is similar to that of the a pure 

PEDOT:PSS layer (87 %). For a fully solution-processed QD-LEDs, a visible light 

transparency of >70% can be obtained, which is suitable for application in transparent 

displays where light optical transparency is desired. 

 

 

Fig. 4.13: Transparency spectra measured for PEDOT:PSS (70 nm)/glass, PEDOT:PSS-MoO3 

(70 nm)/glass, ITO/glass and a fully solution-processed transparent QD-LED over the 

wavelength range from 300 -1000 nm 

 

    In conclusion, the solution processable PEDOT:PSS-MoO3 AIL plays an important role 

in compatible processability and enhancing charge injection in transparent QD-LEDs, and 

thereby the efficient operation of QD-LEDs. The solution processable hybrid conductive 
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layers has the advantages of (1) excellent chemical stability, (2) compatible solution 

fabrication capability with different organic and inorganic functional materials, (3) high 

visible light optical transparency, (4) high electric conductivity, and (5) tunable surface work 

function that allows favorable charge injection/collection at the electrode/functional layer 

interface in the different optoelectronic devices. The combination of these advantages results 

in an average luminous efficiency of 1.39 cd/A for a fully solution-processed QD-LED, 

corresponding to a 27 % increase in the luminous efficiency compared to that of a structurally 

identical control QD-LED made with a pure PEDOT:PSS AIL. 

 

4.2 Hybrid PEDOT:PSS-GO AIL: Optical and surface electron 

properties 

 

    Motivated by the success of the p-type doping in PEDOT:PSS polymer conductive layer 

for use in optoelectronic devices, many progresses have been made in the development of 

PEDOT:PSS-based  transparent conductive layers, e.g., integration of 2‐dimensional GO 

with PEDOT:PSS is one of commonly used solution processable electrodes reported for use in 

functional devices [69]. Although an increase in the conductivity of up to 3 orders was reported 

for a thin film of PEDOT:PSS-GO  as compared to that of the pristine PEDOT:PSS layer 

[60-70], the use of PEDOT:PSS-GO for fully solution-processed QD-LEDs has not been 

explored. Some studies have been made by incorporating the solution processable 

PEDOT:PSS-GO as an ITO alternative for application in ITO-free OLEDs. It is shown that 

GO provides more conductive pathways for carriers and improves the conductivity in the 

PEDOT:PSS-GO films, leading to an enhanced performance of ITO-free OLEDs [70]. A better 
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understand on the optical, electric and surface electronic properties of PEDOT:PSS-GO film 

is a prerequisite  for developing fully solution-processed QD-LEDs. In this work, the optical, 

surface electronic properties and the process compatibility of PEDOT:PSS-GO were 

investigated systematically and were optimized for application in solution processable 

QD-LEDs. 

    The modification of GO on the optical, electric and surface electronic properties of 

PEDOT:PSS are studied by contact angle, photoelectron spectroscopy and Raman 

spectroscopy measurements. The results of GO-modification and its impact on the 

morphologic, surface electronic and optical properties of PEDOT:PSS-GO AIL and the 

performance of QD-LEDs are discussed in section 4.2. 

   The visible light transparency of the thin films of PEDOT:PSS-GO, made with different 

volume ratios of GO to PEDOT:PSS in the mixed solutions, and a pure PEDOT:PSS on 

quartz substrate was measured, the results are plotted in Fig. 4.14. It can be seen that an 87% 

visible light transparency was obtained for PEDOT:PSS:GO film fabricated using an optimal 

volume ratio of PEDOT:PSS to GO (3:1), which is obviously higher than that of a pure 

PEDOT:PSS (84%) [70]. 
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Fig. 4.14: Transmission spectra measured for different PEDOT:PSS-GO films prepared using 

different volume ratios of PEDOT:PSS to GO in the mixed solutions. The transparency of the 

pure GO and PEDOT:PSS layers are also plotted for comparison studies.  

 

TABLE 4.3: The conductivity measured for PEDOT:PSS-GO films prepared using different 

volume ratios of PEDOT:PSS to GO in the mixed solutions. The conductivity of a pure GO 

layer and a PEDOT:PSS layer is also listed for comparison  

 

 

    As shown in TABLE 4.3, the PEDOT:PSS-GO layer made with an optimal volume ratio 

of PEDOT:PSS to GO (3:1) in the mixed solution processes the highest conductivity of 1023 

S/cm, which is > two times higher than that of a pure PEDOT:PSS conductive layer made 

with a solution having the some volume ratio of PEDOT:PSS to water (v/v 3:1). The results 

suggested that increase in the conductivity of the PEDOT:PSS-GO film is mainly due to the 



 

  79

percolation of the GO nanosheets in the conducting polymer layer. The use of GO nanosheets 

promotes the connection between the PEDOT chains and GO nanosheets, through hydrophilic 

electrostatic interactions, forming self-oriented conductive network. Therefore, GO 

nanosheets play an important role in controlling the conductivity of the PEDOT:PSS-GO 

layer. In the following sections, we will discuss the properties of PEDOT:PSS-GO AIL and its 

application for performance enhancement in fully solution-processed QD-LEDs. 

    The UPS spectra measured for thin films of PEDOT:PSS-GO (3:1), pure PEDOT:PSS 

and GO on ITO/glass substrates are plotted in Fig. 4.15 (a). The secondary electron cut-offs in 

the UPS spectra are also presented in Fig. 4.15 (b). The UPS results reveal that the thin films 

of PEDOT:PSS-GO, PEDOT:PSS and GO have a work function of 5.31 eV, 5.03 eV and 4.98 

eV, respectively, agreed with the reported values for these films [70]. It is seen clearly that the 

surface work function of the PEOT:PSS-GO layer can be increased by blending the GO 

nanosheets in the PEDOT:PSS, which is higher than that of a pure PEDOT:PSS layer.  

 
Fig. 4.15: (a) UPS spectra and (b) the secondary electron cut-offs measured for the 

PEDOT:PSS-GO, GO and PEDOT:PSS thin films.  
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    The hydrophilic property of PEDOT:PSS and PEDOT:PSS-GO layers was analyzed 

using contact angle measurements. The contact angles measured for PEDOT:PSS-GO and 

PEDOT:PSS layers are shown in Fig. 4.16. The contact angle of 57° was assigned to the high 

hydrophobic property of PEDOT:PSS layer. A much smaller contact angle of 23° was 

observed for PEDOT:PSS-GO film. The considerable change in contact angle in the 

conductive polymer layer indicates that the use of the hydrophilic GO in the PEDOT:PSS acts 

as a phase transfer agent in the conductive polymer layer. The hydrophobic property of the 

PEDOT:PSS-GO layer enables an improved interfacial contact with functional materials, 

facilitating the efficient charge injection. On the other hand, GO nanosheets also act as a 

dispersant to assist in forming a stable and monodispersed PEDOT:PSS-GO transparent 

conducting layer. The observation of the π−π intermolecular interaction between GO and the 

conjugated thiophene chains in PEDOT:PSS reveals a suppression of GO aggregation in the 

conducting film, which is desired for the fabrication of fully solution-processable QD-LEDs. 

 

 
Fig.4.16: Contact angles obtained for PEDOT:PSS and PEDOT:PSS-GO films deposited on 

the sMoO3/ITO/glass substrates. 
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    The surface morphologic properties of the PEDOT:PSS and PEDOT:PSS-GO layers 

were analyzed using AFM measurement. AFM images measured for the PEDOT:PSS and 

PEDOT:PSS-GO films are shown in Fig.4.17. The root mean square (rms) roughness of the 

PEDOT:PSS and PEDOT:PSS-GO layers is 1.67 nm and 1.43 nm, respectively. It can be seen 

that the addition of GO nanosheets in PEDOT:PSS layer induces a uniform surface 

morphology that is beneficial for conduction, agree with conductivity measurement. AFM 

results reveals that the PEDOT:PSS-GO thin films can be a suitable choice serving as an AIL 

in QD-LEDs, taking the advantages of both high conductivity and smooth surface enabled by 

the PEDOT:PSS-GO film [71]. 

 

Fig.4.17: AFM images measured for (a) PEDOT:PSS (b) PEDOT:PSS-GO thin films 

deposited on sMoO3/ITO/glass substrates. 

 

    The possible interaction between PEDOT:PSS chains and GO nanosheets in 

PEDOT:PSS-GO layer was investigated using Raman Spectroscopy measurements. The main 

vibration modes (1440 cm-1–1450 cm-1)  in the Raman spectra, due to the symmetric Cα=Cβ 

structure in PEDOT:PSS and PEDOT:PSS-GO layers, are plotted in Fig 4.18.  two vibration 

peaks of D bands (1362 cm-1–1365 cm-1) and G bands (1591 cm-1–1610 cm-1) of GO 

nanosheets are clearly seen, confirming the presence of GO nanosheets in the 
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PEDOT:PSS-GO layers. The D-band is due to the structural disorder and defects induced on 

the sp2 hybridization and the G-band represents the planar configuration of the sp2 carbon that 

constitutes the GO [72]. The Raman peak due to the symmetric Cα=Cβ mode in the pristine 

PEDOT:PSS layer is at 1447.4 cm-1 and the peak shifts to lower wave number of 1440.3 cm-1 

after the incorporation of GO nanosheets in the conductive polymer layer, causing the 

transition from benzoid to quinoid in the PEDOT:PSS due to the Cα=Cβ stretching of the 

thiophene ring [88]. These structural changes promote conductive network in the 

PEDOT:PSS-GO layer, therefore an obvious increase in the conductivity is achieved. 

    Based on the above discussion, the GO nanosheets are well dispersed in the 

PEDOT:PSS-GO conductive layer as seen in Fig 4.17. The change in the structural properties 

in PEDOT:PSS-GO conductive layer, caused by the electrostatic interaction between 

negatively charged GO nanosheets and positively charged PEDOT chains, results in a 

benzoid−quinoid transition in PEDOT:PSS, leading to an improved film conductivity. As a 

result, the improvement in the optical, electric and surface morphologic properties of the 

PEDOT:PSS-GO based polymer conductive layer offers an appropriate option for application 

in fully solution-processed QD-LEDs 
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Fig.4.18: Raman spectra measured for the PEDOT:PSS and PEDOT:PSS-GO films. 

The performance of the transparent QD-LEDs with a solution-processed upper 

transparent PEDOT:PSS-GO/AgNWs anode was analyzed. The schematic energy level 

diagram of the transparent QD-LEDs with an inverted device configuration is shown in Fig 

4.19. The transparent QD-LEDs had a layer structure of 

ITO/ZnO/QDs/PVK/sMoO3/PEDOT:PSS-GO/AgNWs contact used in the device. sMoO3 

HIL has a work function of 5.6 eV, while that of the PEDOT:PSS-GO AIL is 5.3 eV, all the 

layers were deposited by the solution fabrication processes. Additionally, the use of hybrid 

PEDOT:PSS-GO AIL also helps to improve the adhesion between the AgNWs and sMoO3 

HIL for efficient charge injection. The presence of quinoid structure in the hybrid 

PEDOT:PSS-GO AIL, formed by delocalization of conjugated π-electrons, leading to an 

increase conductivity via enhanced charge hopping across different PEDOT chains. The 

hybrid AIL with an optimal concentration of GO nanosheets also promotes the charge 
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mobility and conduction pathways through orientation tuning and morphology control of 

PEDOT:PSS [69]. Therefore, the contact quality at the sMoO3/PEDOT:PSS-GO interface was 

optimized for the efficient operation of the transparent QD-LEDs. The hybrid 

sMoO3/PEDOT:PSS-GO/AgNWs transparent electrode for high performance fully 

solution-processed QD-LEDs has been successfully demonstrated in this work. 

 

 

Fig. 4.19: Schematic energy level diagram of the materials used in the transparent QD-LEDs 

 

    Based on above discussion, the solution processable of hybrid PEDOT:PSS-GO AIL has 

the following advantages for use in transparent QD-LEDs: (1) providing excellent adhesion to 

form an Ohmic contact between the AgNWs and sMoO3 HIL; (2) tuning appropriate work 

function to minimize the energy barrier between the AgNWs and sMoO3 HIL; (3) promoting 

the interconnection of the AgNWs [49] to improve the conductivity of the hybrid transparent 

electrode and thereby reducing the resistive losses; (4) increasing the visible and near-infrared 

light transparency to minimize the optical losses. Compare to the pristine PEDOT:PSS layer, 

the change in the work function of the PEDOT:PSS-GO is associated with the formation of an 
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interconnecting network between PEDOT chains and GO nanosheets in the PEDOT:PSS-GO 

layer. The effect of the formation of the oriented conductive PEDOT-GO network on the 

performance of transparent QD-LEDs was analyzed. The J-V-L characteristics measured from 

the anode and cathode sides of the different transparent QD-LEDs have a PEDOT:PSS-GO 

AIL and a pure PEDOT:PSS AIL are plotted in Fig 4.20. The EL spectra of the transparent 

QD-LEDs made with a PEDOT:PSS-GO AIL and a pure PEDOT:PSS AIL, emitting red light 

with an EL peak position at 620 nm [89], are plotted in Fig. 4.21. 

 

 

Fig. 4.20: The current density-voltage-luminance (J-V-L) characteristics measured for the 

transparent QD-LEDs with (a) a PEDOT:PSS AIL and (b) a PEDOT:PSS-GO AIL. 
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Fig. 4.21: EL spectra measured for the transparent QD-LEDs made with a PEDOT:PSS AIL 

and a PEDOT:PSS-GO AIL. 

 

    The luminance, luminous efficiency measured from the anode and cathode sides of the 

transparent QD-LEDs made with a PEDOT:PSS AIL and a PEDOT:PSS-GO AIL are 

summarized in TABLE 4.4. The performance of a control QD-LED with an opaque contact of 

Ag (100 nm) is also listed for comparison studies. The results in TABLE 4.3 reveal clearly 

that there is an obvious increase in the current density, luminance and luminous efficiency of 

the QD-LEDs made with a PEDOT:PSS-GO AIL as compared to that observed for the ones 

having a pure PEDOT:PSS AIL operated at the same voltage. The highest luminance of 3633 

cd/m2 was observed for the transparent QD-LEDs with a PEDOT:PSS-GO AIL, suggesting 

the PEDOT:PSS-GO conductive layer is superior to the pure PEDOT:PSS for application in 

QD-LEDs. The use of a high conductivity PEDOT:PSS (PH1000)-GO AIL improves the 

solution process compatibility of the functional layers with different hydrophobicity 

characteristics and also enhances the adhesion between the upper electrode and the HIL to 

reduce the contact resistance. The combination of these advantages results in an average 

luminous efficiency of 0.77 cd/A for QD-LEDs with a PEDOT:PSS-GO AIL, corresponding 
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to a 11.6% increase in the luminous efficiency as compared to that of the structurally identical 

control QD-LED with a pure PEDOT:PSS AIL. The results suggest that the solution process 

compatibility, the suitable surface morphologic and electronic properties of the hybrid AIL are 

the factors to be carefully considered for use in all solution processable optoelectronic 

devices. 

 

TABLE 4.4: A summary of luminance, luminous efficiency measured from the anode and 

cathode sides of the transparent QD-LEDs made with a PEDOT:PSS AIL and a 

PEDOT:PSS-GO AIL. The performance of a control QD-LED with an opaque contact of Ag 

(100 nm) is also listed for comparison. 

 

 

A photo picture taken for a transparent QD-LED emitting red light is shown in Fig. 

4.22, which shows a transparent feature o with red light emission from both the sides of the 

QD-LED. The mechanism of the improvement in the conductivity of PEDOT:PSS-GO 

polymer conductive layer was investigated by Raman spectroscopy, UPS and contact angle 

measurements. The high performance transparent QD-LEDs with a high conductivity 

PEDOT:PSS-GO AIL was demonstrated. As shown in Fig 4.23, the transparent QD-LED with 

a layer structure of ITO/ZnO/QDs/PVK/sMoO3/PEDOT:PSS-GO/AgNWs has a visible light 

transparency of 73 %, for comparison the transparency of ITO/glass (88 %) also is plotted as 
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a reference. The development of the emerging solution processable QD-LED technology has 

attracted a lot of interests due to its great potential of low cost non-vacuum process 

technology. The solution-processed high conductivity polymer conductive layer and 

compatible solution fabrication process also exhibit a remarkable flexibility for new device 

concept and application. This transparent QD-LED technology has the potential that can 

produce much higher profitability in novel flat panel displays. 

 

Fig. 4.22: A photograph taken for a transparent QD-LED emitting red light. 

 

 

Fig. 4.23: The visible light transparency spectra measured for a fully solution-processed 

transparent QD-LED and ITO/glass. 
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    In conclusion, the mechanism of increase in the conductivity of the solution-processed 

PEDOT:PSS-GO polymer conductive film was examined. The addition of the GO nanosheets 

in the PEDOT:PSS was optimized for application in transparent QD-LEDs. The results reveal 

that smooth PEDOT:PSS-GO prepared with a mixed solution having a volume ratio of 

PEDOT:PSS to GO (3:1) possesses the highest conductivity. The use of a high conductivity 

PEDOT:PSS (PH1000)-GO AIL improves the solution process compatibility of the different 

functional layers and also enhances the adhesion between the upper electrode and the HIL to 

reduce the contact resistance. The combination of these advantages results in achieving a 

maximum luminance of 3633 cd/cm2, and an average luminous efficiency of 0.77 cd/A for 

QD-LEDs with a PEDOT:PSS-GO AIL, corresponding to ~ 12% increase in the luminous 

efficiency as compared to that of a control QD-LED with a pure PEDOT:PSS AIL. The hybrid 

transparent conductive PEDOT:PSS-GO thin film provides a solution to address some serious 

processing problems faced the QD-LEDs. 

4.3 Surface modification and interfacial energy level alignment of 

hybrid transparent electrode for QD-LEDs 

 

   Conductive polymer PEDOT:PSS has attracted significant attention as one of the 

solution-processed electrodes to replace thermal-evaporated metal electrode in fully printable 

optoelectronic devices [49]. There have been several reports on change in carrier mobility and 

the film morphology in PEDOT:PSS layer after it is modified by DMSO, achieving a 

remarkable electric conductivity of 2000 S/cm [62-63]. However, PEDOT:PSS layer with a low 

work function of 4.8 eV~5.0 eV is not the best anode choice, an anode material with a high 

work function that matches with a polymer HIL having a deep-lying HOMO is desired to 
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allow efficient injecting of holes. The mismatch between the work function of the anode and 

energy level of the polymer HIL creates a large injection barrier at the HTL/anode interface, 

resulting in inefficient charge injection and unbalanced hole-electron current in light-emitting 

devices. Recently, a multilayer WO3/PEDOT:PSS-DMSO/AgNWs AIL was adopted for use 

in fully solution-processed transparent OLEDs [49]. It is shown that the use of a metal oxide 

HIL, e.g., WO3, has a significant impact on device performance and stability. The 

solution-processed metal oxide HIL benefits the hole injecting, however it has a poor 

electron-blocking capability, leading to the inefficient generation of excitons due to the 

undesired loss to the electrons. 

    In this work, we proposed to a new type hybrid HIL consisting of GO nanosheets and 

MoO3 NP with efficient hole injection and electron blocking properties in QD-LEDs, thereby 

improving luminous efficiency. The hybrid HIL takes the advantages of the electron blocking 

properties of GO nanosheets and the hole injecting capabilities of MoO3 NPs to realize 

simultaneously the efficient hole injecting and electron blocking from the anode. Apart from 

the surface electronic properties of the hybrid HIL, and of the improvement in the 

conductivity of the hybrid GO/MoO3 NPs and the process compatibility are also important 

factors for attaining high performance fully solution-processed QD-LEDs. The effect of 

surface electronic and electric properties of hybrid GO/MoO3 HIL on the light-emitting 

characteristics of QD-LEDs, e.g., luminance and luminous efficiency was examined. 
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TABLE 4.5: A summary of luminance and luminous efficiency of the transparent QD-LEDs 

made with different HILs of having different HILs of GO, MoO3 (10 nm), GO/MoO3 (5 nm) 

and GO/MoO3 (10 nm). 

 

    The current‒voltage and luminous intensity‒current density characteristics measured 

from the anode and cathode sides of the fully solution-processed transparent QD-LEDs with a 

GO HIL are shown in Fig. 4.23 (a). A total luminance of 2378 cd/m2 and a luminous 

efficiency of 1.18 cd/A measured for the GO HIL-based QD-LEDs were obtained, with the 

performance similar to those reported for the QD-LEDs having the same structure [42]. In this 

work, the PVK polymer was dissolved using a high viscosity solvent of o-dichlorobenzene 

(ODCB) to avoid the possible damage to the underlying QD emitter layer. An uniform HTL 

with an appropriate film thickness can be easily prepared by dissolving PVK in ODCB, 

leading to the improvement in the hole-electron current balance, and thereby the overall 

performance of QD-LEDs [73]. The energy barrier presented at the PVK/GO interface, due to 

the difference between the HOMO level of the PVK (5.8 eV) and the work function of GO 

(4.9 eV), hinders the efficient hole transporting to the QD emitter, which in turn causes 
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unavoidably high operation voltage, carrier recombination and current leakage in QD-LEDs. 

In addition, the incorporation of GO HIL with its specific π-structure, however, can certainly 

increase localized defects and carrier trap density. A straightforward approach to avoid this 

hurdle is to develop a dual-functional HIL that not only can modulate the interfacial 

properties but also to provide favorable energy level alignment required for efficient operation 

of the QD-LEDs. In this study, a hybrid GO/MoO3 bilayer HIL was developed for use in fully 

solution processed QD-LEDs, having desired properties to form an efficient contact between 

PVK HTL and PEDOT:PSS-DMSO/AgNWs electrode for significant performance 

enhancement in QD-LEDs. 

    The J-V-L characteristics measured from the anode and the cathode sides of QD-LEDs 

fabricated using different upper anode configurations of GO/MoO3 (5 nm)/ 

PEDOT:PSS-DMSO/AgNWs  and  GO/MoO3 (10 nm)/PEDOT:PSS-DMSO/AgNWs are 

presented in Figs.4.24 (c) and (d). As shown in the Figs 4.24. (c) and (d), the devices with a 

GO/ MoO3 (10 nm) HIL exhibit the best performance, as compared to that of the ones 

fabricated using a pristine GO HIL (Fig 4.24 (a)), a pristine MoO3 (10 nm) HIL (Fig 4.24 (b)) 

and a hybrid GO/MoO3 (5 nm) HIL (Fig 4.24 (d)). Devices with a GO/MoO3 (10 nm) HIL 

exhibited larger current density and lower turn-on voltage. Further, it also can be observed 

that devices with a GO/MoO3 (10 nm) HIL revealed superior performance with a maximum 

luminance of 4463 cd/m2 and a luminous efficiency of 3.51 cd/A, which are significantly 

higher than that of the ones made with a GO HIL (2378 cd/m2, 1.18 cd/A), a MoO3 (10 nm) 

HIL (2125 cd/m2, 2.94 cd/A) and a hybrid GO/MoO3 (5 nm) HIL (2656 cd/m2, 3.31 cd/A), 

respectively. These results clearly reveal the advantages of applying hybrid GO/MoO3 (10 nm) 

HIL for application in QD-LEDs and other optoelectronic devices [74-75].  
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Fig. 4.24: J-V-L characteristics measured from the anode and cathode sides of a set of 

transparent QD-LEDs having different HILs of (a) GO, (b) MoO3 (10 nm), (c) GO/ MoO3 (5 

nm) and (d) GO/ MoO3 (10 nm). 

 

    The current density‒luminous efficiency characteristics measured from the anode and 

cathode sides of QD-LEDs with different HILs are shown in Fig. 4.25 The results reveal 

clearly that the use of the GO nanosheets in the HIL acts an efficient electron blocking layer to 
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suppress the leakage current in the devices. The transparent QD-LEDs with a GO/MoO3 (10 

nm) HIL has a maximum luminous efficiency of 3.51 cd/A, which is higher than that of a 

structurally identical QD-LED made with a MoO3 (10 nm) HIL (2.94 cd/A). The improvement 

in the performance of the QD-LEDs is closely related to the combination effects of electron 

blocking, improved interfacial adhesion and enhanced charge injection at the PVK/HTL 

interface. It shows that the GO/MoO3 HIL acts as an effective hole-selective contact to ensure 

efficient charge injection and electron blocking at the HTL/anode interface.  

    The efficient charge injection and electron blocking at the anode/QD interface also 

contribute to realize the hole-electron current balance, and thereby the luminous efficiency of 

QD-LEDs. Furthermore, the use of a GO/MoO3 HIL also improves the processability and 

adhesion between the organic layer and the solution-processed anode. It is known that a ZnO 

EIL also is an effective hole blocking layer. Consequentially, a combination of a ZnO EIL, 

with the characteristics of efficient electron injection and hole blocking, and a hybrid 

GO/MoO3 (10 nm) HIL, with a dual function of efficient hole injection and electron blocking, 

enables the efficient formation of excitons in the QD emission layer, therefore an 

enhancement in the luminous efficiency of solution-processed QD-LEDs is achieved. A 

narrow EL emission peak at 620 nm measured for the QD-LEDs with different HILs are 

plotted in Fig. 4.26, suggesting that the use of a hybrid GO/MoO3 HIL is favorable for 

efficient operation of QD-LEDs without affecting the EL emission characteristics. The results 

of solution-processed QD-LEDs made with different HILs of GO, MoO3, GO/MoO3 (5 nm) 

and GO/MoO3 (10 nm) are summarized in TABLE 4.5. 
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Fig. 4.25: Current density‒luminous efficiency characteristics measured from the anode and 

cathode sides of a set of transparent QD-LEDs having different HILs of (a) GO, (b) MoO3 (10 

nm), (c) GO/MoO3 (5 nm) and (d) GO/MoO3 (10 nm). 
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Fig. 4.26: Normalized EL spectra measured for a set of transparent QD-LEDs having different 

HILs of GO, MoO3 (10 nm), GO/MoO3 (5 nm) and GO/MoO3 (10 nm). 

 

    Although qualitatively these improvements may be attributed to changes in the 

extraordinary electrical properties, the effect of the surface electronic properties of the HILs 

on QD-LED performance is analyzed using XPS and UPS measurements. The cross sectional 

view of the fully solution-processed QD-LEDs is depicted in Fig. 4.27, along with an energy 

level diagram of materials used in the QD-LEDs.  

    As shown in Fig. 4.27, the work function of a bare GO layer was 4.9 eV, a higher work 

function of 5.2 eV for the hybrid GO/MoO3 (5 nm) HIL and 5.3 eV for GO/MoO3 (10 nm) 

HIL were observed. As seen in Fig 4.27, the improved matching in the energy level between 

the PVK and GO/MoO3 HIL helps the hole injection. The increase in the work function of 

GO/ MoO3 (10 nm) HIL, 5.3 eV, is realized through the p-doping effect of metal oxides. It is 

known that MoO3 NPs have a strong electronegativity and positive reduction potential, the 

Mo6+ oxidation state in MoO3 can be spontaneously reduced to Mo5+ oxidation state by 
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accepting electrons from adjacent materials [66]. Therefore, the MoO3 NPs can function as a 

p-dopant to increase the work function of the adjacent material. This is seen in the increase in 

the work function of the hybrid GO/MoO3 HIL. The formation of the positive Mo5+ species, 

caused by charge transfer between high electronegativity MoO3 and negatively charged GO, 

indices interfacial dipoles at the GO/MoO3 interface and is responsible for the increase in the 

work function of the hybrid HIL. 

 

Fig. 4.27: (a) UPS spectra and (2) secondary electron cut-offs measured for different thin 

films of GO, GO/MoO3 (5 nm) and GO/MoO3 (10 nm) deposited on the ITO/glass substrates. 

 

The surface electronic properties of hybrid GO/MoO3 layer were studied using UPS 

measurements. The schematic energy diagram of the different functional materials used in the 

QD-LEDs is presented in Fig 4.28. As illustrated in Fig. 4.28, the hybrid GO/MoO3 (10 nm) 

HIL is apparently more favorable for efficient operation of QD-LEDs. The advantages of 

using hybrid HIL can be clearly seen in the obvious increase in the maximum luminance and 

the luminous efficiency of the QD-LEDs. For example, an average luminous efficiency of 3.5 
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cd/A for a fully solution-processed QD-LED with a hybrid GO/MoO3 (10 nm) HIL, which is 

almost two times high than the that of a structurally identical QD-LED with a pure GO HIL, 

and a 20% increase in the luminous efficiency of a QD-LED made with a pure MoO3 (10 nm) 

HIL, as seen in TABLE 4.4. 

 

Fig. 4.28: Schematic energy-level diagram of different functional materials used in the fully 

solution-processed QD-LED. 

 

   The chemical compositions of the GO and hybrid GO/MoO3 layers were analyzed using 

XPS measurements. Fig. 4.29 plots the C1s XPS core-level spectra measured for the different 

thin films of GO, GO/MoO3 (5 nm), GO/MoO3 (10 nm) and MoO3 (10 nm) deposited on the 

ITO substrates. The different features of the C1s XPS spectra reflect typical binding 

configurations of these films. 
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Fig. 4.29: C1s XPS spectra measured for the different thin films of GO, GO/MoO3 (5 nm), 

GO/MoO3 (10 nm) and MoO3 (10 nm) deposited on ITO. 

 

    The results of the fitting of the C1s XPS spectra illustrating different chemical states of 

carbon atoms in the films are shown in Fig. 4.30, where Shirley background subtraction was 

employed and the C1s spectra was de-convoluted using Gaussian–Lorentzian approximation. 

In the XPS spectra, it is known that the binding energy of 284.5 eV is assigned to the C-C 

bond due to the sp2 hybridization in the basal plane of GO. The binding energies of C1s XPS 

peaks at 286.5 eV, 288.1 eV and 289.1 eV are associated with the C atoms in C-O bonds, 

carbonyls (C=O) bonds and carboxylates (O-C=O) bonds, respectively [76]. Those majority 

components correspond to the carbon atoms in different functional groups, and the GO 

nanosheets with different oxidation states can be clearly indicated. A significant reduction in 

the intensity of the C1s XPS spectra that correspond to the C-O and C=O bonding 

configuration in GO was observed after the GO is modified with MoO3, suggesting that a 

partial oxidation of GO was taken place upon the insertion of MoO3 NPs.  
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Fig. 4.30: C 1s XPS spectra and the de-convoluted C1s peaks conforming different carbon 

bonding features on the surfaces of (a) GO (b) GO/MoO3 (5 nm) (c) GO/ MoO3 (10nm) thin 

films. 
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    The bonding between GO and sMoO3 was analyzed using Mo 3d XPS spectra, as shown 

in Fig 4.31. The Mo 3d core level XPS spectra measured for the sMoO3 film were shown in 

Fig 4.32, consisting of 3d5/2 and 3d3/2 dual XPS peaks with binding energies at 232.5 eV and 

235.7 eV, respectively [20] and are assigned to the Mo6+ valence state. For example, the 3d5/2 

and 3d3/2 dual XPS peaks with binding energies at 232.9 eV and 236 eV and that at 231.7 eV 

and 235 eV are assigned to the Mo6+ and Mo5+ oxidation states in GO/MoO3 thin films, 

respectively. Therefore, the observed increase in the work function and change in the 

chemical states of carbon atoms, seen in the C1s XPS spectra in Fig. 4.30, indeed indicate 

possible interaction between the GO nanosheets and the MoO3 NPs. The increase in the work 

function in the hybrid GO/MoO3 film is consistent with the p-doping effect, inducing the 

charge transfer between GO and MoO3.  

 

Fig. 4.31: Mo3d XPS spectra measured for the thin films of (a) GO (b) GO/MoO3 (5 nm) and 

(c) GO/MoO3 (10 nm). 
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Fig. 4.32: Fitting XPS of Mo 3d XPS spectra and the corresponding fittings obtained for the 

thin films of (a) sMoO3 and (b) GO/sMoO3 (10 nm). 

 

    The formation of an interfacial dipole at the GO/MoO3 interface can be expected due to 

the band bending. MoO3 has a high electronegativity and a high WF of 5.6 eV. MoO3 NPs 

have the tendency to attract the valence electrons from GO when it is formed on MoO3, 

resulting in the formation of positive MO5+ species that enhance dipole. This charge transfer 

from the GO nanosheets to MoO3 NPs shifts the Fermi level towards the vacuum level, 

yielding a difference in the Fermi level of 0.7 eV between the two materials, which is 

responsible for the increase in work function. It is manifested that the use of the 

solution-processed hybrid GO/MoO3 HIL is favorable for the efficient operation of the 

QD-LEDs. 

    In summary, a new type solution processable GO/MoO3 HIL has been developed for 

application in QD-LEDs. This hybrid HIL takes the advantages of the electron blocking 

properties of GO nanosheets and the hole injecting capabilities of MoO3 NPs to realize 

simultaneously the efficient hole injecting and electron blocking from the anode. The increase 

in the work function and coupled with the improvement in the conductivity of the hybrid HIL 
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is associated with the p-doping effect in the GO nanosheets. The high performance 

transparent QD-LEDs with a solution-processed GO/MoO3 HIL were demonstrated. The 

excellent solution process compatibility of the multilayered QD-LED thus developed also 

opens a room for eventual roll-to-roll printing that can be adopted by the industry. 
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Chapter 5: Performance enhancement of QD-LEDs via cathode 

modification 

    Thin film of solution-processable zinc oxide (ZnO) NPs has been used to serve as an 

effective ETL in inverted QD-LEDs, due to its unique optoelectronic characteristics [80]. 

However, the electron injection is limited due to the relatively high interfacial energy barrier 

at the ZnO ETL/QDs interface. One approach to circumvent the inefficient electron injection 

is to introduce an electron transporting buffer layer (EBL) between the QD emitter and ETL, 

e.g., to use a ZnO/EBL interlayer between cathode and the emitter layer. The use of the 

multilayered ZnO ETL/EBL/cathode improves the interfacial energy level alignment for 

achieve desired contact properties for QD-LEDs. Modification of ZnO ETL with different 

EBLs, e.g., PFN, PEIE or PEI, has been reported for application in OSCs and OLEDs. 

However, these polymer-based EBLs are insulating materials with limitation for application. 

Therefore, the development of solution processable conductive EBLs with tailored surface 

electronic properties and process compatibility with different functional materials, e.g., QDs, 

has attracted a lot of research interests. This chapter discusses the surface electronic properties 

and impact of two type hybrid EBLs of Bphen:Cs2CO3 and PFN-Br for application in fully 

solution-processed QD-LEDs. The surface electronic properties and conduction mechanism of 

the hybrid EBLs were analyzed systematically using UPS and XPS measurements. 
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5.1 N-doping effect in Bphen:Cs2CO3 EBL and application of 

ZnO/ Bphen:Cs2CO3 cathode for QD-LEDs 

 

     ETL in OLED is often doped to improve the charge injection properties and thereby the 

luminous efficiency of OLEDs. For example, the use of Cs2CO3-doped 4,7-di- 

phenyl-1,10-phenanthroline (Bphen) ETL has been reported for achieving efficient carrier 

injection and efficient OLEDs, due to the formation of compatible host-dopant organic 

matrixes [77]. The efficient OLEDs made with a Bphen:Cs2CO3 ETL, formed by the 

co-evaporation, modified graphene electrode were reported recently [78]. Although there has 

been some progresses demonstrating the effectiveness of the Bphen:Cs2CO3 EBL using 

co-evaporation approach, it becomes more attractive and useful if the hybrid Bphen:Cs2CO3 

EBL can be solution-processed having the desired fabrication compatibility for achieving high 

performance QD-LEDs that can be used for displays and solid state lighting. 

    In this section, we discussed the surface electronic properties, process compatibility and 

effect of the Bphen:Cs2CO3 EBL on electron injection and efficient operation of fully 

solution-processed QD-LEDs. QD-LEDs employing a hybrid ZnO/Bphen:Cs2CO3 cathode 

interlayer had a higher luminous efficiency as compared to that if the QD-LEDs made with 

different EBLs of ZnO and ZnO/Bphen cathode interlayers.. 

    The J-V-L and luminous efficiency‒current density characteristics measured for a set of 

the structurally identical fully solution processed QD-LEDs with different EBLs of ZnO, 

ZnO/Bphen and ZnO/Bphen:Cs2CO3 are plotted in Fig. 5.1 and Fig. 5.2. Device with a 

ZnO/Bphen:Cs2CO3 EBL reaches a brightness of 100 cd/m2 at 7.6 V, Which is lower than that 

of the QD-LEDs made with a pristine ZnO EBL or a ZnO/Bphen EBL for attaining the same 
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brightness. The favorable reduced turn-on voltage for QD-LEDs with a Bphen:Cs2CO3 EBL 

can be attributed to efficient charge injection in QD-LEDs, ue to the formation of a strong 

interfacial dipole at the ZnO/QD interface. QD-LEDs with a Bphen:Cs2CO3 EBL had a 

maximum luminance of 2741 cd/m2 and a maximum luminous efficiency of 1.60 cd/A, 

demonstrating the excellent electron injection properties in the fully solution-processed 

QD-LEDs. As seen in Fig 5.3, the EL spectra measured for different QD-LEDs show a typical 

red emission at ∼620 nm that originates from the QD emitters. The incorporation of a 

Bphen:Cs2CO3–based EBL is clearly more favorable for the efficient operation of QD-LEDs 

as compared to other EBLs. The luminance and luminous efficiency of the transparent 

QD-LEDs made with different EBLs of ZnO, ZnO/Bphen and ZnO/Bphen:Cs2CO3 are 

summarized in TABLE 5.1. 

 

Fig. 5.1: The J-V-L characteristics measured for a set of the structurally identical transparent 

QD-LEDs with different EBLs of (a) ZnO, (b) ZnO/Bphen and (c) ZnO/Bphen:Cs2CO3.  
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Fig 5.2: The luminous efficiency-current density characteristics measured for a set of the 

structurally identical transparent QD-LEDs with different EBLs of (a) ZnO, (b) ZnO/Bphen 

and (c) ZnO/Bphen:Cs2CO3.  

 

TABLE 5.1: A summary of luminance and luminous efficiency measured form the anode and 

cathode sides of the transparent QD-LEDs made with different EBLs of ZnO, ZnO/Bphen and 

ZnO/Bphen:Cs2CO3. 
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Fig. 5.3: EL spectra measured from the ITO cathode side of a set of transparent QD-LEDs 

made with different EBLs of ZnO, ZnO/Bphen and ZnO/ Bphen:Cs2CO3. 

 

    To analyze the effect of Bphen:Cs2CO3 EBL on the performance of the transparent 

QD-LEDs, surface electronic properties of the ZnO/Bphen:Cs2CO3 layer were studied by 

XPS and UPS measurements. The UPS spectra measured for the thin films of ZnO, 

ZnO/Bphen, and ZnO/Bphen:Cs2CO3 deposited on ITO substrates are plotted in Fig 5.4 (a), 

along with the secondary cut-offs Fig. 5.4 (b) and the valence band edges Fig. 5.4 (c). The 

work function of the BELs is calculated as the difference in energy between the valence band 

edge and the secondary electron cutoff in the UPS spectrum. Solution-processed ZnO thin 

films made in this work is a degenerated n-type semiconductor, the corresponding conduction 

band minimum (CBM) can be approximately regarding as the work function. The surface 

work function obtained for the thin films of pristine ZnO, ZnO/Bphen, and 

ZnO/Bphen:Cs2CO3 are 4.4 eV, 3.84 eV, and 3.74 eV, respectively. The increase in the work 

function of the ZnO/Bphen:Cs2CO3 EBL provides a preferred energy staircase to assist in an 

efficient injection of the electrons at the EBL/QD interface. The optical energy bandgap of 
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ZnO layer was measured from the absorption spectrum of 3.6 eV, and the conduction band 

maximum is 4.22 eV. However, the chemical reaction of ZnO NPs on synthesis procedure 

usually leads to large amount of internal surface defects, which would have a strong influence 

on electrical contact properties. 

    It is clear that modification of ZnO with thin layer of Bphen and Bphen:Cs2CO3 induces 

an obvious change in the work function, acting like an n-type doping in ZnO [77-78] to 

improving the electron injection at the ZnO/Bphen:Cs2CO3 EBL/QD interface. The ZnO 

surface modification also could have been resulted from the different molecular polarity and 

planarity of the organic molecules. The Bphen structure contains two rigid phenyl groups. 

They provide compatible polarity and planarity on the surface of ZnO layer forming different 

steric hindrance, which is beneficial for charge injection and hence the improvement of the 

device performance. The schematic energy alignment of the transparent QD-LEDs with 

different EBLs is shown in Fig 5.5, illustrating that ZnO/Bphen:Cs2CO3 EBL is favorable for 

satisfying the requirement for creating the ohmic contact at the EBL/QD emitter interface. 

 

Fig. 5.4: (a) UPS spectra, (b) the secondary electron cut-offs, and (c) valence spectra 

measured for different thin films of ZnO, ZnO/Bphen and ZnO/Bphen:Cs2CO3 deposited on 

ITO/glass substrates, formed by spin-coating method. 
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Fig. 5.5: Schematic energy level alignment of the transparent QD-LEDs with different EBLs 

of ZnO, ZnO/Bphen and ZnO/Bphen:Cs2CO3. 

 

    The surface chemical composition properties of the thin films of  ZnO, ZnO/Bphen and 

ZnO/ BPhen:Cs2CO3 were analyzed by XPS measurements. In the XPS spectra measured for 

C 1s, Cs 3d5/2 and N1s are shown in Fig. 5.6. There is a clear indication showing the presence 

of Cs (from Cs2CO3) and N (from Bphen) on the surface of ZnO/Bphen:Cs2CO3, Fig. 5.6 (b), 

and N (from Bphen)on the surface of ZnO/Bphen, Fig.5.6 (c).  

 
Fig.5.6: (a) C 1s, (b) Cs 3d5/2 (c) N 1s of XPS spectra measured for the surfaces of thin films 

of ZnO, ZnO/Bphen and ZnO/BPhen:Cs2CO3 deposited on the ITO/glass substrates. 



 

  111

     Figs. 5.7 (a) and (b) plots the Zn 2p3/2 and O 1s XPS spectra measured for the different 

films. It is seen that there is a clear shift in the binding energy of 0.27 eV and 0.38 eV to the 

lower binding energy level for the Zn 2p3/2 XPS peaks measured for the ZnO/Bphen and 

ZnO/BPhen:Cs2CO3 as compared to that of the pristine ZnO film e.g., 1022.58 eV for the 

pristine ZnO [79], 1022.31 eV for ZnO/Bphen and 1022.20 eV ZnO/Bphen:Cs2CO3 thin films. 

The shift of Zn 2p3/2 XPS peak to the lower binding energy is an indication of interaction 

between the Bphen and ZnO. O 1s XPS spectra measured for the films also confirmed the 

possible interaction occurred between the ZnO and the hybrid EBL. This can be seen clearly 

the shift of the O 1s XPS peaks, e.g., 531.2 eV for the pristine ZnO NPs, 530.93 eV for 

ZnO/Bphen and 530.80 eV for ZnO/Bphen:Cs2CO3. O 1s XPS spectrum measured for the 

ZnO/Bphen:Cs2CO3 has the largest shift in the binding energy to the low blinding energy than 

that of the ZnO/Bphen film. The shift in the binding energy of the O 1s XPS peak is attributed 

to the possible interfacial interaction between ZnO and Bphen:Cs2CO3, improving the 

interfacial contact and energy bandgap alignment between ZnO ETL and Bphen:Cs2CO3 EBL 

favoring the electron injection. 

 

 

Fig. 5.7: (a) Zn 2p3/2 and (b) O1s XPS spectra measured for the surfaces of thin films of ZnO, 

ZnO/Bphen and ZnO/BPhen:Cs2CO3 deposited on the ITO/glass substrates. 
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Cs2CO3 thin film has a surface work function of about ∼1.8 eV, whereas the LUMO of 

Bphen and CB of ZnO are about ∼2.4 eV and ∼4.2 eV. The difference in energy level 

between the LUMO of Bphen and work function of Cs2CO3 may induce an easier charge 

transfer creating higher ionized Cs+ cations, due the loss of the valance electrons from the Cs 

atoms to the Bphen molecules, inducing the formation of the interfacial dipoles. It implies 

that Cs2CO3 can serve as a stable n-type dopant for Bphen achieving a low work function for 

ZnO/Bphen:Cs2CO3 (~3.8 eV), as compared to that of the ZnO/Bphen (~3.9 eV).  

The modification of the ZnO ETL with the characteristic pyridine-type N atoms in 

Bphen structure is apparently favorable for efficient electron injection at the cathode/QD 

interface, due to spontaneous electrostatic interaction between pyridine-type N atoms of 

Bphen and hydroxyl groups of ZnO [79] as shown in Fig. 5.8. Apart from the favorable 

interfacial electronic properties, the interaction between the ZnO and Bphen also achieves an 

improved interfacial energy level alignment and adhesion.  

 

 

Fig 5.8: The scheme diagram illustrating the charge transfer between ZnO ETL and 

Bphen:Cs2CO3 EBL. 
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    In conclusion, UPS and XPS results support J-L-V measurements in showing that the 

improvement in the electron injection is mainly responsible for the performance enhancement 

in the solution-processed transparent QD-LEDs having a hybrid cathode of 

ZnO/BPhen:Cs2CO3. A luminous efficiency of 1.6 cd/A was obtained for CdSe/ZnS QDs 

based QD-LEDs with a hybrid ZnO/BPhen:Cs2CO3 cathode, corresponding to 35% increase 

in the luminous efficiency compared to that of the device with a pristine ZnO ETL (1.18 

cd/A). Our results suggest that solution processable hybrid ZnO/BPhen:Cs2CO3 cathode 

interlayer thus demonstrated in this work can be easily adopted for application in different 

optoelectronic devices. 

 

5.2 ZnO/PFN-Br EBL interfacial dipole formation and impact on 

the performance of QD-LEDs 

 

    We have also explored the modification of ZnO ETL using polymer based EBL, e.g., 

PFN-Br that has been used as an electron extraction buffer layer in OSCs. For example, in 

inverted OSCs made with a PBDT-DTNT:PC71BM BHJ, a large electron injection barrier is 

formed between ZnO ETL and PBDT-DTNT:PC71BM BHJ. Thin PFN-Br interlayer was used 

to modify the surface of ZnO ETL. It is found that insertion of PFN-Br not only facilitates 

electron extraction, but further suppresses the bimolecular recombination in inverted OSCs 

[80]. 

    With the success of PFN-Br-modified ZnO ETL in OSCs, we extended the work to 

investigate the surface electronic properties of PFN-Br EBL-modified ZnO ETL and analyze 

the effect of ZnO ETL/PFN-Br EBL on the performance of fully solutioin-processed 
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QD-LEDs. The results of the electron injection behavior at the EBL/QD interface and the 

process compatibility of the ZnO/PFN-Br cathode interlayer with the device fabrication are 

discussed in this section. The interfacial dipole formation at ZnO/PFN-Br interface and its 

impact on energy level alignment were analyzed by the XPS and UPS measurements. 

    As shown in Fig. 5.9, the visible light transparency spectra measured for the thin films of 

the pure ZnO 40 nm) and thin films of ZnO modified with PFN-Br, prepared using the 

solutions having different PFN-Br concentrations of 0.2 mg/ml, 0.5 mg/ml, 1.0 mg/ml and 1.5 

mg/ml dissolved in methanol solvent, on the ITO/glass substrates. These films have nearly the 

same transparency of ~85% at 620 nm, showing that the modification of ZnO ETL with a 

PFN-Br EBL does not affect its optical transparency. 

 

Fig. 5.9: Visible light transparency spectra measured for a 40 nm thick ZnO layer and ZnO 

layer modified with different PFN-Br modification layers prepared using solutions having 

different concentrations of PFN-Br in methanol solvent. 
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    The effect of ZnO/PFN-Br interlayer on the performance of QD-LEDs was analyzed. For 

comparison, the control devices with a configuration of 

ZnO/QDs/PVK/sMoO3/PEDOT:PSS/AgNWs and the QD-LEDs with a configuration of 

ZnO/PFN-Br/QDs/PVK/sMoO3/PEDOT:PSS/AgNWs were fabricated using pre-patterned 

ITO/glass. Voltage‒luminance intensity, voltage‒current density and luminous 

efficiency‒luminance measured for a set of the inverted QD-LEDs made with a pure ZnO 

ETL and ZnO/PFN-Br interlayers prepared with solutions having different PFN-Br 

concentrations in methanol solvent are plotted in Fig 5.10. QD-LEDs using a bilayer ZnO 

ETL/PFN-Br EBL cathode interlayer exhibit high luminance as compared to that of the 

control device having a pristine ZnO ETL. The performance of QD-LEDs with a PFN-Br 

EBL is dependent on the PFN-Br EBL thickness. QD-LEDs using a PFN-Br EBL prepared 

using solution with a PFN-Br concentration of 0.5 mg/ml dissolved in methanol solvent had 

the best performance as compared to that of the QD-LEDs prepared with other EBLs, 

achieving a maximum luminance of ~10000 cd/m2 at a bias of 15 V. The efficient devices 

with a PFN-Br made prepared using the solution having a higher PFN-Br concentration of 1.5 

mg/ml, was also obtained. The results show that the PFN-Br concentration in the solvent has 

less influence on the performance improvement of QD-LEDs, performance of QD-LEDs is 

more sensitive to the thickness of the PFB-Br EBL, due to the insulating nature of PFN-Br 

polymer.   

    



 

  116

 
Fig. 5.10: (a) Voltage‒luminance intensity, (b) voltage‒current density and (c) luminous 

efficiency‒luminance measured for the inverted QD-LEDs made with a pure ZnO ETL and 

ZnO/PFN-Br interlayers prepared with solutions having different PFN-Br concentrations in 

methanol solvent. 
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Fig. 5.11: EL spectra measured from the ITO cathode side of the transparent QD-LEDs made 

with a pure ZnO ETL and different interlayers of ZnO/PFN-Br prepared using solutions 

having different concentrations of PFN-Br dissolved in methanol solvent. 

 

A maximum luminous efficiency of 1.55 cd/A was obtained for the transparent QD-LEDs 

made with a ZnO/PFN-Br bilayer ETL, corresponding to a 57% increase in the luminous 

efficiency of the control device with a pristine ZnO ETL (0.99 cd/A). A significant increase in 

the luminous efficiency of the QD-LEDs is attributed to the formation of an interface dipole 

that is associated with the bonding between the PFN-Br EBL and the ZnO ETL. The presence 

of an interfacial dipole is formed due to charge transfer between the ZnO NPs and organic 

species. Fig. 5.11 plots the EL spectra measured for the transparent QD-LEDs made with a 

pure ZnO ETL and different interlayers of ZnO/PFN-Br interlayers, prepared using solutions 

having different concentrations of PFN-Br dissolved in methanol solvent, at 15 V. The EL 

spectra of different QD-LEDs are peaked at 620 nm with a full-width at half-maximum 

(FWHM) of 35 nm, presenting the saturated emission from the CdSe/ZnS QDs. 
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    The effect of PFN-Br EBL thickness on the performance of QD-LEDs was examined. 

The thickness of the PFN-Br EBL on ZnO ETL was controlled using solutions with different 

concentrations of PFN-Br dissolved in methanol solvent, e.g, from 0.2 mg/ml to 1.5 mg/ml. 

There is an obvious change in the surface work function of ZnO ETL after it was modified by 

the EBL. The UPS spectra and the corresponding shift in the work function measured for thin 

films of a pure ZnO and the ZnO modified with PFN-Br prepared using solutions with 

different concentrations of PFN-Br dissolved in methanol solvent are shown in Fig. 5.12.  

   

Fig. 5.12: (a) The UPS spectra and (b) the corresponding shift in the work function measured 

for thin films of a pure ZnO and ZnO modified with PFN-Br prepared using solutions with 

different concentrations of PFN-Br dissolved in methanol solvent. 

 

    Although a larger change in the work function of the ZnO layer is observed after it was 

modified with a PFN-Br prepared with a high concentration PFN-Br solution (1.5 mg/ml), as 

compared to that of the ZnO modified with the PFN-Br formed using a solution having a low 

PFN-Br concentration (0.5 mg/ml), QD-LEDs with a ZnO/PFN-Br (0.5 mg/ml) cathode 

interlayer possessed a higher luminous efficiency and a high brightness operated at the same 

voltage. The difference in the performance of the QD-LEDs is associated with the change in 
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the thickness of the PFN-Br EBLs. In the experiments, the PFN-Br layers was prepared by the 

same spin-coating conditions, a thicker PFN-Br layer was formed using solution having a 

higher PFN-Br concentration, a thinner PFN-Br EBL is expected by the same spin-coating 

condition using a lower PFN-Br concentration of 0.5 mg/ml. As the PFN-Br-EBL is not a 

conductive polymer, a thinner PFN-Br is easier for electron tunneling as illustrated in Fig. 

5.13 (a). Although a lower work function is achieved, a thicker PFN-Br EBL is less favorable 

for electron injection to the QD emitter.  

 

Fig. 5.13: (a) Schematic energy level diagrams of the QD-LEDs made with a ZnO ETL 

modified by a thin PFN-Br EBL and a thick PFN-Br EBL, and (b) Schematic diagram of the 

energy level alignment of QD-LEDs made with a pure ZnO ETL and the ones with a ZnO 

ETL/PFN-Br EBL cathode interlayer. 

 

    There is a remarkable increase in the performance of the fully solution-processed 

QD-LEDs made with a ZnO/PFN-Br (0.5 m/ml) cathode interlayer compared to the 

structurally identical devices with a pure ZnO ETL, as shown in Fig. 5.14. The luminance and 

luminous efficiency of the QD-LEDs made with a ZnO/PFN-Br (0.5mg/ml) interlayer 

operated at 7.8 V, and that of the control QD-LED with a pristine ZnO ETL operated at 8.4 V 

are summarized in TABLE 5.2. For an easy comparison, the luminance and luminous 
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efficiency listed in TABLE 5.2 were obtained for different QD-LEDs operated at the same 

luminance of 1000 cd/m2. The formation of an interfacial dipole due to the PFN-Br EBL 

improves the electron injection, thus contributing to hole-electron balance as comparison to 

the device with only a pure ZnO ETL. The presence of an optimal PFN-Br EBL also improves 

the adhesion forming a desired contact at the EBL/QD emitter interface. As a result, a 

combination of the optimal PFN-Br EBL thickness and a reduced work function that leads to 

a smaller interfacial barrier at the PFN-Br EBL/QD emitter interface, as illustrated in Fig 5.13 

(a), is responsible for the enhancement the performance of fully solution-processed 

transparent QD-LEDs. 

 

Fig. 5.14: J-V-L characteristics measured for transparent QD-LEDs made with (a) a ZnO ETL 

and (b) a bilayer ZnO ETL/PFN-Br (0.5mg/ml) EBL. 

TABLE 5.2: A summary of the luminance and luminous efficiency measured from the ITO 

cathode and AgNWs anode sides of the QD-LEDs made with a ZnO/PFN-Br (0.5mg/ml) EBL, 

and a control QD-LED with a pristine ZnO ETL. 
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     C1s, N 1s and Br 3d XPS spectra measured for the surfaces of the thin films of ZnO 

and ZnO/PFN-Br (0.5mg/ml) deposited on the ITO/glass substrates are presented in Fig. 5.15. 

The corresponding O1s and Zn 2p3/2 XPS spectra are plotted in Figs. 5.16 (a) and (b). Fig. 

5.16 shows that there is a clear shift (0.3 eV) in the binding energy of Zn 2p3/2 peak position 

from 1022.64 eV (for a pure ZnO) to 1022.34 eV (for ZnO/PFN-Br). A 0.3 eV shift in the Zn 

2p3/2 XPS peak towards the lower binding energy was seen after the ZnO layer modified with 

a PFN-Br layer, implying an interaction occurred between the conjugate polymer PFN-Br and 

ZnO NPs.  A shift in the binding energy of O 1s XPS peak (530.15 eV) measured for the 

pure ZnO and that of the O 1s XPS peak for ZnO/PFN-Br (530.06 eV) was also observed, 

agreed with the reported results in showing occurrence of the interaction between the ZnO 

and PFN-Br [81]. 
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Fig. 5.15: (a) C 1s, (b) Br 3d and (c) N 1s core level of XPS spectra measured for the surfaces 

of the thin films of ZnO and ZnO/PFN-Br (0.5 mg/ml) deposited on the ITO/glass substrates 

 

 

Fig. 5.16: (a) Zn 2p3/2 and (b) O 1s XPS spectra measured for the surfaces of the thin films of 

ZnO and ZnO/PFN-Br (0.5mg/ml) deposited on the ITO/glass substrates. 

 

    Based on the above discussions made with the J‒V‒L characteristics of the QD-LEDs 

and the analyses of the surface electronic properties of the ZnO/PFN-Br layer made with the 

UPS and XPS measurements, a schematic diagram illustrating the interaction between ZnO 

and PFN-Br at the ZnO/PFN-Br interface is shown in Fig. 5.17. The hydrogen bond between 

two polar groups of N+ in PFN-Br and hydroxyl on ZnO surface is the origin of the 

interaction between Zno PFN-Br [81]. Therefore, presence of a thin PFN-Br EBL helps to 
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passivate the defects on ZnO surface, therefore reducing the interfacial charge trap density at 

the EBL/QD interface, which otherwise would occurred at the ZnO/QD interface, resulting in 

an obvious improvement in charge injection. 

 
Fig. 5.17: (a) Schematic diagram illustrating the interaction between ZnO and PFN-Br at the 

ZnO/PFN-Br interface, and (b) chemical structures of the PFN-Br EBLs and formation of the 

hydrogen bond. 

 

    In summary, ETL based on the solution-prepared ZnO NPs has a limited charge injection 

in QD-LEDs. The modification of the ZnO ETL with an ultrathin PFN-Br EBL helps to 

reduce surface defects of the ZnO ETL to facilitate the electron injection at the EBL/QD 

emitter interface resulting in a 56% increase in the luminous efficiency of the 

solution-processed QD-LEDs. The favorable interfacial energy alignment and suppression of 

the interfacial charge traps are mainly responsible for the increase in the electron injection at 

the PFN-Br/QD interface. The use of PFN-Br EBL also promotes a good adhesion between 

the cathode and the QD emitter layer.  The results demonstrated in this work indicate clearly 

that the solution-processed cathode interlayer of ZnO/PFN-Br bilayer is fully compatible with 

the high-efficiency fully solution-processed QD-LEDs. The related technology can be easily 

adopted for different optoelectronic devices that are manufactured through solution 

fabrication processes. 
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Chapter 6: PEDOT:PSS-MoO3/AgNW-based hybrid electrode 

for fully solution-processed high performance transparent OSCs 

 

Fully solution-processable OSCs offer an attractive option for achieving low-cost and 

clean energy sources. They have efficiencies comparable to conventional inorganic 

amorphous silicon-based solar cells. Organic semiconductors as the active components in 

photovoltaic devices have advantages especially in terms of large area, cost effectiveness, 

chemical tenability, visible-light transparency, mechanical flexibility and solution fabrication 

capability. The simultaneous optimization of light absorption and visible-light transparency 

for transparent OSCs is quite challenging. The technology of the solution-processable 

transparent OSCs can be advanced through continuous development of novel organic 

photoactive materials with enhanced absorption in near infrared region, high performance 

upper transparent electrodes and process compatibility. The high performance transparent 

OSCs would offer potentially more opportunities for application in new markets such as 

mobile electronics, smart optical sensors, power generating window panes, greenhouses and 

outdoor lifestyle etc. 

    This chapter discusses the results of hybrid transparent PEDOT:PSS-MoO3/AgNW 

electrode for application in fully solution-processed OSCs, based on the blend system of 

poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl-C61-butyric acid methyl ester (PCBM). It 

reveals that the use of the hybrid transparent electrode benefits the fully solution-processed 

OSCs in two ways, (1) the reduction in series resistance and the increase in shunt resistance of 

the OSCs originated from the improved conductivity in hybrid electrode, caused by the 

oxidation-induced doping in in PEDOT:PSS via charge transfer between PEDOT chains and 
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MoO3 NPs [22], and (2) enhanced charge collection at the BHJ/electrode interface. The 

excellent process compatibility that can be integrated with the device fabrication also 

contributes to the efficiency improvement in the cells.  

    The J–V characteristics and incident photon to electron conversion efficiency (IPCE) 

measurements indicate an enhanced collection of the photo-generated carriers at the 

BHJ/hybrid electrode interface. The performance of the transparent made with a hybrid 

PEDOT:PSS-MoO3 AIL and that with a pure PEDOT:PSS AIL was characterized for 

comparison studies. It is that there is no observable absorption enhancement in the BHJ layer 

of the OSCs made with either a hybrid AIL or a pure PEDOT:PSS AIL, suggesting the 

increase in the PCE of the cells made with a hybrid AIL is originated primarily from the 

improved charge collection at the BHJ/electrode interface. Apart from the improvement in the 

film conductivity, UPS results also reveal that there is an obvious increase in the work 

function of hybrid PEDOT:PSS-MoO3 layer as compared to the pristine PEDOT:PSS film. As 

a result, a combination of these advantages coupled with the excellent solution-process 

compatibility leads to the increase in the short-circuit density (Jsc), the fill factor (FF), and the 

PCE of 2.7 %, which is ~20 % higher than a structurally identical control transparent OSC 

made with a pristine PEDOT:PSS AIL. 

 

6.1 Interfacial energy level alignment of hybrid electrode for 

transparent OSCs 

 

  Solution-processed PEDOT:PSS is one of the commonly used polymer conductive 

materials, with good electric conductivity, optical transparency and fabrication compatibility 
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with printing processes. The surface electronic and electric properties of the PEDOT:PSS film 

is often modified to satisfy the desired requirement for efficient carrier injection or collection 

in light-emitting and energy harvesting devices. As discussed in chapter 4, a hybrid 

PEDOT:PSS-MoO3 AIL was used to promote the efficient hole injection and the hole-electron 

balance for efficient operation of fully solution-processed QD-LEDs. With the achievements 

of high performance QD-LEDs, we have further extended the work to study the effect of a 

hybrid PEDOT:PSS-MoO3 AIL on the performance of the fully solution processable 

transparent OSCs. 

   Fig 6.1 shows the schematic energy level diagram of the functional materials used in the 

transparent OSCs, e.g., based on the blend system of P3HT:PC60BM. From the discussions in 

the previous chapters, it is seen that the work function of the hybrid PEDOT:PSS AIL can be 

adjusted from 5.0 eV to 5.3 eV, achieved by controlling the volume ratio of the MoO3 NPs in 

the mixed solution, to meet the requirement for attaining efficient hole injection/extraction in 

solution-processed light-emitting diodes and OSCs. 

 

 

Fig.6.1: Schematic energy level diagram of function materials used in the transparent OSCs.  
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    Based on the discussions in chapter 4, the PEDOT:PSS-MoO3 AIL can also be beneficial 

for use in fully solution processable transparent OSCs the following advantages: (1) AIL with 

tunable work function via Mo5+-induced oxidation doping in PEDOT, thereby enhancing the 

Jsc of the devices; (2) the suitable electric conductivity of PEDOT:PSS-MoO3 AIL and 

process compatibility to improve the contact and adhesion between the functional BHJ and 

the solution-processed upper AgNWs electrode, and thereby to improve the charge extraction 

in transparent OSCs. 

 

6.2 Charge collection and performance enhancement in 

transparent OSCs 

 

 

Fig. 6.2:  Transparency spectra measured for the ITO glass substrate, thin films of 

PEDOT:PSS and PEDOT:PSS-MoO3 deposited on ITO/glass substrates. 
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    As seen in Fig. 6.2, the average visible wavelength transparency of the both PEDOT:PSS 

and PEDOT:PSS-MoO3 layers is above 85%, which is compare to ITO substrate. Apart from 

the advantages of the enhanced lateral electric conductivity and improved interfacial adhesion, 

a thin PEDOT:PSS-MoO3 AIL is also optically compatible for use in transparent OSCs.  

        We extended the work to further improve the conductivity of the AIL using a 

combination of MoO3 NPs with a high conductivity PEDOT:PSS (PH10000)- in transparent 

OSCs, e.g., the cells with an inverted structure of ITO/ZnO/P3HT:PC60BM/sMoO3/ 

PEDOT:PSS (PH10000)-MoO3/AgNWs, having an active area of 3.0 mm  3.0 mm . The 

current density versus voltage (J−V) characteristics measured for a set of structurally identical 

transparent OSCs with different AILs of PEDOT:PSS(AL-4083), PEDOT:PSS(AL-4083)- 

MoO3, PH1000 and PH1000-MoO3 under AM 1.5G illumination at an irradiation intensity of 

100 mW/cm2 are shown in Fig.6.3. The results of different OSCs are summarized in TABLE 

6.1. Transparent OSCs with a hybrid PEDOT:PSS (PH1000)-MoO3 AIL, prepared using the 

mixed solution having an optimal volume ratio  of PEDOT:PSS (PH1000) to MoO3 (3:1), 

yielding the highest power conversion efficiency (PCE) of 2.7 %, with a short-current density 

(Jsc) of 7.4 mA/cm2, an open-circuit voltage (Voc) of 0.58 V, and a fill factor (FF) of 62 %. 

This PCE of the OSCs with a hybrid PEDOT:PSS (PH1000)-MoO3 AIL is much higher than 

that of the control cell made with a pristine PEDOT:PSS (PH1000)-based AIL (2.3%). It is 

shown that the increase in PCE of the cells made with a hybrid PEDOT:PSS (PH1000)-MoO3 

AIL is contributed mainly by the improved FF and Jsc over the pristine PEDOT:PSS 

(PH1000)-based device. The higher fill factor of PEDOT:PSS-MoO3 AIL-based OSCs is 

indicative of the efficient interfacial charge transfer at the HTL/AIL interface resulting from 

improved adhesion and better electric contact properties. As discussed in chapter 4, the 
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incorporation of MoO3 NPs improves the conductivity of the PEDOT:PSS (PH1000), 

contributing to the increase in Jsc. The structurally identical device made with a low 

conductivity PEDOT:PSS (AL-4083)- MoO3 NPs based AIL was also prepared for 

comparison. The improvement in the Jsc, FF, and PCE of cells demonstrates the function of 

MoO3 NPs in the hybrid PEDOT:PSS (AL-4083)-MoO3 NPs based AIL and the advantage for 

application in fully solution-processable organic electronic devices. 

 

Fig. 6.3: J–V characteristics measured for transparent OSCs made with different AILs of 

PEDOT:PSS(AL-4083), PEDOT:PSS(AL-4083)-MoO3, PH1000 and PH1000-MoO3. 

 

TABLE 6.1: A summary of results of transparent OSCs made with different AILs of 

PEDOT:PSS(AL 4083), PEDOT:PSS(AL 4083)-MoO3, PEDOT:PSS (PH1000) and 

PEDOT:PSS (PH1000)-MoO3. 

 



 

  130

    EQE spectra of the transparent OSCs made with different AILs of PEDOT:PSS(AL 

4083), PEDOT:PSS(AL 4083)-MoO3, PEDOT:PSS (PH1000) and PEDOT:PSS 

(PH1000)-MoO3 were measured and are plotted in Fig.6.4. It is clear that the OSCs made 

with an upper transparent electrode of PEDOT:PSS-MoO3/AgNWs possess the highest EQE 

over the entire wavelength range, suggesting the superior charge collection in OSCs having a 

hybrid transparent electrode of PEDOT:PSS (PH1000)-MoO3/AgNWs. Since the set of the 

OSCs had the same device configuration, e.g., active layer thickness and front contact at the 

cathode/BHJ interface, the enhanced EQE in transparent OSCs made with a hybrid 

PEDOT:PSS-MoO3 AIL reflects an obvious increase in hole collection efficiency at the 

BHJ/transparent electrode. This broadband improvement in EQE spectrum measured for the 

cells with a PEDOT:PSS-MoO3 hybrid layer also implies an enhanced charge collection via 

suppression of the interfacial defects. The series resistances (Rs) and shunt resistances (Rsh) 

of the OSCs made with different hybrid AIL of PEDOT:PSS (PH1000)-MoO3 and 

PHDOT:PSS (PH1000) were examined. The OSCs with a hybrid AIL has a Rs of 10.5 Ωcm2 

and a Rsh of 1062 Ωcm2, while that of the PEDOT:PSS (PH1000)-based OSCs had a higher 

Rsof 14.2 Ωcm2 and a lower Rsh of 816 Ωcm2. A combination of low Rs and high Rsh and 

high observed in the OSCs further supports the advantage of the hybrid PEDOT:PSS 

(PH1000)-MoO3 AIL for application in OSCs, implying a lower interfacial trap density and 

suppression of charge recombination at the BHJ/anode interface. Both can promote the charge 

collection efficiency, and which is consistent with the EQE and J-V characteristics measured 

for the cells.  
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Fig. 6.4: EQE spectra measured for a set of structurally identical transparent OSCs made with 

different AILs of PEDOT:PSS (AL-4083), PEDOT:PSS (AL-4083)-MoO3, PEDOT:PSS 

(PH1000) and PEDOT:PSS (PH1000)-MoO3. 

 

  Fig 6.4 also reveals that transparent OSCs fabricated with a hybrid PEDOT:PSS-MoO3 AIL 

exhibit an average EQE of >40 % over the visible light wavelength range from 350-650 nm, 

which is obviously higher that those cells made with different AILs of PEDOT:PSS(AL-4083), 

PEDOT:PSS(AL-4083)-MoO3, PEDOT:PSS(PH1000) and PEDOT:PSS(PH1000)-MoO3. 

    The charge collection behavior in the transparent OSCs made with different AILs of 

PEDOT:PSS (PH1000)-MoO3 and PEDOT:PSS (PH1000) was further analyzed using J-V 

characteristics of the cells measured under different biases. The double logarithmic plots of 

the net photocurrent density (Jph), as a function of the effective voltage (Veff), measured for 

two types of transparent OSCs are shown in Fig.6.5. Here, the net photocurrent (Jph) is 

obtained by JL-JD, where JL is the current density measured under AM 1.5G solar illumination 

(100 mW/cm2) and JD is the dark current. An effective voltage (Veff) is defined as the V0-Vb, 
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where V0 is the built-in potential measured at Jph=0, and Vb is the external bias applied to the 

transparent OSCs during J-V characteristic measurements. 

    The V0 of the OSCs with different AILs of PEDOT:PSS (PH1000) and PEDOT:PSS 

(PH1000)-MoO3 is approximately 0.67 V. As shown in Fig. 6.5, photo-generated charges can 

be collected near 100% when Jph saturates at high Veff (>1.0 V), corresponding to the 

saturated photocurrents (Jsat) condition of OSCs [52]. The ratio of Jph to Jsat obtained for OSCs 

at low Veff is related to the charge collection ability in the cells, corresponding to different 

interfacial properties at the BHJ/electrode interface.  

Jph at low Veff region reflects the charge collection ability in the cells with a low effective 

potential across the BHJ. As shown in Fig. 6.5, compared to the Jph seen in the OSCs with a 

hybrid AIL, a fast decrease in the Jph of the OSCs with a PEDOT:PSS (PH1000) AIL at Veff 

<0.5 V indicates an inefficient charge collection. The change in the Jph-Veff characteristics, 

measured for two types of OSCs at low-Veff region, reflects the difference in charge collection 

ability at the BHJ layer/anode contact Those results indicate that the intimate interfacial 

contact and charge collection efficiency were achieved in high-performance transparent OSCs 

with a hybrid PEDOT:PSS-MoO3 AIL, due to the possible suppression of interfacial charge 

recombination at the BHK/anode interface.  
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Fig. 6.5: JphVeff characteristics measured for the transparent OSCs made with different AILs 

of PEDOT:PSS (PH1000) and PEDOT:PSS (PH1000)-MoO3. 

 

    The transparency spectra measured for the transparent OSCs having two different upper 

transparent anodes of sMoO3/PEDOT:PSS (PH100)/AgNWs and sMoO3/ PEDOT:PSS 

(PH1000)-MoO3/AgNWs are plotted in Fig. 6.6. The cells have the transparency of >78%over 

the long wavelength, and an average transparency of >30% over the wavelength region from 

400-600 nm. The inset in Fig. 6.6 is the photo taken for a complete transparent OSC showing 

its transparency feature. The relatively low transparency over the visible light range is due to 

the high absorption of the organic photoactive, in this case the P3HT:PC60BM blend, 

demonstrating the suitability and the compatibility of a sMoO3/PEDOT:PSS 

(PH1000)-MoO3/AgNWs transparent electrode for efficient operation of a fully 

solution-processed OSCs. 
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Fig. 6.6: Transparency spectra measured for the OSCs made with two different upper 

transparent anodes of sMoO3/PEDOT:PSS (PH100)/AgNWs and sMoO3/ PEDOT:PSS 

(PH1000)-MoO3/AgNWs. 

 

    J-V characteristics measured for the structurally identical OSCs with a 

solution-processed upper transparent sMoO3/PEDOT:PSS (PH1000)-MoO3/AgNWs anode 

and an opaque anode of sMoO3/Ag (100 nm) are shown in Fig. 6.7. A 100 nm thick Ag layer 

in the control opaque OSC was formed by thermal evaporation. The Jsc of 7.8 mA/cm2, Voc 

of 0.6 V and FF of 63 %, corresponding to a PCE of 2.94 % were obtained for OSCs with a 

sMoO3/Ag (100 nm) anode. The solution-processed OSCs with a PEDOT:PSS (PH1000)- 

MoO3/AgNWs anode had an average Jsc of 7.4 mA/cm2, Voc of 0.58 V, and FF of 62 %, 

corresponding to a PCE of 2.7 %. The results reveal that the OSCs made with a solution- 

processed hybrid sMoO3/PEDOT:PSS (PH1000)-MoO3/AgNWs anode had an Rs of 10.5 Ω 

cm2 and an Rsh of 1062 Ω cm2, comparable to that of the control OSCs with Rs of 8.65 Ω cm2 

and Rsh of 866.52Ω cm2, suggesting the solution-processable transparent electrode this 

developed also is suitable for OSCS, with a potential for roll-to-roll printing fabrication. 
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Fig. 6.7: J−V characteristics measured for two structurally identical OSCs made with a 

solution-processed hybrid transparent sMoO3/PH1000-MoO3/AgNWs anode (red) and a 

sMoO3/Ag (100 nm) bilayer anode (black). 

 

    In summary, the work was extended to study the hybrid transparent electrode of 

sMoO3/PEDOT:PSS-MoO3/AgNWs for application in transparent OSCs. The solution- 

processed upper transparent electrode has the following three advantages: (1) allowing tuning 

the work function of the AIL to improve the energy alignment between the function layers, (2) 

enhancing the electric conductivity via oxygen induced p-doping in PEDOT by addition of 

MoO3 NPs in the hybrid AIL, and (3) excellent process compatibility as well as the interfacial 

adhesion between AgNWs and the underlying function layers to improve the contact quality 

at the organic/anode interface. The results demonstrate clearly that the improvement in the 

EQE and the PCE of the cells originated mainly from the improved charge collection 

efficiency at the BHJ/anode interface, reduced series resistance and increased shunt resistance 

of the solution-processed transparent OSCs. Further improvement in the visible light 

transparency of the transparent OSCs can be anticipated by using low band gap organic 

photoactive materials with enhanced absorption in near infrared region. 
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Chapter 7: Summary and Future Work  

7.1 Summary 

    A systematic study on the development of solution processable organic-inorganic hybrid 

transparent electrodes and their applications in fully solution-processed QD-LEDs and OSCs 

was carried out. The optical, electric, surface electronic and morphologic properties of two 

types hybrid transparent electrodes of sMoO3/PEDOT:PSS-MoO3/AgNWs and 

sMoO3/PEDOT:PSS-GO/AgNWs were analyzed using Raman spectroscopy, XPS, UPS and 

AFM measurements. It is found that the use of PEDOT:PSS-MoO3 and PEDOT:PSS-GO 

AILs has a profound impact on charge injection in CdSe/ZnS-based QD-LEDs and charge 

collection in OSCs. These solution-processable AILs also promote the adhesion between the 

functional layer and the AgNWs, making fully solution-processable optoelectronic devices a 

reality. The energy alignment at the QD/anode interface and BHJ/anode interface was 

successfully controlled by tuning the surface electronic properties of the hybrid transparent 

electrodes. The effect of the AILs on improvement in the conductivity of the hybrid 

transparent electrodes also was analyzed. It is found that the oxidation-induced p-type doping 

of PEDOT, endowed through intermolecular charge transfer between PEDOT and MoO3, as 

well as that between PEDOT and GO, are responsible for the improvement in the film 

conductivity.  

    The high performance fully solution-processed transparent QD-LEDs with the hybrid 

transparent electrodes of eMoO3/PEDOT:PSS-MoO3/AgNWs and 

eMoO3/PEDOT:PSS-GO/AgNWs, e.g., a high maximum brightness of > 4000 cd/m2 and a 

luminous efficiency of >3.5 cd/A at a lower turn-on voltage of < 7.0 V etc., were 

demonstrated. The contribution of MoO3 in the hybrid electrode is to assist in tailoring the 
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surface electronic properties of AIL and thereby to improve the hole injection at the 

QD/anode interface. The transition between the benzoid to quinoid in the PEDOT chains is 

induced due to the charge transfer between GO and the PEDOT. Incorporation of GO in the 

PEDOT:PSS increases its conductivity via improved interconnection between the PEDOT 

chains. The structure conversion between benzoid and quinoid in the PEDOT:PSS-GO AIL 

was analyzed by Raman spectroscopy measurements. The effect of the structural change in 

PEDOT:PSS-GO AIL on the performance of the transparent QD-LEDs was profiled. The 

solution-processable hybrid transparent electrodes developed in this work are a very 

encouraging technology. It opens up a viable and cost-effective approach towards 

vacuum-free and large-scale production of optoelectronic devices via all solution fabrication 

processes.  

    In addition to the development of the solution-processable transparent electrodes, two 

cathode modification approaches also were developed for application in transparent 

QD-LEDs, achieving a remarkable increase in the luminous efficiency. Firstly, n-doping in the 

Bphen:Cs2CO3 analyzed and applied to modify surface electronic properties of the ZnO ETL, 

e.g., a bilayer ZnO ETL/ Bphen:Cs2CO3 EBL cathode interlayer in transparent QD-LEDs. The 

interfacial energy level alignment at the cathode/QDs interface was controlled to facilitate the 

efficient electron injection. Secondly, the change in the surface work function of the ZnO ETL 

due to the formation of the interfacial dipole at the ZnO/PFN-Br interface was analyzed. The 

results reveal that the transparent QD-LEDs with a bilayer ZnO/PFN-Br (0.5 mg/ml) cathode 

interlayer had the best best performance. The idea of solution-processed bilayer ZnO/PFN-Br 

cathode interlayer can be extended to use in other systems for making QD-LEDs by 

roll-to-roll printing. It is anticipated that the achievements of this research work would 
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provide a significant advancement in the next generation of fully solution-processed 

optoelectronic devices with a vast potential for commercialization. 

7.2 Future Work  

 

There is a plethora of opportunities and potential for the development of fully solution 

processed optoelectronic devices. For example, solution processed thin film organic 

transistors, flexible OLED displays, perovskite light-emitting diodes etc. The 

2,3,5,6-tetrafluoro-7,7,8,8- tetracyanoquinodimethane (F4-TCNQ), a well-known p-dopant for 

conjugated conductive polymers, is a good candidate for use in solution-processed transparent 

electrode. It is anticipated that the surface electronic and structural properties of the PVK 

conductive polymer interlayer can be optimized through incorporation of F4-TCNQ with PVK, 

making the PVK:F4-TCNQ blend system as one of the attractive components for 

solution-processable devices.  

Solution-porcessable electrodes with unique characteristics of good electric conductivity, 

high optical transparency, stable chemical property, easy patterning ability and excellent 

adhesion to the substrates are essential for printable electronics. Apart from the spin-coating 

method used in this research, other solution fabrication approaches, e.g., blade coating, screen 

printing, inkjet printing, are the enabling techniques that can be used to print facile patterned 

electrodes and the functional materials, but much technical know-how needs to be generated 

before this technology can be applied for practical applications. The blade coating, inkjet and 

screen printing may provide a cost-effective approach for mass production, such as roll-to-roll 

processing, which is a widely used method in industry. 
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