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Solution processed organic light-emitting diodes (OLEDs) have attracted much 

research attentions recently due to their great potential of lowering the fabrication cost. 

Although OLEDs with decent performance can be prepared with solution process-able 

small molecule phosphorescent emitters, those devices are usually prepared on 

expensively sputtered electrodes, which is not favorable for lowering the fabrication 

cost. And the lack of appropriate solution process-able hole transport layers (HTL) adds 

limitation to the fabrication of multi-layer OLED devices with high efficiency. In terms of 

industrialization, the drawback in solution-processed OLEDs is attributed to its 

substantially inferior operational stability as compared to thermal evaporated 

counterparts. However, the underlying mechanism for the fast degradation of solution-

processed OLEDs is not yet well understood.  

This dissertation focus on the study of solution processed small molecule 

phosphorescent OLEDs in terms of three aspects: (I) preparation and application of 

novel low-cost solution-processed electrodes, (II) Preparation and application of novel 

solution-processed functional layers, and (III) degradation study. In the first section, 

fabrication of solution processed transparent silver nanowires (AgNWs) electrodes and 
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their application in OLED devices are presented. With a novel patterning and 

transferring technique, the patterning issue, as well as the roughness and wetting 

problems of AgNWs electrodes are solved. The OLEDs with AgNWs electrodes show 

high performance due to the scattering effect and elimination of shunt current. In the 

second section, the fabrication and application of solution-processed metal oxides as an 

alternative hole injection and transport layers for solution-processed OLEDs are 

presented. Good hole injection and transport properties of the metal oxides are realized 

with optimized annealing conditions and surface treatment. A novel and universal 

surface-passivation method for metal oxides is presented to improve the performance of 

optoelectronic devices. In the last section, a comprehensive study is carried out to 

understand the fast degradation in solution-processed emitting layers (EMLs). 
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CHAPTER 1 
INTRODUCTION 

In 1950’s, André Bernanose and his co-workers firstly discovered the 

electroluminescence (EL) in organic materials of acridine orange by applying high 

alternative voltages to the material, and they claimed this phenomena as the direct 

excitation of the dye molecules or of the electrons.1-4 This discovery revealed a new and 

open era for making illumination devices with organic semiconductor materials. In 1960, 

Martin Pope’s group at New York University reported ohmic-injection electrodes to 

organic crystals of anthracene and observed its EL under DC bias using silver 

electrodes.5-8 Five years later, W. Helfrich and W. G. Schneider reported EL observed in 

the anthracene crystal using electron and hole injecting counter electrodes, and this is 

the first time that the EL in organic materials is attributed to the recombination of 

injected electrons and holes.9 In 1987, Ching W. Tang and Steven Van Slyke came up 

with the first prototype of organic light-emitting diodes (OLEDs), which was composed of 

two organic semiconductor layers that selectively transport electrons and holes. The 

electron-hole recombination occurred when the counter charge carriers met each other 

in the middle of the organic layer.10 The brilliant idea of separating electrons and holes 

injection and transport has significantly reduced the operating voltage and improved the 

efficiency of the device, which paves the way for the emerging prosperous OLED 

research societies and industrialization in next few decades.  

A typical OLED has a “sandwich” architecture with organic semiconductor layers 

deposited in between two counter electrodes. Based on the functionality of the organic 

semiconducting layers, the OLEDs can have a hole injection layer (HIL), a hole 

transport layer (HTL), a hole blocking layer (HBL), an electron injection layer (EIL), an 
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electron transport layer (ETL), an electron blocking layer (EBL), and an emitting layer 

(EML). An electrode with deep work function (Ef) is used as the anode for the purpose 

of facilitating hole injection and an counter electrode with shallow Ef is used as the 

cathode for the purpose of facilitating electron injection. During electrical operation, 

holes are injected from anode into the valance band (VB) maximum of the organic 

layers and electrons are injected from cathode into the conduction band (CB) minimum 

of the organic layers. In organic semiconductors, the VB maximum is called highest 

occupied molecular orbital (HOMO) and the CB minimum is called lowest unoccupied 

molecular orbital (LUMO). The band gap (Eg) of the organic semiconductor is defined as 

the energy difference between its LUMO and HOMO level. When the holes and electron 

encounter each other within the EML, they tend to be weakly attracted to each other by 

electrostatic Coulomb forces. The bind states of electron-hole pairs are called excitons, 

and light emission is occurred when the excitons undergo radiative decay. The EL 

frequency/spectrum is corresponding to the relaxation energy of electrons in the excited 

state. Due to the existence of exciton binding energy, the electron relaxation energy is 

slightly different from the band gap of emitter molecules.11
 A simple profile to 

demonstrate the working principles of OLED is shown in Figure 1-1. 

To characterize the performance of an OLED, several parameters are developed 

and defined as follows: The turn-on voltage (Von) represents the minimum voltage of 

applied bias required for EL emission; the current efficiency (CE) (unit: Cd A-1) and 

power efficiency (PE) (unit: lm W-1) are defined as luminous intensity per ampere in the 

normal direction and luminous flux per watt. These are the two most commonly used 

parameters to represent OLED efficiency in commerce. To represent quantum efficiency 
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of the device, internal quantum efficiency (IQE) is defined as ratio of the number of total 

emitted photons per second to the number of charge carriers injected into the device 

per second, and external quantum efficiency (EQE) is defined as ratio of the number of 

photons escaped outside of the device per second to the number of charge carriers 

injected into the device per second. As the most straightforward and prevalent 

parameter to characterize device efficiency, EQE is given by four independent factors:12 

𝐸𝑄𝐸 =  𝛾 • 𝜂𝑟 • 𝑞𝑒𝑓𝑓(𝑞) • 𝜂𝑜𝑢𝑡 = 𝐼𝑄𝐸 • 𝜂𝑜𝑢𝑡 

Where γ represents the charge balance, ηr represents the fraction of excitons 

that quantum-mechanically allowed to radiative decay, qeff(q) represents effective 

radiative decay ratio of the excitons that is quantum-mechanically allowed to radiative 

decay,  and ηout represents the light out-coupling efficiency, which is around 25% for 

most of the OLED devices without any light out-coupling enhancement.13-16 Therefore, 

to make a highly efficient OLED, each factor should be maximized to its theoretical 

limitation of one unity. Based on the quantum mechanics theory, a pair of spin 1/2 

particles in the excited states can form either triplet states corresponding to a total spin 

angular momentum of S=1, or singlet states corresponding to a total spin angular 

momentum of S=0. The ratio of the number of triplet excitons to the number of singlet 

excitons is 3 to 1 based on probability and statistical calculation. In a fluorescent OLED, 

only singlet excitons can be harvest during light emission, the ηr is equal to 0.25 and the 

theoretically maximum EQE is 6% - 7% without any light out-coupling enhancement. 

The radiative decay is also very fast fluorescent OLEDs due to the nano-second lifetime 

of singlet excitons. In a phosphorescent OLED, however, both singlet and triplet 

excitons can be harvest during light emission, the ηr is equal to 1 and the theoretically 
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maximum EQE is 25% without any light out-coupling enhancement. The radiative decay 

is also substantially slower in phosphorescent OLED due to the kinetically unfavorable 

“forbidden” spin transition occurred when the triplet states return to the ground singlet 

states. 

With good charge balance, efficient singlet and triplet excitons formation and 

harvesting, and appropriate light extraction technique, highly-efficient small molecule 

phosphorescent OLEDs can be fabricated. For example, a maximum current efficiency 

exceeding 200 Cd A-1 has been reported in green phosphorescent OLEDs with micro-

cavity structures.17,18
 A record power efficiency of 120 lm W-1

 has also been achieved in 

white OLEDs combining deterministic aperiodic nanostructures for broadband quasi-

omnidirectional light extraction and a multilayer energy cascade structure for energy-

efficient photon generation.19 As the efficiency of small molecule phosphorescent 

OLEDs has finally met the industrial demands to replace the prevalent inorganic light-

emitting display panel, they have prominent advantages in other aspects such as lower 

fabrication cost, reduced device thickness and weight, accordance with flexible panels 

and lower power consumption20-23. Recently, the generation and growth of OLED 

television (TV) market further reveals the bright future of OLED industry. However, 

although commercial available now, the prices of the OLED display panels are relatively 

high. For example, the price of the 55 inch OLED TVs is averaged more than $2000 in 

2014.  Further technology innovation is in demand for companies to bring down the 

fabrication cost of OLED display panel, which turns out to be one of the biggest 

challenges in OLED industries. As most of the prevalent highly efficient OLEDs are 

fabricated using thermal-evaporation method, which requires ultra-high vacuum (< 1 × 
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10-6 torr) level to prevent material degradation and contamination, this method leads to 

high manufacturing cost with large material consumption. And it could be extremely 

difficult and expensive to make large area display panels due to the confinement of the 

vacuum chamber. Therefore, an alternative OLED fabrication process is required to 

significantly bring down the manufacturing cost and enable its application on large area 

devices. That is how people came to the idea of manufacturing OLEDs with solution 

process. 

To make an OLED device with solution process, the organic semiconductor 

materials with good solubility are first dissolved into appropriate solvent, the organic 

films are then deposited from solution precursors by spin-coating, blade-coating, spray-

printing or inject-printing. As the concentrations of these solution precursors are not 

high, the material consumption is usually very low in the deposition processes. And as 

the deposition processes are usually carried out in inert atmosphere, high-vacuum 

chambers and power-consumption thermal-evaporation procedures can be spared. The 

organic semiconductor films deposited using a solution process offers a great 

opportunity to bring down the OLED fabrication cost.  

However, there lies a hidden obstacle that hinders further reduction of fabrication 

cost in OLED industry - most of the organic films are deposited onto the tin-doped 

indium oxide (ITO), which is the most commonly used transparent anode in research 

and industry institutions. Although ITO electrodes are demonstrated with high 

conductivity (103 S cm-1) and transparency within the visible range (90% at 550 nm),24,25 

due to its expensiveness, ITO is not an ideal electrode for the purpose of cutting down 

the fabrication cost. One reason for the high price of ITO is attributed to the scarcity of 
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indium and the skyrocketed price of indium in recent years; The other reason is 

attributed to the exclusively used vacuum deposition method to fabricate ITO electrode, 

which adds up to the fabrication cost and limits its application to large area devices.26-28 

Another drawback of ITO electrode is the incompatibility with flexible substrates due to 

its brittleness. To overcome these inherent problems of ITO electrodes,  some solution 

process-able conducting polymers such as poly(3,4-

ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) and its derivatives or 

modified counterparts have been developed and  demonstrated as a potential 

transparent electrode candidate. But the performance of the optoelectronic devices with 

those conjugated polymer electrodes are usually limited due to their mediocre 

conductivity and transmittance.29-35  

 Nanowires, on the other hand, offers a great opportunity for making low-cost 

transparent electrodes as an alternative. Among them the silver nanowires (AgNWs) 

stand out due to the superior conductivity of silver. The AgNWs electrodes have been 

demonstrated with comparable sheet resistance (Rs ~ 20 Ω/□) and transparency (>80% 

within visible region) as the commercial ITO electrodes.36,37 And the AgNWs electrode 

prevails ITO in other aspects such as large-area application and abundance of silver 

resources in nature. Since the conductance of AgNWs electrode changes insignificantly 

with mechanical bending, it is also favorable for flexibility applications. However, as the 

AgNWs have needle-like features with diameters in nanometer scale and lengths in 

micrometer scale, the AgNWs directly deposited onto the substrates can easily 

penetrate into the thin organic films deposited on top and lead to severe shorting 

problem. Several strategies have been proposed to smooth the coarse surface of 

http://en.wikipedia.org/wiki/Poly(3,4-ethylenedioxythiophene)
http://en.wikipedia.org/wiki/Poly(3,4-ethylenedioxythiophene)
http://en.wikipedia.org/wiki/Polystyrene_sulfonate
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AgNWs electrodes, and the most prominent results come from a polymer-transferring 

process that significantly suppressed the surface roughness of AgNWs electrodes. This 

is achieved by embedding the top surface of AgNWs on the substrates into a thick 

polymer matrix and transferring the AgNWs from the substrate to the polymer. As the 

interface of the AgNWs in contact with the flat substrate is substantially smoother than 

its top surface, the surface roughness of the AgNWs electrodes is significantly reduced 

by exposing its original interface as the top surface for sequential film deposition. For 

example, X.-Y. Zeng et. al. have reported transferring the AgNWs on a poly(ethylene 

terephthalate) (PET) substrate to the surface of a polyvinyl alcohol (PVA) substrate. The 

roughness of the AgNWs drastically decreased from a root mean square (RMS) of 75 

nm to a Rq of 1.5 nm after embedding it to the PVA surface. However, short-circuit was 

still observed in thermal evaporated OLEDs with AgNWs-PVA electrodes even at small 

forward bias, and the current leakage could only be suppressed when a thick 

PEDOT:PSS layer is spin-coated onto the AgNWs-PVA to planarize its surface.38 W. 

Gaynor et. al. demonstrated using mechanical pressure to transfer AgNWs on a glass 

substrate to the PEDOT:PSS layer. Due to the softness of PEDOT:PSS, the AgNWs will 

be embedded into PEDOT:PSS, and the roughness of the electrode is found decreasing 

with increasing PEDOT:PSS thickness.39 Q. Pei et. al have fabricated efficient solution-

processed OLEDs with AgNWs-polymer composite electrodes. The roughness problem 

of AgNWs electrode is solved by embedding the AgNWs coated onto glass with a low-

viscosity polymer. During UV-curing the polymer cross-link together and form a rigid 

matrix. Since the polymer is hydrophobic with low surface energy, it is easily peeled off 

from the glass substrates. The OLEDs with AgNWs electrodes show higher efficiency 



 

23 

than the devices with ITO electrodes due to light-scattering effect.40,41 The bending test 

was performed on OLEDs with both AgNWs and ITO electrodes, with the result showing 

that AgNWs electrode is more favorable for flexible purpose. However, this process may 

have some intrinsic limitations: Since a hydrophobic polymer with low surface energy is 

required for successful peeling-off from the glass substrates, the wetting on the AgNWs-

polymer substrates could be a problem for solution-processed OLEDs. The electrode 

patterning/pixelization is also a common problem for solution-processed AgNWs 

electrode, as most of the patterning procedures are manually controlled using a wet 

cotton tip or razor blade, the dimension precision and reproducibility of the electrode 

pattern is not reliable.  

Besides solution-processed electrodes, another challenge to overcome in 

solution-process OLED is realization of roll-to-roll fabrication process. Multilayer 

structures are usually required in small molecular phosphorescent OLEDs for good 

exciton confinement and thus high efficiency. While this is not a problem for thermal 

evaporated devices, it is a difficult to handle in solution-processed films due to the 

dissolution problem. The paradox here is that good solubility of the materials is usually 

required for making solution-processed OLEDs with reliable performance, however, 

good solubility also means the as-deposited film is more prone to be damaged or 

dissolved by the solution used to deposit the following layer on top. One strategy to 

overcome the dissolution problem is to use orthogonal solvent system, which is 

achievable when the organic materials in two sequential layers have distinctive solubility 

in one type of solvent. This strategy is most commonly used to make solution-processed 

EML/ETL bilayer structure. However, it should be noted that even with the orthogonal 
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solvent, the EML composed of small molecule phosphorescent emitters and host can be 

mechanically damaged or removed by the orthogonal solvent spin-cast on top. This is 

because most of the small molecules has low molecular weight and does not adhere to 

underlying layer strongly. Therefore, for most of the orthogonal solvent system an large 

molecular weight polymer host such as poly(N-vinylcarbazole) (PVK) is used as matrix 

to prevent the mechanical wash-away.42-48  This leads to lower carrier mobility within the 

EML, and this approach is also limited by the few choices of small molecule organic 

materials that is soluble in polar solvent. For example, it is difficult to apply the 

orthogonal solvent strategy to make solution-processed HTL/EML bilayer structures, 

where most of the materials used are only soluble in organic solvents. Therefore, the 

solution-processed EMLs are usually directly deposited onto the PEDOT:PSS HIL. Due 

to the lack of electron blocking properties and strong exciton quenching nature of 

PEDOT:PSS, the solution-processed OLEDs without any HTLs usually show lower 

efficiencies and a strong efficiency roll-off. To achieve the solution-processed HTL/EML 

bilayer structure, one choice is to use cross-linkable HTLs. A rigid and robust 3-D 

polymer network is formed usually via thermal annealing,49-59 and some other cross-

linking procedures such as radical/proton and photo initiated polymerization have also 

been reported.60-63 Although the cross-linkable HTL can withstand conventional organic 

and polar solvent attack, the hole mobility of these resulting HTLs after cross-linking is 

often reduced due to the more porous morphology compared to the thermally 

evaporated films, leading to lower efficiencies. On the other hand, as most of the 

solution-processed OLEDs incorporate PEDOT:PSS as the HIL, the acidity and 

hygroscopic nature of PEDOT:PSS could lead to issues of device stability.64,65 Therefore, 
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the development of alternative high mobility HIL and HTL materials compatible with 

solution processing is of utmost importance.  

The last challenge to overcome is the stability of solution-processed small 

molecule phosphorescent OLEDs. As the solution-processed small molecule 

phosphorescent OLEDs have achieved comparable high efficiencies as their thermal-

evaporated counterparts, in terms of the stability, they have substantially shorter 

operational lifetimes.66 Comprehensive studies on comparing the performance 

differences between solution-processed and thermal-evaporated EMLs are conducted, 

revealing that there are essential differences between the molecule packing density and 

orientation.66,67 However, these differences are not sufficient enough to explain for the 

significantly faster degradation of the OLEDs with solution-processed EMLs. The 

degradation in OLEDs can be divided into three categories: thermal-induced 

degradation, electrical-induced degradation and photo-induced degradation.68 In 

thermal-induced degradation, the phosphorescent emitters tend to form aggregation in 

solution-processed EMLs, and the phase segregation between the emitter and host 

during operation could cause the fast EL drop at constant current.66,69 However, this 

degradation mechanism is less likely to occur when materials with high glass transition 

temperatures (Tg) and high solubility are used to prepare the EML. Therefore, a more 

detailed study on the electrical and photo-induced degradation and their effect on each 

other should be carried out to shed light on the culprit behind the scene for the fast 

degradation of solution-processed small molecule phosphorescent OLEDs.  
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Figure 1-1. The working principle of a typical OLED device. 
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CHAPTER 2 
SOLUTION-PROCESSED SILVER NANOWIRE ELECTRODES 

In this work presented here, instead of spin-casting the AgNWs suspension 

directly onto glass substrates, where a hydrophobic polymer matrix is required to embed 

and transfer the AgNWs, the author presents a novel technique by spin-coating AgNWs 

onto original-hydrophobic templates, a hydrophilic polymer is thus can be used to 

transfer the AgNWs mesh, which significantly improved the wetting properties of 

AgNWs electrode. The challenges for selective and precise patterning of AgNWs 

electrode can also be overcome with this technique. The AgNWs electrode made with 

this new approach has good wetting abilities, smooth surface roughness, precisely 

defined electrode patterning, and comparable transmittance and sheet resistance as the 

commercial available ITO electrode. And due to the strong light-scattering effect which 

enhanced the light out-coupling efficiency, solution-processed small molecule 

phosphorescent OLEDs incorporating AgNWs electrodes show better performance with 

a 40% higher current efficiency compared to those incorporating commercial ITO 

electrodes. 

Preparation and Optimization 

AgNWs are directly purchased from Seashell Technology. The AgNWs used in 

this work have an average length of 10 μm (with a length distribution from 5 – 15 μm) 

and an average diameter of 60 nm (with a diameter distribution from 50 – 70 nm). The 

AgNWs with smaller feature sizes is intentionally chosen among all other products due 

to the empirically presumption that better scattering property can be achieved. The 

nanowires are originally dispersed in isopropanol alcohol (IPA) solvent at a 

concentration of 20 mg mL-1 upon arrival, and the suspension was further diluted with 
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methanol. Figure 2-1 shows the scanning electron microscope (SEM) top image of the 

AgNWs directly spin-casted onto pre-cleaned glass substrates and the transmittance 

spectra of AgNWs with specified sheet resistance (Rs) .70
 

As mentioned early, the AgNWs spin-coated onto glass can have very coarse 

surface with protruding nanowires in a height scale of a few hundred nanometers, which 

makes it inappropriate for OLED application. A transferring process is thus required to 

embed the rough surface of AgNWs into polymer matrix. This is usually done with 

AgNWs coated on glass substrates, where a hydrophobic polymer is used to embed the 

AgNWs and peel the electrode off from the glass after solidifying. The hydrophobicity of 

the polymer substrate would bring wetting problem for the solution-processed devices 

with AgNWs electrode, and precise patterning is also difficult to be realized using this 

method. Therefore, in this work, the author presents a novel transferring process: 

instead of transferring AgNWs directly from glass substrates, a recoverable hydrophobic 

buffer layer is deposited onto the glass substrates which serve as the template for 

AgNWs spin-casting. Due to the low surface energy of the hydrophobic buffer layer, the 

surface adhesion between the buffer layers to any type of embedding polymer is weak 

and thus a hydrophilic polymer can be used as the matrix to embed the AgNWs. The 

precise patterning of the AgNWs electrode can be realized by selective modification of 

the surface energies of the hydrophobic templates, and the selected areas serve as the 

temporarily wetting zones to confine the AgNWs spin-coated onto the templates. 

One typical material that can be used as the recoverable hydrophobic buffer 

layer is the Polydimethylsiloxane (PDMS) resin. To prepare the PDMS buffer layer, 

glass substrates were first cleaned with detergent, deionized water, acetone and IPA for 

http://en.wikipedia.org/wiki/Polydimethylsiloxane
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10 min each using ultra-sonication. The substrates were then put into an ultraviolet-

ozone (UV-O3) chamber for 20 min curing time. The viscous PDMS precursor was then 

taken out of a refrigerator and mixed with curing agent at a weight ratio of 9:1 for 5 min. 

After mixing the precursor was immediately cast onto the middle of the glass substrates 

for 3-4 drops using a spatula, and the substrates were put onto a spin-coater where a 

ramp speed of 1000 rpm for 1 s and a spin speed of 4000 rpm for 50 s takes place. A 

highly transparent and uniform PDMS film is formed on the glass substrates after spin-

coating. The films were then annealed at 100 ºC for 1 hour in ambient atmosphere for 

complete drying and solidification. After annealing, a rigid PDMS resin with highly 

hydrophobic surface is formed on the glass substrates. The PDMS resin has been used 

as a stamp to transfer AgNWs from aluminum oxide membrane to flexible PET 

substrates by applying mechanical pressure.71,72 However, the surface roughness of 

AgNWs electrodes is still significant on PET substrates and thus there is hardly any 

reports of optoelectronic devices with AgNWs electrodes prepared with PDMS stamps. 

In this approach, however, PDMS resin is used as the template for AgNWs deposition 

instead of the transferring stamp, and no mechanical pressure is required to transfer the 

AgNWs onto PDMS. Due to the flat PDMS surface in contact with the AgNWs mesh, the 

AgNWs electrode transferred to the polymer matrix should have significantly reduced 

surface roughness. 

The difficulty to overcome in this approach is to deposit uniform AgNWs mesh 

film on the PDMS template. As PDMS is highly hydrophobic with poor wetting 

properties, direct spin-casting the AgNWs suspension onto the PDMS leads to the 

absence of AgNWs on PDMS surface. Therefore, PDMS was treated with UV-O3 to 
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break and functionalize its inert surface chemical bond for better wetting. The UV-O3 

treatment was carried out using a Jelight Model 42 UV-O3 cleaner, and it turns out that 

the wetting of PDMS template is only significantly improved under UV-O3 exposure for 

more than 45 min. The improved wetting is attributed to the silica species formed on 

PDMS surface, which originates from the oxidized species of siloxane moieties after 

long time UV-O3 exposure. Uniform films thus can be deposited on PDMS templates 

with a spin-coating method. However, it should be noted that this improved wetting 

properties of PDMS surface is only temporary, and either by aging in air for long time or 

by annealing the PDMS template at moderate temperatures would recover its surface 

energy back to its original value, and the treated PDMS surface becomes highly 

hydrophobic again. The recovery hydrophobicity nature of PDMS is attributed to the 

migration of low molecule-weight polymers from the bulk PDMS to top, covering the 

hydrophilic silica species on its surface. The recovered hydrophobicity of PDMS enables 

the use of hydrophilic polymers to transfer AgNWs for wetting purpose.  

To prepare the AgNWs electrode, the as-received AgNWs suspension was 

diluted with methanol, and the diluted AgNWs suspension undergoes a short ultra-

sonication for 1-2 min to evenly disperse the AgNWs into the solvent before deposition. 

A longer ultra-sonication may be detrimental to the AgNWs by breaking and rupturing 

the thin nanowires dispersed in solvent.  Due to the recovery hydrophobicity nature of 

the PDMS template, the AgNWs suspension is immediately spin-casted onto the PDMS 

templates after the UV-O3 treatment. The transmittance and sheet resistance of the 

AgNWs electrodes depend on their stacking densities on PDMS templates. For AgNWs 

with higher stacking density, smaller sheet resistance and lower transmittance is 
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observed, while for AgNWs with lower stacking density, larger sheet resistance and 

higher transmittance is observed. As the stacking density of AgNWs on top of PDMS is 

proportional to the concentration of AgNWs suspension, the volume of suspension 

dropped onto PDMS, and is inversely proportional to the volume dropping speed and 

spin speed, only AgNWs suspension concentration is varied while all of the other factors 

are fixed for good control of the AgNWs stacking density: the volume of AgNWs 

suspension spin-casted onto PDMS is 200 μL, the release of AgNWs suspension from 

micropipette to PDMS template is drop-by-drop in a time period of 5 s, and the spin 

speed of the substrate with PDMS template is fixed at  6000 rpm for 1 min. An 

annealing process is then carried out to drive away the residue solvent on AgNWs 

surface and to melt the cross section between two silver nanowires into a junction unit. 

The junction formation significantly increases the AgNWs electrode conductivity by 2 

orders of magnitude by forming a 2-D AgNWs network that allows in-plane charge 

percolation while has little effect on its transmittance. Due to the lack of 

polyvinylpyrrolidone (PVP) binders for the AgNWs used here, only moderate annealing 

temperature is required to form the AgNW junction, which is optimized to 140 ºC for 30 

min. Further annealing would melt the AgNWs junctions to disconnected droplets due to 

localized heat, resulting in an increase of AgNWs sheet resistance. Due to thermal 

annealing, the surface of PDMS becomes hydrophobic again, and the AgNWs 

transferring process is done by covering the AgNWs mesh on PDMS template with 

hydrophilic UV-adhesive polymers (in this case NOA 81 epoxy) and capping glasses. 

Due to the low viscosity of the liquid transferring polymer, they penetrate into the void 

areas of the AgNWs mesh and form a flat interface with PDMS. The polymers were then 
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solidified By UV-curing and peeled off from the PDMS substrates. The schematic 

fabrication process of the AgNWs electrode is shown in Figure 2-2. 

Figure 2-3 shows the transmittance spectra of the AgNWs electrodes and the 

photograph of the transparent AgNWs electrodes prepared from the precursor 

suspensions with three different concentrations corresponding to 2 mg mL-1, 5 mg mL-1, 

and 10 mg mL-1. The commercial ITO with a standard sheet resistance (Rs = 20 + 5 

Ω/□) is also compared in Figure 2-3. For the AgNWs electrode prepared from 2 mg mL-1 

suspension, its sheet resistance (Rs = 480 + 120 Ω/□) is significantly larger than rest of 

the devices although it shows the highest transmittance among all of the AgNWs 

electrodes. The AgNWs electrode prepared from 10 mg mL-1 suspension shows even 

lower sheet resistance (Rs = 12 + 4 Ω/□) compared to the ITO electrode, however, the 

transmittance is low due to thick AgNWs stacking layer. Considering of the trade-off 

between the transmittance and sheet resistance of the AgNWs electrodes, an optimized 

concentration of 5 mg mL-1 is used for the AgNWs precursor suspension. The 

corresponding AgNWs electrode has a comparable sheet resistance (Rs = 30 + 10 Ω/□) 

as the ITO electrode while still maintaining a high transmittance within the visible range. 

Another thing that should be noted is that all of the AgNWs electrodes show similar 

transmittance from visible region to infrared, while the ITO shows much lower 

transmittance in infrared region. This result indicates that AgNWs electrodes are more 

favorable for infrared applications than the commercial ITO electrodes due to their 

superior transmittance. The sheet resistance of the electrodes are measured with a 

four-probe technique by depositing silver paint at the corners of the electrodes in a 
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square shape, the transmittance spectra of the electrodes are recorded using a 

PerkinElmer LAMBDA 950 UV/Vis/NIR Spectrometer. 

Figure 2-4 shows the atomic force microscopy (AFM) topography images of the 

AgNWs mesh (optimized from 5 mg mL-1 AgNWs suspension) prepared on a PDMS 

template before and after the epoxy-transferring process. Tapping mode tip is used for 

the measurement. The scan size is 20 μm by 20 μm. The section analysis of the film 

roughness is shown in Figure 2-4 as well. The AgNWs mesh prepared on PDMS before 

epoxy-transferring process have very coarse surface with a peak-to-valley height of 482 

nm and a RMS roughness of 75.2 nm due to the stacking and protrusion of nanowires. 

After the epoxy-transferring process, the AgNWs electrode surface is drastically 

smoothed with a peak-to-valley height of 16 nm and a RMS roughness of 2.4 nm, which 

meets the demands for the electrode application in optoelectronic devices. 

Except for the benefit from this approach that hydrophilic polymer matrix can be 

used to improve wetting of the AgNWs composite electrode, a precise/selective 

patterning of the AgNWs electrode can also be realized by applying a shadow mask on 

top of PDMS during UV-O3 treatment. The UV-O3 treated area on PDMS then become 

hydrophilic while the other area remain hydrophobic, and during the AgNWs spin-casing 

process, the AgNWs mesh would only remain on those UV-O3 treated area that 

corresponds to the opening area of the shadow mask. Therefore, similar AgNWs 

electrode patterns as the openings of shadow mask is spontaneously formed on PDMS 

template after spin-casting. Figure 2-5 shows the spontaneously-formed AgNWs 

electrode pattern which has been transferred to the epoxy substrates. The electrode 

patterning shows good precision at the edge as revealed by the microscope image. A 
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micro-scale patterning of the AgNWs electrodes is also achievable with this technique. 

Figure 2-6 shows the spontaneously-formed micro-patterned AgNWs electrode with a 

line width of 100 μm. The well-defined patterning, good wetting properties, as well as 

smooth surfaces of the AgNWs composite electrodes fabricated with this technique 

enable its further application to high performance solution-processed small molecule 

phosphorescent OLEDs. 

Application in Solution-Processed OLEDs 

The optimized AgNWs composite electrodes were used as the transparent 

anodes for solution-processed small molecule phosphorescent OLEDs. For the device 

fabrication, a 40 nm PEDOT:PSS (Clevios P VP Al 4083)  layer was spin-coated onto 

as-prepared  AgNWs composite electrodes with a Millipore 0.45 μm PVDF filter. The 

spin-speed was set at 4000 rpm for 50 s. The PEDOT:PSS film was then baked in air at 

130 ºC for 30 min to remove the residue solvent. As the Ef of AgNWs is 4.7 eV, the hole 

injection from AgNWs anode to the adjacent organic layers will encounter a significant 

barrier height. Therefore, the PEDOT:PSS bi-functional layer serves two purposes here: 

1. It serve as a HIL/anode buffer layer to tune the Ef of AgNWs anode for better hole 

injection (the PEDOT:PSS has a deeper Ef of 5.2 eV); 2. It serve as an conducting 

medium to enable charge carrier transport between AgNWs junctions and hole injection 

from the void area of AgNWs network to adjacent organic layers.73 The solution 

precursor for the EML is prepared by dissolving the small molecule host of 4,4'-

Bis(carbazol-9-yl)biphenyl (CBP) and small molecule phosphorescent emitter of Tris[2-

(p-tolyl)pyridine]iridium(III) (Ir(mppy)3) into toluene solvent. The weight ratio of CBP host 

to Ir(mppy)3 emitter is 93 wt% : 7 wt% and the solution concentration is 10 mg mL-1. 

After 2 h of continuous stirring with a magnitude stir bar, both small molecules are 
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completely dissolved in toluene and a clear light yellow solution is formed. The solution 

precursor was then spin-coated onto the PEDOT:PSS HIL at a spin speed of 3000 rpm 

in a N2-filled glove box, resulting in a uniform EML with a thickness of 35 nm. The EML 

was then slightly baked at 60 ºC on a hot plate for 30 min to dry-off the residue solvent. 

The baking temperature is kept low because the CBP host is easy to crystalize due to 

its low glass transition temperature (Tg). The samples were then transferred into an 

evaporator, where 50 nm 2,2',2"-(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) 

(TPBi) as the ETL/HBL, 1 nm lithium fluoride (LiF) as the EIL, and 100 nm aluminum 

(Al) as the cathode were sequential deposited under a high vacuum level of 1 × 10-1 

torr. The device with exactly same architecture was also fabricated on commercial ITO 

anode as a control. The schematic device structure and the molecular structures of all 

organic materials used in the solution-processed OLED system are shown in Figure 2-7. 

Both OLEDs with AgNWs and ITO anodes have large pixel area of 0.6 cm × 1 cm, and 

the devices were encapsulated in a N2-filled glovebox with epoxy and capping glass to 

prevent water/oxygen induced degradation during the measurement.  

For the OLED characterization, the current of the devices were measured with a 

Keithley 2400 source meter and the photocurrents were recorded using a Keithley 6485 

picoammeter with a silicon photodiode. The EL spectra were measured with an Ocean 

Optics HR4000 spectrometer. Figure 2-8A shows the current density-voltage-

luminescence (J-V-L) curves of the solution-processed OLEDs with AgNWs composite 

electrode (red) and ITO electrode (black), Figure 2-8B shows the current efficiency 

curves of corresponding devices, and Figure 2-8C shows the normalized EL spectra 

measured at a constant current density of 2.5 mA cm-2. The performance data are 
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summarized in Table 2-1. Both devices with commercial ITO anode and AgNWs 

composite anode have same Von of 3.0 eV, indicating good hole injection properties of 

the electrodes with PEDOT:PSS HIL. Both devices also show very comparable current 

density curves due to the similar Rs of AgNWs electrodes and ITO electrodes. However, 

the solution-processed OLED fabricated on AgNWs composite electrode shows an 

overall 40% higher current efficiency than the device fabricated on commercial ITO 

electrode starting from a luminance intensity of 500 Cd m-2. As the current efficiency 

enhancement of the solution-processed OLED with AgNWs electrode remain the same, 

it indicate that this enhancement should be correlated with enhanced light out-coupling 

efficiencies. Figure 2-9 shows the light emission photos taken from both devices at a 

constant current density of 2.5 mA cm-2
 and photographs taken from the back side 

(glass substrate side) of both devices under incandescent light. Obvious light-scattering 

phenomena was observed in OLED with AgNWs composite electrode. Due to the strong 

light-scattering effect, substrate mode and waveguide mode in the OLED devices could 

be extracted, which explained for the higher efficiencies in AgNWs based OLEDs. 
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Table 2-1. Performance of solution-processed OLEDs with ITO and AgNWs 
electrodes.   

Electrode Von Maximum CE CE at  
1000 Cd/m2 

CE at  
10,000 Cd/m2 

ITO 3.0 V 50 Cd A-1 36 Cd A-1 27 Cd A-1 
AgNWs 3.0 V 55 Cd A-1 51 Cd A-1 41 Cd A-1 

 

 

Figure 2-1. AgNWs coatings on glass substrates. A) SEM top view image. B) 
Transmittance spectra of the AgNWs with specified sheet resistance.70 

 

 
Figure 2-2. The fabrication process of AgNWs-epoxy composite electrode using PDMS 

as the template. 
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Figure 2-3. The transparency measurement of AgNWs electrodes. A) Transmittance 

spectra of commercial ITO electrodes (black), AgNWs-epoxy composite 
electrodes prepared from AgNWs suspension with concentration of 2 mg mL-1 
(red), 5 mg mL-1 (blue), and 10 mg mL-1 (green). B) Photograph of the 
transparent electrodes, June 11, 2011. Courtesy of Shuyi Liu. From left to 
right: commercial ITO electrode, AgNWs electrode prepared from AgNWs 
suspension with concentration of 2 mg mL-1 , 5 mg mL-1, and 10 mg mL-1.  
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Figure 2-4. Surface roughness analysis of AgNWs electrodes. A) AFM topography 

image of the AgNWs deposited on PDMS. B) AFM topography image of the 
AgNWs transferred to epoxy substrate. C) The section roughness of AgNWs 
deposited on PDMS. D) The section roughness of AgNWs transferred to 
epoxy substrate. 
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Figure 2-5. Precisely patterned AgNWs electrodes after transferring to epoxy substrate. 

A) Photograph of the AgNWs electrodes pattern, January 5, 2015. Courtesy 
of Shuyi Liu. B) Microscope image showing the sharp edge of the patterned 
AgNWs electrodes. 

 

 
Figure 2-6. Microscope image of the AgNWs electrodes pattern with a line width of 

approximately 100 μm. 
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Figure 2-7. The schematic device structure and the molecular structures of all organic 

materials used in the solution-processed OLED. 
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Figure 2-8. Performance of solution-processed OLEDs with ITO and AgNWs electrodes. 

A) The J-V-L curves. B) The current efficiency curves. C) The EL spectra. 
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Figure 2-9.  Photographs of solution-processed OLEDs with ITO and AgNWs 

electrodes, April 4, 2012. Courtesy of Shuyi Liu. A) The light-emission image 
with ITO electrode. B) The pixel image with ITO electrode. C) The light-
emission image with AgNWs electrode. D) The pixel image with AgNWs 
electrode. The light-emission photographs were taken under a constant 
current density of 2.5 mA cm-2. The OLED fabricated on AgNWs electrode 
shows a strong scattering effect. 
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CHAPTER 3 

METAL OXIDE HOLE INJECTION/TRANSPORT LAYERS 

In this chapter, instead of using organic materials, the author represents a new 

strategy of using solution processed metal oxides semiconductors as the functional 

layers in OLEDs. Compared to their organic counterparts, metal oxides have several 

advantages such as high carrier mobility, tunable energy level alignment and good air-

stability. Furthermore, as most metal oxides are insoluble in organic solvents, they are 

compatible with solution processing for multilayer devices. Several metal oxides have 

already been shown to be solution-processable,74-80 making them potential candidates 

for roll-to-roll fabrication of OLED devices to reduce the fabrication cost. 

In this chapter, solution-processed nickel oxide (NiOx) is first demonstrated as 

both a HIL and HTL in OLED devices. It is known that non-stoichiometric NiOx is a wide 

band gap insulator with a room temperature conductivity of 10−13 S cm− 1.81 On the other 

hand, non-stoichiometric NiOx with a large density of Ni2+ vacancies accompanied by 

compensation of holes or Ni3+, is one of the few p-type metal oxide semiconductors with 

a good hole selectivity.82-88 Recently, solution-processed NiOx has been extensively 

studied as HTLs in organic photovoltaics (OPVs).89-91 However, there are a very few 

reports on solution-processed NiOx as a functional layer in OLEDs. Specifically, only 

sputtered NiOx has been attempted to be used as an HIL in tris(8-

hydroxyquinolinato)aluminum (Alq3) based fluorescent OLEDs. However, these devices 

showed very low efficiencies.92-94 Here, the author demonstrates high efficiency 

solution-processed phosphorescent OLEDs using solution-processed NiOx as both an 

HIL and an HTL. By varying the annealing temperatures and treating the NiOx surface 

with UV-O3, the author was able to modify the morphology and chemical stoichiometry 
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of the NiOx surface, resulting in improvement in hole injection and transport properties. 

The resulting solution-processed phosphorescent green OLEDs with solution-processed 

NiOx showed a maximum current efficiency of 70.0 + 1.6 Cd A-1 and a power efficiency 

of 75.5 + 1.8 lm W-1, which was significantly higher than the device with a PEDOT:PSS 

HIL. The shelf stability of the OLEDs with NiOx HIL/HTL are also significantly improved 

compared to the devices with PEDOT:PSS. 

Solution-processed vanadium oxide (VOx) is then demonstrated as a HIL to 

replace the commonly-used PEDOT:PSS in OLED devices. Like most solution-

processed metal oxide semiconductors, non-stoichiometric VOx with a large density of 

O2- vacancies accompanied by compensation of electrons or V4+, is one of the n-type 

metal oxide semiconductors.95-97  Due to its deep CB energy level, the VOx HIL serve as 

an electron acceptor in OLED. Unlike solution-processed NiOx which require high 

annealing temperature, solution-processed amorphous VOx can be synthesized at room 

temperature, which is favorable for industrialization and application to flexible plastic 

substrates. The solution-processed OLEDs with VOx HILs show comparable 

performance as PEDOT:PSS devices. The shelf stability of the OLEDs with VOx HIL are 

also significantly improved compared to the devices with PEDOT:PSS. 

Experiment Section for Nickel Oxide Film 

The nickel oxide precursor was synthesized according to our previous 

publication.65 To prepare the nickel ink precursor, nickel acetate tetrahydrate 

(Ni(CH3COO)2·4H2O) and ethanolamine (NH2CH2CH2OH)  were dissolved in ethanol 

with a molar ratio of 1:1. The film thickness was controlled by the concentration of the 

precursor ink. The solution was stirred in a sealed vial for 2 hours, and a homogeneous 

and clear dark green solution was formed. A 40 nm thick NiOx film was formed via spin-



 

46 

coating the precursor solution onto the pre-cleaned substrates, followed by annealing at 

275 °C for 1 hour. From the X-ray Diffraction (XRD) data, the resulting films were 

polycrystalline.65 To use the solution-processed NiOx films for HILs/HTLs in OLEDs, the 

author further modified the annealing temperature to 500 °C for better crystallization of 

NiOx films. The annealing process was performed in ambient air. After cooling down to 

room temperature, this solution-processed NiOx film was loaded into a UV-O3 chamber 

for further surface treatment. The UV-O3 exposure time was around 5-10 min. There 

was no significant change of the film transmittance after UV-O3 treatment.  

To investigate the annealing temperatures and UV-O3 treatment effects on the 

surface properties of the solution-processed NiOx films, AFM was used to examine the 

morphology, and X-ray photoemission spectroscopy (XPS) measurements were carried 

out to study the surface chemistry. The hole injection efficiencies of solution-processed 

NiOx and PEDOT:PSS were characterized by dark-injection space charge limited (DI-

SCL) transient measurements. The field-effect mobility of solution-processed NiOx was 

measured with a p-channel thin film transistor (TFT). To fabricate solution-processed 

OLEDs, the solution-processed NiOx films were deposited onto the ITO substrates. The 

substrates were then transferred into a nitrogen glove box. A mixture of CBP host and 

Ir(mppy)3 phosphorescent dopant in chlorobenzene solution was used for EML, with the 

weight ratio of 0.92 : 0.08. After spin-coated onto PEDOT:PSS or solution-processed 

NiOx, the EMLs were dried at 60 °C for 30 min. Afterwards, the samples were 

transferred into an evaporator. Tris-(2,4,6-triMethyl-3-(pyridine-3-yl)phenyl)borane 

(3TPYBM), LiF and Al were vacuum deposited as ETL and cathode, respectively. To 

compare the performance of an OLED with an organic HTL, a 30 nm thick N,N’-Di(1-
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naphthyl)-N,N’-diphenyl-(1,1’-biphenyl)-4,4’-diamine (NPB) layer was deposited onto the 

PEDOT:PSS HIL by thermal-evaporation. However, due to the difficulty of making a 

solution-processed OLED with organic HTLs, the author thermal-evaporated the 

emitting layer of CBP doped with 8 wt% of fac-tris(2-phenylpyridine)iridium(III) (Ir(ppy)3) 

onto both solution-processed NiOx HIL/HTL and PEDOT:PSS HIL/NPB HTL. TPBi was 

deposited as a thin exciton/hole blocking layer and Alq3 was deposited as the ETL. 

Characterization of Nickel Oxide Film 

The nickel ink precursor was spin-coated onto ITO substrates and annealed at 

either 275 °C or 500 °C. Figure 3-1 shows the transmittance and absorbance of the 

500 °C annealed NiOx film on a quartz substrate. A high transmittance of above 90% 

over the entire visible region was obtained. From the absorption onset wavelength of 

355 nm, the Eg is determined to be 3.5 eV. The topography and phase images of the 

solution-processed NiOx films are shown in Figure 3-2. The NiOx film annealed at 

275 °C has an average crystalline grain size of 10 nm, with a RMS roughness of 0.87 

nm. The NiOx film annealed at 500 °C shows larger crystalline grain size of 30 nm and a 

larger RMS roughness of 1.12 nm. The crystalline sizes of the solution-processed NiOx 

films under different annealing temperatures are in good agreement with those reported 

in the literature.98 Interestingly, after a short UV-O3 treatment, the phase image of the 

500 °C annealed NiOx film is found significantly changed with a lot of pinhole-like 

patterns. This morphological change corresponded to the increased film RMS 

roughness: from 1.12 nm to 2.66 nm. These results suggest that the UV-O3 treatment 

might lead to changes in surface composition of the solution-processed NiOx film. To 

verify the surface chemistry of solution-processed NiOx films, the surface compositions 

of the NiOx films is analyzed using XPS with the adventitious C 1s peak referenced to 
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284.8 eV. The C 1s signals of solution-processed NiOx annealed at 275 °C and 500 °C 

are shown in Figure 3-3. The main peaks in both C 1s signals are adventitious carbon 

peaks which are calibrated to a binding energy of 284.8 eV.  The shoulder peak in C 1s 

signal of 275 °C annealed NiOx has a binding energy of 288.3 eV, which is 

corresponding to the acetate component in the nickel ink precursor.99,100 This result 

revealed that the nickel ink precursor did not fully decompose when annealed at 275 °C. 

Figure 3-4 shows the peaks of Ni 2p3/2 orbital and O 1s orbital in solution-processed 

NiOx films with and without UV-O3 treatment. The measurement was performed at a 

take-off angle of 20 °. The main peaks in the Ni 2p3/2 and O 1s signals correspond to the 

stoichiometric NiO. To further investigate the species, the shoulder peak in the O 1s 

signals was fitted with signals from nickel hydroxide (Ni(OH)2), nickel oxy-hydroxide 

(NiO(OH)) and water (H2O). Similarly, the shoulder peak in the Ni 2p3/2 signals was 

fitted with three peaks, for Ni(OH)2, NiO(OH) and the nickel intersite respectively.78,100 

As shown in Table 3-1, the UV-O3 treatment introduced more dipolar NiO(OH) species 

onto the film surface, which could result in a change in the surface dipole and hence a 

vacuum level shift at the inorganic-organic interface, facilitating hole injection from NiOx 

to EML.78 The optimum surface treatment time is 5 minutes and further treatments do 

not make significant changes. These findings are in good agreement with other reports 

on O2-plasma treated NiOx films.78,90 It should be noted that the H2O composition is 

doubled after the UV-O3 treatment. Indeed, another possibility is that the UV-O3 

treatment improves the wetting of NiOx and thus the adhesion to the adjacent EML, 

resulting in enhanced hole injection. 



 

49 

Hole Injection and Transport Properties of Nickel Oxide Film 

DI-SCL transient measurements were conducted to compare the hole injection 

efficiency of solution-processed NiOx HIL/HTL and the conventional PEDOT:PSS HIL. 

The hole only devices consist of HIL followed by a 2.0 μm thick of NPB HTL. UV-O3 

treated ITO and gold (Au) served as the counter electrodes. Figure 3-5 shows the long 

voltage step applied to a device and the transient current density (J-t) characteristics in 

a DI-SCL transient measurement. At time t = tDI, the current density reaches to its 

maximum value of JDI. For t > tDI, the current density begins to decay until it reaches to a 

steady-state value of JSS. The ratio of JDI to JSS is expressed as: 

𝐽𝐷𝐼

𝐽𝑆𝑆
= 𝑒[

(𝑛 + 3)

(𝑛 + 2)
]−(𝑛+2)

 

For an ideal ohmic injection with field-independent condition, n equals zero and 

JDI/JSS equals 1.21, deviation from this ideal value of 1.21 indicates that the charge 

injection contact deviates from an Ohmic injection. To calculate the hole mobility and 

injection efficiency, the transient time ttr can be expressed as: 

𝑡𝑡𝑟 =
𝑡𝐷𝐼

0.786
 

The hole mobility is calculated from: 

𝜇 =
𝑑2

𝑡𝑡𝑟𝑉
 

Where V is the applied voltage and d is the film thickness.  

The space-charge-limited current density (JSCL) can be calculated as: 

𝐽𝑆𝐶𝐿 =
9

8
𝜖0𝜀𝑟𝜇0exp (0.89𝛾√

𝑉

𝑑
)

𝑉2

𝑑3
 

  Where V is the applied voltage, d is the film thickness, µ0 and γ are 

temperature-dependent parameters derived from: 
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𝜇 = 𝜇0exp (𝛾√
𝑉

𝑑
) 

  The hole injection efficiency can be calculated from:  

𝜂 =
𝐽𝐷𝐼

𝐽𝑆𝐶𝐿
 

The transient current density (J-t) curves for devices with solution-processed 

NiOx HIL annealed at 275 °C and 500 °C before and after UV-O3 treatment, along with 

the conventional PEDOT:PSS (P VP Al4083 from CleviosTM) HIL are presented in 

Figures 3-6A-D, respectively. The ratio of JDI to Jss is kept around 1.21 for both 

PEDOT:PSS and UV-O3 treated NiOx samples under different applied voltages, 

indicating an Ohmic contact for holes.101,102 The NiOx annealed at 500 °C followed by 

the UV-O3 treatment shows the best hole injection with the highest Jss. Figure 3-6E 

shows the hole mobility of NPB and Figure 3-6F shows the injection efficiency of NiOx 

annealed at 500 °C followed by the UV-O3 treatment and PEDOT:PSS. The injection 

efficiency of the UV-O3 treated NiOx is about 0.8, which is significantly higher than that 

of PEDOT:PSS. However, without UV-O3 treatment, the solution-processed NiOx film 

shows a lower hole injection efficiency. The 275 °C annealed NiOx has the lowest hole 

injection among all samples, which could be attributed to the low work function of the 

incompletely decomposed nickel acetate precursor components. And since the lower 

temperature annealed NiOx has a stronger chemical adsorption property,103 the 

carbonaceous and hydroxyl species adsorbed on its surface could also result in a 

reduction of work function and thus hole injection efficiency.104-106 

In addition to the hole injection property, the hole transport property was studied. 

The field-effect mobility of the solution-processed NiOx film was measured using a p-
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channel TFT. A 100 nm thick solution-processed NiOx film is spin-coated onto the 

silicon/silicon dioxide (Si/SiO2) substrates with a 300 nm thick SiO2 (capacitance: 10 nF 

cm-2) and annealed at either 275 °C or 500 °C, followed by a 60 nm thick Au evaporated 

as the drain and source contacts. The TFT has a channel length of 40 μm and width of 

1 mm. Figure 3-7 shows the device structure and the TFT output current data. The field-

effect mobility is calculated from: 

𝜇 = (
2𝐿

𝑊𝐶𝑖
)(

𝜕𝐼𝐷𝑆

1
2

𝜕𝑉𝐺
)2 

  Where IDS is the source-drain saturation current, VG is the applied gate voltage, 

W is the channel width, and Ci is the capacitance of the SiO2. For the solution-

processed NiOx annealed at 500 °C, the slope extracted from the IDS
1/2-VG curve is 1.33 

× 10-4, corresponding to a field-effect mobility of 0.141 cm2 V-1 s-1, which is significantly 

higher than the value of organic HTLs. This mobility is also comparable to the reported 

values of 0.43 cm2 V-1 s-1 for the sputtered nickel metal films followed by a similar 

oxidization process (500 °C annealing in air).107 However, for the NiOx film annealed at 

275 °C, the TFT source-drain current level was low and no saturation region was found 

as shown in Figure 3-8. This is possibly due to the smaller crystalline grains of the 

solution-processed NiOx annealed at low temperatures. The grain boundaries in 

polycrystalline films scatter carriers and hinder the carrier transport. Therefore, it is 

expected that 500 °C-annealed NiOx exhibits a higher hole injection efficiency and hole 

mobility than that for the film annealed at 275°C. It should also be noted that the bulk 

transport properties of the solution-processed NiOx films are not affected by the UV-O3 

treatment, which is proved by the similar J-V curves of the NiOx hole-only devices as 

shown if Figure 3-9. To prepare the hole-only device, UV-O3 treated ITO and Au were 
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used as two deep work-function electrodes. A 100 nm thick solution-processed NiOx film 

was formed by spin-coating the nickel ink precursor (0.4 M) at 1000 rpm, followed by 

annealing at either 275 °C or 500 °C for 1 h. The 500 °C annealed NiOx shows higher 

hole current density than the 275 °C annealed NiOx. However, after UV-O3 treatment, 

no significant change of the hole current densities was found in the hole-only devices. 

This is within our expectation since the UV-O3 treatment only reaches to a few 

nanometers within the NiOx top surface, while the transport performance is related to 

the film bulk properties. Therefore, it is concluded that the UV-O3 treatment plays a 

dominant role of altering the solution-processed NiOx film surface species, which 

significantly improves its hole injection efficiencies while has little effect on its hole 

transport properties. 

OLED Performance with Nickel Oxide HIL/HTL 

Encouraged by the enhanced hole injection and transport in the 500 °C-annealed 

NiOx film, OLEDs with solution-processed NiOx HIL/HTL were fabricated. Figure 3-10A 

shows the device architecture and the band diagram of the solution-processed 

phosphorescent green OLEDs fabricated with PEDOT:PSS HIL or 500 °C annealed 

NiOx HIL/HTL before and after UV-O3 treatment.18,108 Figure 3-10B shows the device J-

V-L curves and Figure 3-10C shows the device CE and PE curves. To check the 

reproducibility of the device performance, 12 devices of each group were fabricated and 

measured, with the statistics of device performance summarized in Table 3-2. The EL 

spectra of the devices are shown in Figure 3-10D. With the as-prepared NiOx HIL/HTL, 

the OLED devices show a larger Von compared to the devices with PEDOT:PSS due to 

the inefficient hole injection. The devices also show a relatively low power and current 

efficiency. After UV-O3 treatment on the solution-processed NiOx HIL/HTL, the device 
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performance is significantly improved due to the enhanced hole injection. The devices 

have the lowest Von with a maximum power efficiency of 75.5 + 1.8 lm W-1 and current 

efficiency of 70.0 + 1.6 Cd A-1, which are significantly higher than those of the devices 

with PEDOT:PSS. OLED devices were also fabricated with solution-processed NiOx 

annealed at 275 °C. The resulting devices have a higher Von and a lower power 

efficiency. As the low-temperature processed NiOx surface is rich of Ni(OH)2 species,65 

which is easily turned into NiO(OH) upon oxidation, the 275 °C annealed NiOx film 

turned much darker after UV-O3 treatment. The OLED devices with the 275 °C 

annealed NiOx films followed by UV-O3 treatment show reduced turn-on voltages due to 

the improved hole injection. However, the devices still show an overall poorer 

performance compared to the devices with 500 °C annealed NiOx HTLs. Figure 3-11 

shows the device performance with the solution-processed NiOx HIL/HTL annealed at a 

lower temperature of 275 °C, before and after UV-O3 treatment. The device shows a 

larger turn-on voltage of 4.5 V before UV-O3 treatment. Both devices show reduced 

current efficiency and power efficiency compared to the NiOx annealed at 500 °C. This 

could be attributed to larger amount of defect states within the low-temperature 

processed NiOx films, and the interfacial gap states could also serve as the quenching 

sites for the excitons formed in the EML. Therefore, the high annealing temperature and 

UV-O3 treatment are obviously the key to improve the device performance. 

To evaluate the device shelve life, solution processed OLEDs with a 

PEDOT:PSS HIL and UV-O3 treated NiOx HIL/HTL were both driven at a constant 

current of 1 mA/cm2. With both devices encapsulated; the devices were electrically 

driven in ambient condition. Photos of the active areas of these devices are presented 
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in Figure 3-12. Dark spots appeared in the PEDOT: PSS device within two weeks and 

grew with time. The short shelf life of the PEDOT:PSS device is due to the moisture 

uptake during storage, resulting in decreased hole injection and luminance 

degradation.65 On the other hand, the NiOx devices showed no dark spots after 6 weeks 

of storage in ambient. Thus, it is a clear demonstration that solution-processed NiOx 

device outperforms conventional PEDOT:PSS one in terms of environmental stability.  

Since PEDOT:PSS only serves as a HIL in solution-processed OLEDs while NiOx 

serves as both HIL and HTL, a further comparison of solution-processed NiOx HIL/HTL 

with conventional evaporated organic HTLs provides a more complete study. Here, the 

author conducted a comparison between solution processed NiOx and thermal 

evaporated HTL. The devices studied have the following structures: ITO/30 nm 

PEDOT:PSS/30 nm NPB /40 nm CBP: 8 wt% Ir(ppy)3 /10 nm TPBi /30 nm Alq3/1 nm 

LiF/100 nm Al and ITO/40 nm UV-O3 treated NiOx /40 nm CBP: 8 wt% Ir(ppy)3/10 nm 

TPBi /30 nm Alq3/1 nm LiF/100 nm Al. The device performances are shown in Figure 3-

13A-B. The EL spectra are shown in Figure 3-13C. Compared to the reference device 

with a PEDOT:PSS HIL/NPB HTL, the device with solution-processed NiOx HIL/HTL 

shows a similar J-V-L curve, with a PE higher than the reference device at low EL 

intensities and a comparable efficiency as the reference device at high EL intensities. 

These results show that the performance of UV-O3 treated NiOx as HIL/HTL for OLEDs 

is comparable to conventional thermal evaporated HTLs. The study of solution-

processed NiOx HIL/HTL demonstrate a pathway toward highly efficient solution-

processed multi-layer phosphorescent OLEDs. 
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Vanadium Oxide HIL 

To prepare the VOx films, vanadium oxytriisopropoxide (VOTIP) is mixed with 

IPA solvent at different volume ratios, and the precursor solution is then spin-coated 

onto pre-cleaned ITO substrates. A uniform and highly transparent film with slightly 

yellow color is formed on the ITO substrates, and no post-annealing is required to 

solidify the film since the IPA solvent is volatile and evaporate fast during the deposition. 

The chemical reaction to form VOx is fast in air due to the existence of moisture. The 

chemical reaction formula can be written as: 

OV[OCH(CH3)2]3        +    3/2 H2O    →    1/2 V2O5    +      3 (CH3)2CHOH 

Figure 3-14 shows the transmittance and absorption spectra of a 40 nm VOx 

deposited on a quartz substrate. The VOx HIL is highly transparent with a direction 

forbidden transition bandgap of 2.25 eV. AFM was carried out to study the surface 

roughness of as-deposited VOx films. The solution-processed VOx film has a very 

uniform surface with a RMS roughness of 1.10 nm as shown in Figure 3-15, and the film 

is highly amorphous as confirmed by XRD. Surface compositions of the solution-

processed VOx films is then analyzed using XPS with the adventitious C 1s peak 

referenced to 284.8 eV. Figure 3-16 shows the peaks of V 2p3/2 orbital and O 1s orbital 

in solution-processed VOx films. The measurement was performed at a take-off angle of 

20 °. In the V 2p3/2 signals, the main peak with a binding energy of 517.5 eV 

corresponds to the stoichiometric V2O5, and the shoulder peak with a binding energy of 

516.2 eV corresponds to the V4+ species. The molecule ratio of V5+ to V4+ is 4:1 

calculated from the measurement. The XPS result confirmed that the dominant defects 

in solution-processed VOx HIL should be oxygen vacancy or vanadium interstitial, which 

is compensated by electrons or V4+.95-97 



 

56 

DI-SCL transient measurements were conducted to compare the hole injection 

efficiency of solution-processed VOx HIL and the conventional PEDOT:PSS HIL. The 

hole only devices consist of HIL followed by a 2.0 μm thick of NPB HTL. UV-O3 treated 

ITO and Au served as the counter electrodes. Figure 3-17 shows the calculated hole 

mobility of NPB on VOx (red) or PEDOT:PSS (black) HIL and the hole injection 

efficiency from VOx (red) or PEDOT:PSS HIL to NPB. The room temperature-processed 

VOx HIL shows a very similar injection efficiency as PEDOT:PSS. Solution-processed 

OLEDs were then fabricated on top of VOx or PEDOT:PSS HILs. A mixture of CBP as 

the host, Ir(mppy)3 as the phosphorescent emitter, N,N′-Bis(3-methylphenyl)-N,N′-

diphenylbenzidine (TPD) as the hole transport material, 2-(4-tert-Butylphenyl)-5-(4-

biphenylyl)-1,3,4-oxadiazole (PBD) as the electron transport material were dissolved in 

chlorobenzene solution at  a weight ratio of 0.60 : 0.06 : 0.10 : 0.24  to prepare the 

solution-processed EML. After spin-coated onto PEDOT:PSS or VOx, the EMLs were 

dried at 60 °C in a N2-filled glove box for 30 min. Afterwards, the samples were 

transferred into an evaporator. 4,7-Diphenyl-1,10-phenanthroline (Bphen), LiF and Al 

were vacuum deposited as ETL/HBL and cathode, respectively. Figure 3-18 shows the 

device structure with energy levels and the current efficiency curves.108 Both devices 

fabricated on the PEDOT:PSS and VOx shows comparable current efficiency due to 

their similar hole injection properties. To evaluate the device shelve life, solution 

processed OLEDs with a PEDOT:PSS HIL and VOx HIL were both driven at a constant 

current density of 1 mA/cm2. With both devices encapsulated; the devices were 

electrically driven in ambient condition. Photos of the active areas of these devices are 

presented in Figure 3-19. Dark spots appeared in the PEDOT: PSS device within two 
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weeks and grew with time. On the other hand, just like NiOx, the VOx devices showed 

no dark spots after 6 weeks of storage in ambient. Thus, it is a clear demonstration that 

device with solution-processed VOx also outperforms conventional PEDOT:PSS in 

terms of environmental stability. 
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Table 3-1. Binding energies and component ratios of Ni 2p3/2 and O 1s species 

Related 
Components 

Ni 2p3/2 Binding 
Energy (eV) 

O 1s Binding 
Energy (eV) 

Ratio  
(from Ni 2p3/2) 

Ratio  
(from O 1s) 

Stoichiometric 
Nickel Oxide 
[NiO] 

854.1a // 854.1b 529.5 // 
529.5 

63.3% // 
58.0% 

66.0% // 
54.6% 

Nickel 
Hydroxide 
[Ni(OH)2] 

855.6 //855.5 531.0 // 
530.9 

21.4%// 
17.9% 

16.9% // 
14.9% 

Nickel Oxy-
hydoxide 
[NiO(OH)] 

856.1 // 856.1 531.9 // 
531.8 

15.3% // 
24.2% 

14.7% // 
23.1% 

Absorbents 
[H2O, O2] 

- 533.1 // 
533.0 

- 2.4% // 7.4% 

a The numbers before double-slash (“//”) is acquired from the as-prepared NiOx, b The 
numbers after double-slash is acquired from the UV-O3 treated NiOx.  
 
Table 3-2. Device characteristics of the solution-processed OLEDs incorporating 

PEDOT:PSS HIL, as-Prepared and UV-O3 treated NiOx (500 °C) HIL/HTL 

Devices Von (V) 
V at 103 
Cd m-2 
(V) 

Maximum 
CE (Cd A-1) 

CE at 103 
Cd m-2 
(Cd A-1) 

Maximum 
PE (lm W-1) 

PE at 103 
Cd m-2 
(lm W-1) 

PEDOT:PSS 
3.23 + 
0.05 

6.04 + 
0.03 

61.2 + 1.3 47.1 + 1.4 43.2 + 1.0 24.5 + 0.7 

As-prepared 
NiOx 

3.80 + 
0.02 

7.40 + 
0.07 

55.3 + 2.3 24.7 + 1.4 42.1 + 2.2 10.5 + 0.7 

UV-O3 
treated NiOx 

2.55 + 
0.03 

5.94 + 
0.04 

70.0 + 1.6 40.3 + 1.7 75.5 + 1.8 21.2 + 1.0 
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Figure 3-1. Transmittance (solid line) and absorbance (dashed line) spectra of a 40 nm 

thick solution-processed NiOx film prepared on quartz substrates. 
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Figure 3-2. The surface morphology of NiOx under different treatment conditions. A) 

AFM phase image of 275 °C annealed NiOx. B) AFM phase image of 500 °C 
annealed NiOx. C) AFM topography image of 500 °C annealed NiOx before 
UV-O3 treatment. D) AFM topography image of 500 °C annealed NiOx after 
UV-O3 treatment. E) AFM phase image of 500 °C annealed NiOx before UV-
O3 treatment. F) AFM phase image of 500 °C annealed NiOx after UV-O3 
treatment. 
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Figure 3-3. The XPS spectra of C 1s signals from 275 °C and 500 °C annealed NiOx. A) 

The C 1s signal from 275 °C annealed NiOx. B) The C 1s signal from 500 °C 
annealed NiOx. The take-off angel is 20° 

 

B 
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Figure 3-4. The XPS spectra of Ni 2p3/2 and O 1s signals from 500 °C annealed NiOx 

before and after UV-O3 treatment. A) The Ni 2p3/2 signal from NiOx before UV-
O3 treatment. B) The O 1s signal from NiOx before UV-O3 treatment. C) The 
Ni 2p3/2 signal from NiOx after UV-O3 treatment. D) The O 1s signal from NiOx 

after UV-O3 treatment. 

 

 
Figure 3-5. An ideal dark injection space-charge-limited current transient with circuit RC 

decay. 
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Figure 3-6. Hole injection properties of NiOx with DI-SCL measurement. A) The transient 

current density with 275 °C annealed NiOx. B) The transient current density 
with 500 °C annealed NiOx. C) The transient current density with 500 °C 
annealed NiOx followed by UV-O3 treatment. D) The transient current density 
with PEDOT:PSS. E) The NPB hole mobility extracted from the devices with 
PEDOT:PSS (black square) and UV-O3 treated NiOx (red circle). F) The hole 
injection efficiency curves of PEDOT:PSS (black square) and UV-O3 treated 
NiOx (red circle). 
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Figure 3-7. The field-effect hole mobility measurement of NiOx. A) The structure of NiOx 

thin film transistor. B) the IDS-VDS output curves. C) the IDS(saturated)
1/2-VG 

transfer curve at VDS = -40 V. The linear fit of the curve yields a slope value of 
1.33 × 10-4, corresponding to a hole mobility of 0.141 cm2 V-1 s-1. 
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Figure 3-8. The IDS-VDS output curves of the NiOx annealed at 275 °C. 

 

 
Figure 3-9. The J-V curves of the hole only devices with NiOx HTLs. 
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Figure 3-10. Performance of solution-processed OLEDs with standard PEDOT:PSS or 

500 ºC annealed NiOx before and after UV-O3 treatment. A) Device structure 
and energy levels with respect to vacuum level of the materials used in 
solution-processed OLEDs.  B) J-V-L characteristics. C) current 
efficiency/power efficiency curves. D) The EL spectrum. 
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Figure 3-11. Performance of solution-processed OLEDs with 275 ºC annealed NiOx 

before and after UV-O3 treatment. A) J-V-L curves. B) current 
efficiency/power efficiency curves. 
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Figure 3-12. Photographs of the EL of the PEDOT:PSS and NiOx devices taken in 

ambient atmosphere, September 16, 2013. Courtesy of Shuyi Liu. 
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Figure 3-13. Performance of thermal evaporated OLEDs with PEDOT:PSS/NBP and 

500 ºC annealed NiOx after UV-O3 treatment. A) J-V-L characteristics. B) 
current efficiency/power efficiency curves. C) EL spectra. 
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Figure 3-14. Optical properties of solution-processed VOx prepared on quartz 

substrates. A) Absorption spectrum of a 40 nm VOx film. B) Transmittance 
spectrum of a 40 nm VOx film. 

 

 
Figure 3-15. The AFM topography image of 40 nm solution-processed VOx film prepared 

on ITO substrates. The amorphous VOx film is highly smooth with a RMS 
roughness of 1.10 nm. 
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Figure 3-16. The XPS spectra of V 2p3/2 and O 1s signals of solution-processed VOx. A) 

V 2p3/2 XPS acquisition for VOx without further annealing. B) O 1s XPS 
acquisition for VOx without further annealing. The take-off angle is 20 º 

 

 
Figure 3-17. Hole injection properties of PEDOT:PSS and VOx. A) The NPB hole 

mobility extracted from the devices with PEDOT:PSS (black square) and 
solution-processed VOx (red circle). B) The hole injection efficiency curves of 
PEDOT:PSS (black square) and solution-processed VOx (red circle). 
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Figure 3-18. Solution-processed OLEDs with VOx HIL. A) The energy levels of the 

device. B) the current efficiency of the devices with solution-processed VOx 
HIL (red circle) and PEDOT:PSS (black square). 

 

 
Figure 3-19. Photographs of the EL of the PEDOT:PSS and VOx devices taken in 

ambient atmosphere, October 5, 2013. Courtesy of Shuyi Liu. 
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CHAPTER 4 

SURFACE PASSIVATION OF METAL OXIDE 

Although Solution-processed metal oxides functional layers offer a great 

opportunity for making highly efficient multi-layer solution-processed OLEDs, they have 

some intrinsic problems to overcome: As most of the solution-processed metal oxides 

are synthesized in air, their surfaces are known to be rich of hydroxyl species which act 

as exciton quenching sites affecting the device performance.109-111 In Chapter 3, while 

efficient solution-processed OLEDs incorporating solution-processed NiOx can be 

demonstrated, the efficiency roll-off is very strong when NiOx is used as an HTL. 

Contradictory to other reports that the efficiency roll-off is due to the poor charge 

balance,86,93,94 the author found that it is actually due to strong quenching at the NiOx 

HIL/HTL interface. To alleviate the quenching problem, strategies such as changing the 

carrier profile in the active layers by modifying the injection layers110 and inserting an 

exciton blocking layer to spatially separate the active layer and the metal oxide layer 

have been used.109,111 However, instead of addressing the quenching problem directly, 

these strategies were to keep the exciton-forming zone away from the metal oxide 

surface, which complicates the device architecture and adds limitation to its application. 

Therefore, a more favorable and straightforward way to suppress exciton 

quenching is to passivate the surface of the metal oxides. One strategy is to use self-

assembly monolayers (SAMs) on top of the oxides.112-116 However, most SAMs are not 

designed for device applications, and they are especially unfavorable for solution-

processed optoelectronic devices due to the hydrophobic surface of the SAM layer that 

is problematic for the wetting process.114-116 Therefore, to passivate the metal oxide 

surface for solution process, a hydrophilic polymer is required and PVP is a potential 
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candidate.117-120 The advantages of PVP polymer are: (i) good complexion ability with 

transitional metal ions,119,121,122 (ii) good solubility in both organic and polar solvents due 

to its amphipathic properties; and (iii) large band gap energy (Eg ~ 5.6 eV119). However, 

the challenge of using PVP as a passivation layer is that it is an insulating polymer 

prohibiting carrier transport and injection/extraction, which is inappropriate for 

optoelectronic device applications. As a result, there is hardly any report of using PVP 

as a passivation layer to make efficient optoelectronics. In this chapter, the author 

demonstrates a novel strategy of using PVP as passivation layer on top of metal oxides 

to suppress exciton quenching and make highly efficient OLED and solar cell devices. 

While PVP itself is an insulating polymer, by further treating the PVP passivation layer 

with UV-O3, carrier injection from the PVP passivation layer can be drastically improved, 

resulting in substantially enhanced device performance. 

Here, the author chose NiOx (as an HTL) and VOx (as an HIL) to study the PVP 

passivation effect, and found that PVP is effective to passivate both metal oxide 

surfaces to suppress the exciton quenching. To facilitate charge injection, the PVP-

passivated metal oxides are treated with UV-O3, resulting in the formation of a strong 

chemical binding between PVP and the metal oxides surface species which enables 

charge injection. As a result, phosphorescence green OLEDs incorporating the PVP-

passivated NiOx HTLs followed by subsequent UV-O3 treatment show a high current 

efficiency of 90.8+2.1 Cd A-1,  which, to the best of our knowledge, is the highest in all 

OLEDs incorporating solution-processed metal oxides as a carrier transport layer. 

Furthermore, OLEDs using NiOx as an HTL or VOx as an HIL show significantly reduced 

efficiency roll-off with a PVP passivation layer. In addition to OLEDs, this approach can 
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also be used to improve the performance of perovskite solar cells incorporating solution-

processed NiOx HTLs, yielding a significantly enhanced power conversion efficiency 

(PCE) of 10.9+0.3%. Since this passivation technique is fully compatible with solution 

processing, it implies that this approach is ubiquitous for metal oxides used in solution-

processed optoelectronic devices. 

Experiment Section 

The NiOx and VOx films were synthesized using the same recipe as reported in 

Chapter 3. The metal oxide thin films were prepared by spin-coating the precursor 

solution onto the appropriate substrates. For XPS measurements, substrates were 

single crystal Si wafers. For all other measurements, substrates were pre-cleaned ITO. 

After spin-coating, the samples were heated to 500 °C for NiOx and 150 °C for VOx. The 

as-prepared NiOx film is a p-type semiconductor with a polycrystalline structure 

confirmed by XRD,65 and the as-prepared VOx film is an n-type amorphous 

semiconductor.95-97 To passivate the metal oxide surface, PVP was dissolved into 

chloroform and spin-casted onto the metal oxide samples. The samples were then spin-

rinsed with chloroform, yielding an ultra-thin (< 5nm) PVP passivation polymer. A short 

UV-O3 treatment (5-10 min) was subsequently carried out on the PVP-passivated NiOx 

or VOx surface. There was no significant change of the film transmittance after PVP 

passivation and UV-O3 treatment. 

To investigate the exciton quenching properties of NiOx HTL and VOx HIL, the 

photoluminescence (PL) spectra of EMLs composed of a 20 nm-thick tris(4-carbozoyl-9-

ylphenyl)amine (TCTA) doped with 5wt% Ir(ppy)3 deposited on different samples were 

recorded with a monochromatic excitation wavelength of 350 nm. The role of PVP 

passivation polymer on suppressing the exciton quenching of metal oxides was 
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revealed by comparing the PL intensities of the deposited EMLs to that of the reference 

sample, which is prepared by depositing the same EML on top of a 4,4′-

cyclohexylidenebis[N,N-bis(4-methylphenyl)benzenamine] (TAPC) thin film. Due to its 

large Eg and high triplet energy (ET), TAPC can effectively block the singlet and triplet 

excitons, forming a non-quenching interface with the phosphorescent emitter.123-125 

To investigate the exciton quenching effects in OLED performance, 

phosphorescent green OLEDs were fabricated on different samples. A dual-EML was 

used for easy tuning of the charge balance and confining of the emitting zone, and was 

composed of a 20 nm thick layer of 5wt% Ir(ppy)3 doped CBP and a 20 nm thick layer of 

5wt% Ir(ppy)3 doped TCTA. 3TPYMB and LiF/Al were vacuum deposited as the ETL 

and cathode, respectively. To investigate the role of UV-O3 treatment on PVP-

passivated metal oxides, AFM was used to examine the phase presence on PVP-

passivated NiOx, and XPS measurements were carried out to study the surface 

chemistry. To demonstrate that the PVP passivation is also beneficial to metal oxides 

for other optoelectronic applications, both perovskite solar cells with planar 

heterojunction (PHJ) structure and organic bulk heterojunction (BHJ) solar cells were 

prepared on different NiOx samples.  

PVP Passivation on NiOx HTLs and Its Application in OLEDs Devices 

To study the exciton quenching effect of NiOx HTL, EMLs composed of a 20 nm-

thick TCTA doped with 5wt% Ir(ppy)3 were deposited onto as-prepared NiOx, PVP-

passivated NiOx before and after UV-O3 treatment, and TAPC as a control HTL. Figure 

4-1A shows the PL spectra of all four samples with the data normalized to the PL 

intensity on top of the TAPC control sample. The as-prepared NiOx sample shows the 

lowest PL intensity, indicating the strong luminescence quenching nature of the metal 
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oxide. With a thin PVP passivation layer, this quenching effect is effectively suppressed 

as evidenced by the similar PL intensity compared with the control sample. With 

subsequent UV-O3 treatment on PVP-passivated NiOx, the PL intensity is also very 

strong, indicating that the suppression of luminescence quenching is not significantly 

affected by the treatment. There are two possible exciton quenching mechanisms due 

to NiOx: (i) deep trap states located at the NiOx surface act as the non-radiative 

recombination sites, and (ii) energy/charge transfer from the emitter to the NiOx surface 

species. Since exciton quenching via mechanism (i) could only take place when the 

excitons reach the NiOx surface, inserting a thin exciton blocking layer between the NiOx 

and EML should efficiently suppress this quenching effect. Based on this assumption, 

the author fabricated samples with 10 nm, 20 nm and 30 nm thick TAPC films as 

exciton blocking layers between the NiOx film and the EML. The PL intensities of these 

samples are shown in Figure 4-1B. Interestingly, with a 10 nm TAPC exciton blocking 

layer, the luminescence quenching is still very strong. By increasing the TAPC thickness, 

the luminescence quenching is gradually suppressed and the PL intensity is completely 

recovered with a TAPC thickness of 30 nm. These results indicate that there is a long-

range interaction between the quenching species at the NiOx surface and the excitons, 

leading to a quenching distance of ~30 nm. One possible candidate for such a 

quenching species is NiOOH, which has been reported to be a strong luminescence 

quencher.78,126 The presence of the dipolar NiOOH species on NiOx surface is 

evidenced from Chapter 3. The strong NiOOH dipoles could facilitate the non-radiative 

decay leading to a high exciton quenching rate at long distances.127 From these data, it 

can be concluded that the thin PVP passivation polymer plays two roles: (i) to suppress 
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the long-range exciton quenching of NiOx by passivating the NiOOH species; and (ii) to 

suppress the short-range exciton quenching of NiOx by passivating its other surface 

defects. As a result, the PL of the emitter on NiOx is effectively recovered with an ultra-

thin PVP passivation layer. 

To investigate the exciton quenching effects in OLEDs, devices were fabricated 

with five different HTLs: a 40 nm thick as-prepared NiOx HTL, a 40 nm thick as-

prepared NiOx HTL followed by UV-O3 treatment (UVO-NiOx), a 40 nm thick PVP-

passivated NiOx HTL (P-NiOx), and a 40 nm thick PVP-passivated NiOx HTL followed by 

UV-O3 treatment(P-UVO-NiOx), and a 40 nm thick TAPC as a reference. The energy 

band diagram is shown in Figure 4-2A.[18,108]. The current density-voltage (J-V) curves of 

all four devices are shown in Figure 4-2B, the corresponding luminescence-voltage (L-V) 

and current efficiency curves are shown in Figures 4-2C and 4-2D, respectively. The EL 

spectra of the OLEDs with NiOx HTLs are shown in Figure 4-3. The EL spectrum of the 

devices are measured using an Ocean Optics HR4000 spectrometer at the normal 

direction. The pixels are lighted at a constant current current density of 2.5 mA cm-2. 

The good overlap of the spectrum implies that the emitting zone is confined around the 

same location in these devices. The device performance data are summarized in Table 

4-1. The devices with the as-prepared NiOx HTL, UVO-NiOx HTL and P-UVO-NiOx HTL 

have similar luminescence turn-on voltage (Von ~2.7 V) as the control device with TAPC 

HTL, indicating a good energy level alignment between the HTL and EML. And due to 

the superior hole transport properties of NiOx, the three abovementioned devices show 

higher current densities compared to the control device. The device with the as-

prepared NiOx HTL shows a very strong efficiency roll-off, which can be attributed to 
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exciton quenching due to the as-prepared NiOx HTL. With increasing bias, the emitting 

zone extends towards the HTL/EML interface, resulting in a stronger EL quenching. 

With the UVO-NiOx HTL, the device shows higher current densities with the maximum 

current efficiency shifted towards higher EL intensity, and these results are consistent 

with the data in Chapter 3. These results are attributed to the enhanced hole injection 

with more NiOOH dipolar species introduced onto the NiOx surface due to the UV-O3 

treatment,78 leading to the emitting zone extending further away from the NiOx surface 

and a reduction in efficiency roll-off. However, due to the formation of more NiOOH 

species, UV-O3 treatment slightly aggravated the quenching effect of NiOx, as revealed 

by the lower PL intensity of the emitter on UVO-NiOx as shown in Figure 4-4, resulting in 

a lower maximum current efficiency. On the other hand, while PVP is a good 

passivation layer, the device with the P-NiOx HTL shows a very high Von ~5.0 V with a 

current efficiency less than 1 cd/A. This poor performance is attributed to the insulating 

PVP polymer on the surface of the P-NiOx HTL, which prohibits hole injection from the 

NiOx HTL into the EML. On the contrary, the P-UVO-NiOx device shows the best 

performance with a highest maximum current efficiency of 90.8 + 2.1 Cd/A, which is ~20% 

higher than as-prepared NiOx device, along with a significantly reduced efficiency roll-off. 

The current efficiency curve of the P-UVO-NiOx device is also comparable to that of the 

TAPC control device due to the effectively suppressed exciton quenching. From these 

results, it can be concluded that UV-O3 treatment plays a significant role in improving 

the hole injection ability of the PVP-passivated NiOx HTL. 

AFM and XPS of the PVP Passivated NiOx Films 

In order to study the effect of UV-O3 treatment on PVP-passivated NiOx, AFM 

was used to investigate the phases present on the surface of PVP-passivated NiOx 
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before and after UV-O3 treatment. To minimize the surface contamination of NiOx,[90,128] 

all samples were stored in a vacuum chamber before measurements. The AFM 

topography images of 40 nm thick as-prepared NiOx, P-NiOx and P-UVO-NiOx films on 

top of ITO coated substrates are shown in Figure 4-5A-C. The as-prepared NiOx film 

shows a RMS roughness of 1.8 nm with a maximum height variation of 10.4 nm. After 

PVP passivation, the film is flattened with an RMS of 0.8 nm and a maximum height 

variation of 5.1 nm. For the PVP-passivated NiOx film followed by 5 min UV-O3 

treatment, the film roughness slightly increases with an RMS of 1.1 nm and a maximum 

height variation of 5.9 nm. The corresponding AFM phase images of all three samples 

are shown in Figure 4-5D-F. The phase image of the as-prepared NiOx film shows a 

poly-crystalline texture with an average grain size of 30 nm. The bright color in the 

phase image corresponds to the “hard” metal oxide surface. With PVP passivation, the 

NiOx texture completely disappears and the phase image is homogenous. The dark 

color in the AFM image corresponds to the “soft” PVP surface. After the UV-O3 

treatment, a heterogeneous phase appears with both bright and dark regions. The 

decreased contrast in the phase image of P-UVO-NiOx film is also confirmed by the 

histogram image of phase distribution as shown in Figure 4-6. These results indicate 

that PVP may react with the NiOx surface species upon UV-O3 treatment, yielding NiOx-

rich domains (bright) and PVP-rich domains (dark).  

To investigate the change of the surface compositions, XPS was carried out to 

measure the binding energies of Ni 2p3/2, O 1s and C 1s. Interestingly, the Ni 2p3/2 

signal of the PVP-passivated NiOx film remains the same after the UV-O3 treatment as 

shown in Figure 4-7. Contradictory to our previously findings of UV-O3 treatment effects 
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on as-prepared NiOx film, with a thin PVP passivation layer, there are no more higher 

oxidization states of Ni3+ introduced after the UV-O3 treatment  as revealed by the 

identical Ni 2p3/2 signal spectra from both samples. Therefore, the enhancement in hole 

injection of PVP-passivated NiOx is not due to the introduction of more dipolar NiOOH 

species as previously found in UV-O3 treated NiOx. To explain the significantly 

enhanced hole injection, a detail XPS study of the C 1s and O 1s signals was carried 

out to determine the surface chemical changes of the PVP-passivated NiOx before and 

after UV-O3 treatment. 

Figure 4-8A shows the C 1s spectrum of the P-NiOx film. Based on the carbon 

configuration in PVP, the C 1s spectrum is de-convoluted into four carbon peaks 

corresponding to the signal associated with: (i) adventitious carbon with a binding 

energy (BE) of 285.0 eV (C1); (ii) the carbon linked to the carbonyl group with a BE of 

285.4 eV (C2); (iii) the carbon-nitrogen bond with a BE of 286.2 eV (C3); and (iv) the 

carbonyl bond with a BE of 287.8 eV (C4).100,129 The ratio of the four carbons is 

consistent with the composition of the repeating unit of PVP (C1:C2:C3:C4=2:1:2:1) 

shown as an insert in Figure 4-8A. Figure 4-8B shows the O 1s spectrum of the P-NiOx 

film. The spectrum is composed of a NiOx main peak at a BE of 529.5 eV, a NiOx defect 

peak at a BE of 531.2 eV, a carbonyl peak at a BE of 532.0 eV, and a surface 

absorbent peak at a BE of 533.2 eV.100,129 From the C 1s spectrum, it is determined that 

the C=O double bond makes up 16.6% of the whole C 1s spectrum, which is consistent 

with the value determined from the O 1s spectrum and the C:O atomic atio. Therefore, 

the C=O signals in the O 1s spectrum is entirely attributed to the carbonyl groups in 

PVP polymer. These results indicate that there is no chemical reaction between as-
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prepared NiOx and PVP. Figure 4-8C shows the C 1s spectrum of the P-UVO-NiOx film. 

After the UV-O3 treatment, the author observes changes in the XPS spectrum at high 

binding energies due to the presence of the ester group with a BE of 288.9 eV. Figure 

4-8D shows the O 1s spectrum of the P-UVO-NiOx film where the author observes 

similar changes in higher binding energies due to the presence of the ester functional 

group with a BE of 532.9 eV. The carbon atoms from the carbonyl and ester groups 

makes up 20.9% and 14.8% of the C 1s spectrum, respectively, which are significantly 

larger than the corresponding values (11.8% and 8.4%) determined from the O 1s 

spectrum and the C:O atomic ratio. The discrepancy in the carbon composition 

determined from the C1s and O1s signals indicates the presence of additional oxygen 

atoms due to the formation of ester groups as a result of the chemical reaction between 

PVP and NiOx, indicating that NiOx shares its oxygen atoms with PVP to form 

carbonyl/ester groups after UV-O3 treatment. The resulting chemical binding between 

PVP and NiOx surface species facilitates hole injection from P-UVO-NiOx into the 

adjacent EMLs, yielding devices with a higher efficiency. The resolved details of the C 

1s, O 1s and Ni 2p3/2 XPS signals of the PVP passivated NiOx surface before (P-NiOx) 

and after (P-UVO-NiOx) UV-O3 treatment are summarized in Table 4-2.  The 

compositions acquired are shown in the parentheses. The atomic ratios acquired are 

shown in the bottom row. The detailed analysis of the XPS data is described as follows:  

For the P-NiOx sample, the O 1s signal from the carbonyl group makes up 49.8% 

of the entire O 1s spectrum and the rest of the oxygen comes from NiOx. And since the 

atomic ratio of O 1s to C 1s is 3:1 as shown in Table 2, considering of the C 1s signal 

from the carbonyl group, which makes up 16.6% of the whole C 1s signals in the C 1s 
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spectrum, the calculation is consistent with the fact that 49.8% of the oxygen signal 

comes from the carbonyl group in PVP. Therefore, these results indicate that the entire 

O 1s spectrum is just the superimposition of O 1s from NiOx and O 1s from PVP, and 

there is no chemical reaction between NiOx and PVP before the UV-O3 treatment. For 

the P-UVO-NiOx, the O 1s signals from the C=O* bond and O=C-O* bond make up 

32.4% and 13.5% of the whole O 1s signals in the O 1s spectrum, respectively. 

However, since each ester group contributes equally one C=O* and one O=C-O* bonds, 

the O 1s signals from the carbonyl group should make up 18.9% (32.4%-13.5%) of the 

entire O 1s spectrum, and the O 1s signals from the ester group make up 13.5% of the 

entire O 1s spectrum. Considering of the atomic ratio of O 1s to C 1s, which is 1:1.6 in 

this case (shown in the bottom row of Table 4-2), it should be expected that the C 1s 

signals from the the carbonyl group and ester group to make up 11.8% (18.9% divided 

by 1.6) and 8.4% (13.5% divided by 1.6) of the entire C 1s spectrum, respectively. 

However, these values are significantly smaller than their composition of 20.9% and 

14.8% as determined from the C 1s spectrum. These results imply that the oxygen 

atoms from lower binding energy regions (NiOx region) of the O 1s spectrum should 

also be attributing to the C=O* and O-C=O* type bonding, and there is chemical 

bonding (oxygen-sharing) between the NiOx surface species and PVP. It was also found 

that after UV-O3 treatment, most PVP polymer remained on the NiOx surface 

determined from our XPS analysis, further confirming our conclusion that instead of 

removing PVP, a short UV-O3 treatment on PVP-passivated metal oxide surface 

facilitates chemical binding between the PVP passivation polymers and the NiOx 

surface species. 
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PVP Passivation on VOx HILs and Its Application in OLEDs Devices 

To illustrate the applicability of this approach to other metal oxides for OLEDs, 

VOx is used as another example and studied PVP passivation effect on its quenching 

mechanism. Here, the author measured the PL of a 20 nm thick TCTA:5wt% Ir(ppy)3 

film on VOx with and without a 10 nm thick of TAPC exciton blocking layer, and PVP-

passivated VOx film followed by UV-O3 treatment. The PL intensities were normalized to 

that of the TAPC sample as shown in Figure 4-9A. Unlike NiOx, VOx is an n-type HIL 

with a deep electron affinity,130 excitons are thus directly quenched at the VOx/EML 

interface as shown in the figure. However, due to the absence of long-distance (>10 nm) 

quenching process, a 10 nm thick TAPC layer on top of VOx is sufficient to suppress the 

luminescence quenching. The lower PL intensity from the sample with a PVP-

passivated VOx layer is due to the thinner PVP passivation layer (< 5 nm), which cannot 

sufficiently suppress exciton quenching near the VOx surface based on a quenching 

mechanism different from that of NiOx. 

To study the passivation effect on OLEDs, devices were fabricated with the VOx 

HILs. Figure 4-9B shows the J-V-L curves of the devices incorporating the as-prepared 

VOx and PVP-passivated VOx followed by the UV-O3 treatment (P-UVO-VOx), and 

Figure 4-9C shows the current efficiency data. The device with P-UVO-VOx shows an 

improved current efficiency starting from high EL intensities (>2000 Cd m-2). However, 

the device does not show an enhanced current efficiency at low luminescence 

intensities. This could be explained by the absence of long-range exciton quenching in 

the VOx devices. The EL is thus only quenched when emitting zone is close to VOx/EML 

interface, which occurs at relatively high luminescence.  
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PVP passivation on NiOx HTLs and Its Application in Solar Cell Devices 

To demonstrate that the PVP passivation is also beneficial to metal oxides for 

other optoelectronic applications, solar cells were fabricated on PVP passivated NiOx. 

The iodine (MAPbI3) perovskite solar cells with PHJ were synthesized by the sequential 

deposition method. Lead Iodide (PbI2) were first dissolved into dimethyl formamide 

(DMF) at a concentration of 400 mg mL-1. The solution was kept at 80 °C and then spin-

casted onto the prepared substrates at a spin speed of 6000 rpm. The PbI2 thickness 

was 150 + 10 nm. The methyl ammonium iodide (MAI) solvent was prepared by 

dissolving MAI into isopropanol at a concentration of 10 mg mL-1, and the solvent was 

kept at 90 °C in air. After PbI2 deposition, the samples were immersed into the petri-

dishes filled with hot MAI solution for 1 min. Spontaneous reaction occurred and the film 

immediately turned from greenish yellow to dark brown due to the formation of MAPbI3. 

The petri-dishes were then immersed into pure isopropanol solvent kept at room 

temperature to stop the reaction. The samples were then dried at 80 °C in glovebox for 

30 min. a 30 nm thick (6,6)-phenyl-C61-butyric acid methyl ester (PC60BM) layer was 

spin-coated onto the active layer and annealed at 80 °C for 30 min. The samples were 

then transferred into a thermal evaporator, where 15 nm thick fullerene (C60), 5 nm thick 

2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP) and 130 nm sliver were 

subsequently vapor deposited. The XRD pattern and SEM images of the perovskite film 

formed on the P-UVO-NiOx are shown in Figure 4-10. The J-V curves (under AM 1.5G 1 

sun illumination) of the PHJ Perovskite solar cells incorporating the as-prepared NiOx 

HTL, UVO-NiOx HTL, P-UVO-NiOx HTL and PEDOT:PSS as a control device are shown 

in Figure 4-11A.131 The EQE spectrum of the PHJ perovskite solar cell incorporating P-

UVO-NiOx HTL is shown in Figure 4-11B. The device architecture is shown as an insert 
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in Figure 4-11B. The device performance data are summarized in Table 4-3. The 

integrated Jsc from the EQE spectrum is 20.24 mA cm-2, which is consistent with the 

measured value of 20.27 mA cm-2 for the device with P-UVO-NiOx HTL. The PHJ 

perovskite solar cell with P-UVO-NiOx HTL shows the highest open circuit voltage (Voc) 

of 1.04 + 0.02 V, the highest short circuit current density (Jsc) of 20.1 + 0.4 mA cm-2 and 

the highest PCE of 10.9 + 0.3 % among all of the four samples, indicating the 

passivation technique is also beneficial for metal oxides used in solar cells.  

To demonstrate that the PVP passivation is also beneficial to metal oxides for 

OPVs, organic BHJ solar cells were fabricated on top of NiOx HTLs. The device 

architecture is shown in Figure 4-12A. To prepare the NiOx HTLs, the diluted (0.1 M) 

nickel acetate precursor was spin-coated onto the UV-O3 cleaned ITO substrates at 

6000 rpm. A reduced annealing temperature of 300 °C was used to prevent the 

increase of ITO resistance at high temperatures. A longer UV-O3 treatment of 10 min 

was carried out on the PVP-passivated NiOx. This is due to the thicker PVP layer on 

low-temperature processed NiOx surface with a stronger chemi-sorption ability.103 

Poly(N-9 -́heptadecanyl-2,7-carbazole-alt-5,5-(4 ,́7 -́di-2-thienyl-2 ,́1 ,́3 -́

benzothidiazole) (PCDTBT)  and [6,6]-phenyl-C71 butyric acid methyl ester (PC70BM) 

were blended at a weight ratio of 1:4 and dissolved into chloroform at a concentration of 

20 mg/mL. After stirring in an inert atmosphere for 12 h, the solution was spin-casted 

onto the NiOx HTLs or PEDOT:PSS HILs to form a 90 + 5 nm thick uniform film. 1 nm 

LiF and 100 nm Al were thermal-evaporated as the cathode. Figure 4-12B shows the J-

V curves of the BHJ solar cells incorporating the as-prepared NiOx HTL, UVO-NiOx 

HTL, P-UVO-NiOx HTL and PEDOT:PSS HIL under one sun illumination. The device 



 

87 

performance data are summarized in Table 4-4. Serial resistances (Rse) and shunt 

resistances (Rsh) were calculated by taking the inverse slopes at the Voc and Jsc. The 

device with P-UVO-NiOx HTL shows a highest Rsh and a relatively low Rse, however, the 

differences are not big enough to explain for its significantly improved Voc or Jsc 

compared to the device with as-prepared NiOx HTL or UVO-NiOx HTL. The lower Voc  of 

the device with as-prepared NiOx HTL are also reported in other publications.77,90 

However, unlike the oxygen plasma treated NiOx device, our device with UVO-NiOx 

shows even worse performance due to its lower Jsc and fill factor (FF). Similar 

phenomena was also observed in our previous publication.65 Since the NiOx films 

annealed at low temperatures have a lot of Ni(OH)2 residue which can be easily turned 

into the dipolar species of NiOOH under O3 exposure, the lowest Jsc in those devcies 

could be attributed to the introduction of a significant amount of NiOOH species which 

quench excitons and hinder carrier extraction. The presence of NiOOH species was 

also confirmed by the darker color of UVO-NiOx films, which, however, was not 

observed in the PVP-passivated NiOx films even when the UV-O3 treatment time was 

increased from 5 min to 15 min. The results are consistent with our conclusion that the 

thin PVP passivation layer on top of NiOx films prevents further oxidization of its surface 

hydroxide species to strong oxy-hydroxide dipoles, which is detrimental to carrier 

dissociation and extraction. As a result of the PVP passivation, the OPV device with the 

P-UVO-NiOx HTL shows the highest Voc of 0.90 + 0.01 V and Jsc of 11.0 + 0.4 mA cm-2, 

yielding a highest PCE of 5.5 + 0.2 % among all other three devices. 
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Table 4-1. OLED performance incorporating as-prepared NiOx, UVO-NiOx, P-NiOx, and 
P-UVO-NiOx HTLs. 

Devices Von (V) 
V at 103 
Cd m-2 (V) 

Maximum CE 
(Cd A-1) 

CE at 103 Cd 
m-2 (Cd A-1) 

CE at 104 Cd 
m-2 (Cd A-1) 

As-prepared 
NiOx HTL 

2.71 + 
0.03 

5.67 + 
0.07 

74.2 + 1.3 41.4 + 1.6 18.1 + 1.9 

UVO-NiOx 
HTL 

2.65 + 
0.02 

4.29 + 
0.10 

71.0 + 2.2 66.5 + 2.0 36.9 + 2.1 

P-NiOx HTL 
5.26 + 
0.29 

- 0.15 + 0.05 - - 

P-UVO-NiOx 
HTL 

2.66 + 
0.55 

5.56 + 
0.13 

90.8 + 2.1 76.8 + 1.9 56.5 + 2.3 

TAPC HTL 
(control) 

2.66 + 
0.01 

6.35 + 
0.08 

92.0 + 0.9 80.2 + 1.5 61.5 + 2.1 
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Table 4-2. The resolved XPS data of C1s, O1s and Ni 2p3/2 signals of PVP passivated 
NiOx surface before and after UV-O3 treatment.  

C 1s Signal C1 (adv.) C2 C3 (C-N) 
C4 

(C=O) 
C5 (O-C=O) 

P-NiOx 
285.0 

(33.0%) 
285.4 

(17.8%) 
286.2 

(32.7%) 
287.8 

(16.6%) 
- 

P-UVO-
NiOx 

285.0 
(25.5%) 

285.4 
(13.3%) 

286.2 
(25.6%) 

287.8 
(20.9%) 

288.9 
(14.8%) 

O 1s Signal 
NiO 

(main) 
NiO 

(shoulder) 
C=O* O=C-O* 

H2O, O2 
residue 

P-NiOx 
529.5 

(28.5%) 
531.2 

(16.7%) 
532.0 

(49.8%) 
- 

533.3  
(4.9%) 

P-UVO-
NiOx 

529.5 
(26.9%) 

531.1 
(19.9%) 

532.0 
(32.4%) 

532.9 
(13.5%) 

533.4  
(7.3%) 

Ni 2p3/2 
Signal 

NiO 
(main) 

NiO 
(shoulder) 

NiO 
(shake-up) 

  

as-
prepared 
NiOx

a) 

854.1 
(20.6%) 

856.0 
(29.2%) 

861.2 
(50.3%) 

  

UVO-NiOx
b) 854.1 

(16.3%) 
855.9 

(34.2%) 
861.2 

(49.5%) 
  

P-NiOx 
854.1 

(24.6%) 
856.0 

(26.6%) 
861.2 

(48.8%) 
  

P-UVO-
NiOx 

854.1 
(25.4%) 

856.0 
(28.3%) 

861.2 
(46.3%) 

  

Atomic 
Ratio 

Ni : O : C : N = 0.27 : 1 : 3 : 0.5  
(P-NiOx)  

Ni : O : C : N = 0.26 : 1 : 1.6 : 0.3  
(P-UVO-NiOx) 

a,b) The Ni 2p3/2 signals of as-prepared and UV-O3 treated NiOx films are acquired from a 
previous XPS measurement and added for compare. The numbers outside the 
parenthesis indicate the binding energies (eV) of different components and the number 
inside the parenthesis indicate the component ratio. The asterisks indicate the 
corresponding atoms. 
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Table 4-3. The performance of MAPbI3 perovskite solar cells incorporating PEDOT:PSS, 
as-prepared NiOx, UVO-NiOx, and P-UVO-NiOx HTLs.  

Devices with diff. HTLs Voc (V) Jsc (mA cm-2) FF (%) PCE (%) 

PEDOT:PSS 0.89+0.03 8.9+0.5 53.7+1.1 4.3+0.4 

As-prepared NiOx 0.92+0.02 18.0+0.4 49.9+0.8 8.3+0.3 

UVO-NiOx  1.00+0.03 14.4+0.7 46.5+0.8 6.6+0.4 

P-UVO-NiOx  1.04+0.02 20.1+0.4 52.1+0.9 10.9+0.3 

 
Table 4-4. OPV performance incorporating PEDOT:PSS, as-prepared NiOx, UVO-NiOx, 

and P-UVO-NiOx HTLs. The standard deviation is reported in parenthesis. 

Devices 
of diff. HTLs 

Voc 
(V) 

Jsc 
(mA/cm2) 

FF (%) PCE (%) 
Rse (Ω 

cm2) 
Rsh (Ω 

cm2) 

PEDOT:PSS 
0.89 

(0.004) 
10.3 

(0.2) 
54.1 

(0.3) 
5.0 (0.1) 7.6 (1.0) 

444.4 
(72.7) 

as-prepared 
NiOx 

0.68 
(0.006) 

9.2 (0.2) 
51.2 

(0.2)  
3.3 (0.1)  6.3 (0.9) 

330.0 
(50.5) 

UVO-NiOx 
0.86 

(0.005) 
7.6 (0.3) 

42.1 
(0.5) 

2.8 (0.2) 9.4 (1.1) 
262.5 

(56.2) 

P-UVO-NiOx 
0.90 

(0.01) 
11.0 

(0.3) 
54.7 

(0.7) 
5.5 (0.2) 6.7 (1.5) 

518.1 
(73.1) 
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Figure 4-1. The PL of a 20 nm TCTA: 5wt% Ir(ppy)3 EML deposited onto a 40 nm NiOx 

or TAPC HTL. A) The PL spectra on TAPC (black), as-prepared NiOx (red), 
PVP-passivated NiOx before (blue) and after (cyan) UV-O3 treatment. B) The 
PL spectra on as-prepared NiOx with 10 nm (blue), 20 nm (cyan) and 30 nm 
(pink) TAPC exciton blocking layers. The PL of the emitter on TAPC (black) 
and as-prepared NiOx (red) are re-plotted in B) for compare. 

 

A 
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Figure 4-2. OLEDs performance with TAPC or NiOx with different surface treatment. A) 

Device structure and energy levels with respect to vacuum level of the 
materials used in thermal-evaporated OLEDs.  B) J-V characteristics of the 
OLEDs. C) L-V characteristics of the OLEDs. D) current efficiency curves of 
the OLEDs with as-prepared NiOx (black open square), UVO-NiOx (black solid 
square), P-NiOx (red open circle), P-UVO-NiOx (red solid circle), and TAPC 
control (blue dash) HTLs. 
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Figure 4-3. The EL spectra of a phosphorescent green OLEDs incorporating the as-

prepared NiOx HTL, UVO-NiOx HTL, and P-UVO-NiOx HTL. 

 

 
Figure 4-4. The PL of a 20 nm TCTA:5wt% Ir(ppy)3 EML deposited onto 40 nm TAPC, 

as-prepared NiOx, and UV-O3 treated NiOx. 
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Figure 4-5. The surface morphology of 40 nm as-prepared NiOx, P-NiOx, and P-UVO-

NiOx. A) The AFM topography image of as-prepared NiOx. B) The AFM 
topography image of P-NiOx. C) The AFM topography image of P-UVO-NiOx. 
D) The AFM phase image of as-prepared NiOx. E) The AFM phase image of 
P-NiOx. F) The AFM phase image of P-UVO-NiOx. Insert of E): the AFM 
phase image of P-NiOx at a different scale bar. 
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Figure 4-6. The AFM phase distribution histogram of 40 nm as-prepared NiOx, P-NiOx, 

and P-UVO-NiOx HTLs.  
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Figure 4-7. XPS spectra of the Ni 2p3/2 signals from P-NiOx and P-UVO-NiOx. A) The Ni 

2p3/2 signal from P-NiOx. B) The Ni 2p3/2 signal from P-UVO-NiOx. The two Ni 
2p3/2 signals are identical. 
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Figure 4-8. XPS spectra of C 1s and O 1s signals from P-NiOx and P-UVO-NiOx. A) The 

C 1s signal from P-NiOx (insert: the molecular structure of PVP with labelled 
C1, C2, C3 and C4). B) The O 1s signal from P-NiOx. C) The C 1s signal from 
P-UVO-NiOx. D) The O 1s signal from P-UVO-NiOx. All of the XPS 
measurements were carried out at a take-off angel of 45°. 
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Figure 4-9. OLED performance with as-prepared and P-UVO-VOx HIL. A) The PL of a 

20 nm TCTA : 5wt% Ir(ppy)3 EML deposited onto a 40 nm as-prepared VOx 
(black solid), PVP-passivated VOx after UV-O3 treatment (black dash), and 
as-prepared VOx with 10 nm thick TAPC exciton blocking layer (grey solid). 
The base line is the PL intensity on 40 nm TAPC HTL. B) The J-V-L 
characteristics of the OLEDs. C) The current efficiency curves of the OLEDs 
with as-prepared VOx (solid square) and P-UVO-VOx (open circle) HILs. 
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Figure 4-10. MAPbI3 perovskite films formed on P-UVO-NiOx HTL. A) The XRD spectra 

of the perovskite film. B) The SEM images of the perovskite film. 
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Figure 4-11. The performance of perovskite solar cells with PEDOT:PSS or NiOx with 

different surface treatment. A) The J-V curves of the perovskite solar cells 
incorporating PEDOT:PSS (grey dash), as-prepared NiOx HTL (black), UVO-
NiOx HTL (red) and P-UVO-NiOx HTL (blue) under AM 1.5 G one sun 
illumination. B) The EQE spectrum of the perovskite solar cells incorporating 
P-UVO-NiOx HTLs. Inset: the device architecture of the perovskite solar cells. 
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Figure 4-12. The performance of OPVs with PEDOT:PSS or NiOx with different surface 

treatment.  A) Device architecture of the OPVs. B) The J-V curves of the 
devices with PEDOT:PSS (grey dash), as-prepared NiOx HTL (black), UVO-
NiOx HTL (red) and P-UVO-NiOx HTL (blue) under AM 1.5 G one sun 
illumination. 
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CHAPTER 5 
DEGRADATION STUDY OF SOLUTON-PROCESSED SMALL MOLECULE 

PHOSPHORESCENT OLED 

Solution-processed small molecule phosphorescent OLEDs have been 

demonstrated with high efficiencies in recent years due to the harvest of triplet excitons. 

However, in terms of the stability, they have substantially shorter operational lifetimes 

compared to their thermal-evaporated counterparts. Photo-induced degradation is 

proved to play a significant role causing the fast PL decay of the emitting materials. For 

example, cation radicals and oxidized species were found in small molecule 

phosphorescent emitter during UV excitation, which is probably due to some photo-

oxidization processes.132 However, in OLEDs, the degradation mechanism could be 

more sophisticated as electrical-induced degradation also plays a role, and these two 

degradation mechanisms can have an impact on each other.133 Time-resolved PL and 

impedance spectroscopy (IS) measurements have been carried out to study the optical 

and electrical changes of the thermal-evaporated OLEDs after degradation.134-138 

However, these studies alone were not able to tell the underlying mechanisms for the 

substantially different operational stabilities between thermal-evaporated OLEDs and 

solution-processed OLEDs. In this Chapter, the author presents a comprehensive study 

on the electrical-induced and photo-induced degradation of an optimized small molecule 

phosphorescent OLED structure with solution-processed and thermal evaporated EMLs. 

Materials with high Tg and high solubility are intentionally chosen in the system to 

eliminated morphology difference and thermal-induced degradation. By changing the 

dopant concentration in solution-processed EML and using solvent with different 

impurity levels, the author was able to study how initial hole accumulation/hole trapping 

and solvent impurities within the EML affects its degradation speed. Hole-induced 
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degradation was studied by making single-carrier devices, and excited states were 

introduced to those single-carrier devices with UV excitation. It was found that the hole-

induced degradation of the EML is significantly accelerated with the presence of excited 

states. Time-resolved PL was used to study the degradation of EML in OLEDs, and 

degradation scenarios were proposed to explain the fast EL decay in OLEDs with 

solution-processed EMLs under two different circumstances. 

Experiment Section 

OLEDs are fabricated using PEDOT:PSS HILs and cross-linkable PLEXCORE© 

hole transport layers (HTLs).139,140 TPBi was used as the host as well as the hole 

blocking layer. For thermal-evaporated EML, Ir(ppy)3 was doped into TPBi at a 

concentration of 10 wt%; for solution-processed EML, fac-tris(2-(3-p -

xylyl)phenyl)pyridine iridium(III) (TEG) was doped into TPBi at a concentration of 10 

wt%, 20 wt% and 30 wt%. For solution-processed EMLs, TEG was used as the emitter 

due to its high solubility and similar opto-electronic properties as Ir(ppy)3,53 and toluene 

was used as the precursor solvent due to its inert non-coordinating properties.132 Two 

sources of toluene solvent are used to prepare the solution-processed EML, one is 

fresh new and another has been dated in a N2-filled glove box for over 18 months. 

Devices in this study were prepared on patterned ITO glass substrates. Before 

fabrication, the substrates were rinsed by sonication in acetone and isopropyl alcohol, 

followed by a 15 min UV-O3 treatment. A 40 nm-thick PEDOT:PSS layer was spin-

coated onto the substrates followed by thermal annealing at 140 ˚C for 30 min. A 20 

nm-thick cross-linkable PLEXCORE© HTL was spin-coated onto PEDOT:PSS HIL 

followed by thermal annealing at 180 ˚C for 1 hour. Both solution-processed and 

thermal-evaporated EMLs have a thickness of 35 nm, and the solution-processed EML 
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is annealed at 120 ˚C for 1 hour in a N2-filled glove box for complete drying. To make 

OLED devices, The samples were transferred into an evaporator chamber, where 10 

nm TPBi as the hole blocking layer, 20 nm Alq3 as the ETL, 1 nm LiF as the EIL and 

100 nm Al as the cathode were deposited at a vacuum level of 1 × 10-6 torr. To make 

the single-carrier devices, hole-only devices were prepared by depositing 10 nm 

molybdenum oxide (MoOx) and 50 nm silver (Ag) as the counter electrode on top of the 

EML to block electron injection. The devices were encapsulated with a desiccant-

embedded cap glass by using an UV-curable epoxy in a N2-filled glove box. The active 

area of the devices was 4 mm2. 

Electrical characterizations were performed using a Keithley 2400 source meter 

and the EL intensity was recorded using a Keithley 6485 picoammeter with a silicon 

photodiode. The degradation curve was recorded in terms of EL drop and voltage rise 

with a time interval of 2 s. The EL spectra were measured with an Ocean Optics 

HR4000 spectrometer. The PL spectra and intensity were recorded using a PerkinElmer 

LS 55 fluorescence spectrometer with a monochromatic excitation wavelength of 350 

nm. Time-resolved PL measurement was performed by focusing a pulsed nitrogen laser 

(the wavelength is 337 nm, Stanford Research Systems) onto the sample at an incident 

angle of 45o. The time resolved PL was monitored by a Hamamatsu photomultiplier tube 

(PMT) with a 50-Ω external load connected to oscilloscope. The long pass filters were 

placed in front of PMT to block light with wavelength less than 500 nm. All 

measurements were carried out in ambient atmosphere and room temperature. 

Result and Discussion 

The structure of OLEDs used in the degradation study and the molecule 

structures of Ir(ppy)3 , TEG and PLEXCORE© HTL are shown in Figure 5-1.[53,139-142] 
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Solution-processed EMLs with three different TEG concentrations were prepared, 

corresponding to x = 10 wt%, 20 wt% and 30 wt%. For x = 30 wt%, both fresh and dated 

toluene solvent were used as the solvent precursor. OLED with thermal-evaporated 

EML doped with 10 wt% Ir(ppy)3 was prepared as a control. Due to the large energy 

barrier between PLEXCORE© HTL and TPBi in HOMO, holes are directly injected into 

the Ir(ppy)3/TEG emitter and transport through the percolation of the dopants.53,141 

Therefore, by changing the dopant concentration, the hole injection from HTL to EML 

and hole transport in the solution-processed EMLs were able to be controlled. 

The J-V-L curves and current efficiency curves of the OLEDs are shown in Figure 

5-2A-B. The EL spectra of the devices are shown in Figure 5-2C. The grey dash 

corresponds to the thermal-evaporated EML, the black, red, blue and green color 

corresponds to the solution-processed EML with 10 wt% TEG, 20 wt% TEG, 30 wt% 

TEG, and 30 wt% TEG prepared from dated toluene solvent, respectively. The device 

with 10 wt% TEG doped EML shows a larger Von compared to other devices. This result 

indicates that 10 wt% TEG in TPBi cannot form good hole percolation within the EML. 

With higher TEG concentration, the device current increases accordingly due to 

improved hole injection and better hole transport in the EML.142 OLED with solution-

processed EML doped with 20 wt% TEG already shows a higher current density than 

the device with thermal-evaporated EML. With higher TEG doping ratio, the device 

shows smaller efficiency roll-off due to improved charge balance. However, the 

maximum current efficiencies remain the same with different TEG doping ratios, 

indicating the concentration quenching is not significant in those solution-processed 

EMLs.53 The operational lifetime of these devices were then tested under acceleration 
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conditions.141 Figure 5-2D shows the OLED degradation curves starting at an initial EL 

intensity of 10,000 Cd m-2. EL decay curves are shown in top part of the figure and 

voltage rising curves are shown in bottom part of the figure. The luminance LT50 lifetime 

(the time for the luminance to decay to 50 % of initial luminance) was recorded at an 

initial EL intensity of 20,000 Cd m-2, 15,000 Cd m-2
, and 10,000 Cd m-2, respectively. 

And the acceleration factor (n) is fitted with the empirical equation as follows: 

𝑡2

𝑡1
= (

𝐿1

𝐿2
)𝑛 

Where t represents the LT50 time, while L represents the starting EL intensity. 

The accelerated degradation curves and the fitting is shown in Figure 5-3. The fitted 

acceleration factor is 1.83, which is consistent with the number of 1.8 reported in 

literatures.141,142 The luminance LT50 lifetime  is 700 min for the OLED with thermal-

evaporated EML, corresponding to a LT50 of 800 hours starting from 1000 Cd m-2, which 

is comparable to the lifetime data reported with similar device structure.143 Compared to 

the OLED with thermal-evaporated EML, the four devices with solution-processed EMLs 

have significantly shorter LT50 lifetime. Among them the device with 30 wt% TEG doped 

EML prepared from dated toluene solvent show the most rapid EL decay and voltage 

rising curves. Comparing it with the device in which the 30 wt% TEG doped EML was 

prepared from fresh toluene, the J-V-L and efficiency curves are very similar to those of 

the other device. Thus it is most likely that the significantly shorter operational lifetime 

here should be attributed to solvent impurities. The voltage rising and EL decay curves 

are symmetric in OLEDs with thermal-evaporated EML and solution-processed EMLs 

with 20 wt% and 30 wt% TEG concentration. However, in the device with 10 wt% TEG 
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doped EML, the EL drops rapidly while the voltage rising is not significant. This result 

indicates that for solution-processed OLED with 10% TEG, the degradation mechanism 

may have a different profile as in other devices. 

To investigate the electrical-induced degradation, hole-only devices of the 

abovementioned EMLs were prepared and operated under constant current in dark 

condition. Figure 5-4A shows the hole current of these devices under direct current (DC) 

bias. Same color was used to label the devices incorporating thermal-evaporated EML 

and solution-processed EML for consistency purpose. The hole current is enhanced 

with higher TEG concentrations as expected. Figure 5-4B shows the bias voltage 

curves of the hole-only devices under a constant current of 2.5 mA cm-2. The device 

with thermal-evaporated EML does not show any voltage rise after being driven for 

more than 10 hours, while all of the devices with solution-processed EMLs show a fast 

voltage rise within the first several minutes, then followed by a linear and more gradual 

voltage rise with time. A significantly faster voltage rise is found in the hole-only device 

with 10 wt% TEG. Since the EMLs with 20 wt% and 30 wt% TEG (with fresh toluene) 

show very similar degradation in both OLEDs and hole-only devices, the data for the 

devices with 20% TEG is not presented in the following degradation studies. 

To accelerate the hole-induced degradation, the devices were operated at a 

higher current of 25 mA cm-2 for 1 hour, and an in-situ PL measurement was carried out 

to study the optical change of the EMLs. The voltage rising curves are shown in figure 

5-4C, the PL of the corresponding EMLs are shown in Figure 5-5A-D. Each plot has 4 

PL spectra - the solid/dash lines represent the PL when device was not/was under 

electrical driving. The black/red lines represent the PL before/after the device was 
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continuously driven for 1 hour. Due to the triplet-polaron annihilation (TPA) process,144-

147 all of the EMLs show a drop in PL when the device was electrically driven as 

revealed by the discrepancy of solid and dash lines. For the hole-only device with 

thermal-evaporated EML, the PL spectra before and after 1 hour of continuous driving 

overlap with each other. The unchanged PL intensity as well as the stable operating 

voltage under electrical driving reveal that hole-induced degradation is not likely to 

occur in thermal-evaporated EML. For the hole-only devices with solution-processed 

EML, however, the PL does not fully recover to its initial status after 1 hour of 

continuous driving, indicating that hole-induced degradation occurs in the solution-

processed EML. The hole-only device with 10 wt% TEG doped EML shows the biggest 

PL drop. Combined with its rapid voltage rise under electrical driving, it indicates that 

the hole-induced degradation play a more significant role in 10 wt% TEG doped EML 

than in other EMLs. As the 10 wt% TEG cannot form good hole percolation, a large 

amount of holes are trapped at the HTL/EML interface and in the bulk of EML at the 

beginning of electrical driving. These trapped holes could trigger the cation radical 

formation process that is detrimental to the chemical stability of the surrounding 

materials.132,133,138 

Although hole-induced degradation was observed in solution-processed EML, the 

degradation is not very significant in solution-processed EML with 20 wt% and 30 wt% 

TEG due to improved hole injection and transport.141 Nevertheless, a faster rising rate in 

voltage and bigger drop in PL due to hole-induced degradation were observed in the 

hole-only device prepared from dated toluene solvent. This could be attributed to 

presence of reactive solvent impurities (for example, singlet oxygen) in dated toluene 
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that accelerate the hole-induced degradation of the EML.132,148 To verify this, gas 

chromatography-mass spectrometry (GC-MS) measurement was carried out to 

measure the solvent impurity species in both fresh and dated toluene solvent. The 

spectrum in a 12 min-20 min time-scale window are shown in Figure 5-6. The three 

peaks corresponding to 12.66 min, 15.78 min and 18.60 min in both fresh and dated 

toluene are identified as siloxane species from the GC column. However, in dated 

toluene solvent, an additional peak at 16.52 min was observed, which is identified as 

benzaldehyde. It is known that methyl-substituted aromatic system can be oxidized by 

singlet oxygen to form aromatic aldehydes.132,149 Thus the existence of benzaldehyde in 

dated toluene solvent indicates that there are oxygen trapped in the solvent. Since trace 

amount of oxygen is known to have a pronounced effect on the chemical stability of the 

organic complexes,132 the faster hole-induced degradation in the hole-only device 

prepared from dated toluene should be attributed to the trapped oxygen in the bulk EML 

from the dated solvent.  

The effect of excited states on hole-induced degradation of solution-processed 

EML was studied. The photo-excitation was performed on the hole-only devices using a 

UV lamp (Spectroline EA-140) during the first 30 min of electrical driving. The PL of the 

pixel area is corresponding to an intensity of 600 Cd m-2. After 30 min, the UV lamp was 

turned off, and the hole-only devices were continuously driven under the dark condition 

for another 30 min. The voltage rise in the device where the 30 wt% TEG EML was 

prepared from dated toluene solvent was recorded and shown in Figure 5-7 (red line). 

The voltage rise in dark condition is also plotted in Figure 5-7 for compare purpose 

(black line). With the on and off of the UV lamp, the voltage rise curve has two distinct 
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stages: During the first stage, the UV lamp is on and hole-induced degradation is 

accompanied by the excited states of EML. The linear voltage rising slope is larger than 

that of the reference curve. During the second stage, the UV lamp is off and the excited 

states do not exist. The driving voltage jumps upward immediately to compensate for 

the loss of photo-induced current. The fast voltage rise at the beginning of the second 

stage is probably due to the filling of shallow hole traps which is not occupied in the first 

stage due to the UV excitation. Nevertheless, the voltage rise is significantly slower in 

the second stage and the rate of the rise in the linear region is similar to the reference 

curve. These results reveal that the hole-induced degradation of EML could be 

accelerated by the excited states. It has been reported that the excited states of trace 

oxygen impurities in EML could drastically speed up the chemical degradation 

process.132 This could explain why in OLEDs, the EMLs prepared from fresh and dated 

toluene show such a big difference in voltage rise/EL decay rate, while in hole-only 

devices, the difference becomes significantly smaller. 

It still needs to be answered that why OLED with 10 wt% TEG doped EML shows 

significantly smaller voltage rise compared to the hole-only device, and why the smaller 

voltage rise is corresponding to a stronger EL decay. Before answering these questions, 

the overall degradation of EML in OLEDs was investigated using time-resolved PL 

measurement. The degradation was performed in the same condition as shown in 

Figure 5-2D. After driving for 25 min, the time-resolved PL intensities of four OLEDs 

incorporating thermal-evaporated EML, solution-processed EML with 10 wt% TEG, 30 

wt% TEG and 30 wt% TEG prepared from dated toluene solvent are shown in Figure 5-

8A-D. The black and red color represents the devices before and after degradation 
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respectively. All of the four devices show reduced exciton lifetime of the phosphorescent 

emitter after degradation, indicating more exciton-quenching channels in the EML after 

degradation. The reduction of exciton lifetime is most significant in the device prepared 

from dated toluene solvent, indicating most severely degradation in the EML. In the 

OLED with 10 wt% TEG, however, the reduction of the exciton lifetime is comparable to 

that in the other devices, even though the device operational lifetime is much shorter in 

this device. Figure 5-9 shows the PL intensity versus EL intensity of all of the devices 

after degradation. The obvious smaller PL decay of the OLED with 10% TEG doped 

EML implies that the degradation should occur within a very small part of the EML. For 

the rest of the devices, the PL intensity is proportional to the EL intensity with a constant 

ratio even after degradation, as evidenced by the linear fitting. (PL is normalized to 1 at 

t=0 when EL = 10,000 Cd m-2). Therefore, the EL decay of these devices should be 

correlated with the bulk EML degradation. To explain the mechanisms for the fast 

degradation of OLEDs with solution-processed EMLs, two scenarios should be 

considered as shown in Figure 5-10. 

Scenario A - Interfacial degradation of the EML: For the device with 10 wt% TEG 

doped EML, the hole injection/transport is problematic, thus the fast voltage rise in the 

hole-only device is attribute to the holes accumulated at the HTL/EML interface and the 

entire EML. In the OLED, however, due to the presence of electron current and severe 

charge imbalance, emitting zone is confined closely at the HTL/EML interface where 

most of the degradation takes place, while the rest of the EML is unaffected due to the 

absence of holes or excited states. Therefore, although the EL decay is fast, the voltage 
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rise and overall EML degradation is not significant in the solution-processed OLED with 

10 wt% TEG. 

 Scenario B: Degradation of the bulk EML. For the devices with 20 wt% and 30 

wt% TEG doped EML, the hole injection/transport is significantly improved. However, 

hole-induced degradation is still observed in those solution-processed EMLs, and this 

degradation process is further accelerated with the presence of excited states in the 

OLEDs. The correlation between the EL and PL decays in these OLEDs indicates that 

compared to the device with thermal-evaporated EML, the inferior operational stabilities 

of the devices with solution-processed EMLs should be attributed to the rapid 

degradation in the bulk of the solution processed EMLs. The degradation rate is 

significantly affected by the impurity level of the precursor solvent. 

In summary, the author demonstrated a system for the comprehensive study of 

the degradation mechanism of OLEDs with solution-processed EMLs. Evidence is found 

that solution-processed EML is more prone to hole-induced degradation as compared to 

the thermal-evaporated EML. The degradation speed depends on the amount of initial 

hole accumulation/traps and solvent impurities. The degradation process is further 

accelerated with the presence of excited states. Follow-up study reveals that for the 

solution-processed OLED with good hole injection/transport properties, the operational 

stability of the device depends on the degradation rate of the overall EML. Solvent 

impurities within the EML could play the most significant role in its short operational 

lifetime. 
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Figure 5-1. OLED architecture and molecule structure. A) The energy diagram of 

OLEDs with thermal-evaporated EML. B) The energy diagram of OLEDs with 
solution-processed EML. C) Molecule structure of emitters and HTL. 

  

A 
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Figure 5-2. Performance and operational stability of the OLEDs with solution-processed 

or thermal-evaporated EMLs. A) J-V-L curves. B) Current efficiency curves. C) 
EL spectra. D) the EL decay and voltage rising curves of the OLEDs driving at 
an initial EL of 10,000 Cd m-2. The grey color corresponds to the thermal-
evaporated EML, the black, red, blue and green color corresponds to the 
solution-processed EML with 10 wt% TEG, 20 wt% TEG, 30 wt% TEG, and 
30 wt% TEG with dated toluene solvent respectively. 
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Figure 5-3. The accelerated degradation model. A) The EL degradation starting from 

20,000 Cd m-2, B) The EL degradation starting from 15,000 Cd m-2. C) The EL 
degradation starting from 10,000 Cd m-2. D) The fitted data yield an 
acceleration factor of 1.83. 
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Figure 5-4. Hole-only devices with thermal evaporated or solution-processed EMLs. A) 

current density of the hole-only devices; B) Voltage rising curves at a constant 
current density of 2.5 mA cm-2; C) Voltage rising curves at a constant current 
density of 25 mA cm-2. 
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Figure 5-5. PL degradation of hole-only devices with thermal-evaporated or solution-

processed EMLS. A) PL of thermal-evaporated EML. B) PL of solution-
processed EML with 10 wt% TEG. C) PL of solution-processed EML with 30 
wt% TEG. D) PL of solution-processed EML with 30 wt% TEG prepared from 
dated toluene solvent. Sold (dash) line represent PL when device was not 
(was) electrical driven, black (red) color represent PL before (after) 1 hour of 
continuous driving. All of the PL spectra were normalized to the peak intensity 
of the black solid line. The excitation wavelength is 350 nm. 
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Figure 5-6. GC-MS spectrum of both fresh toluene solvent and dated toluene solvent. 

The molecule structure of benzaldehyde is shown in the spectrum of dated 
toluene solvent. 
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Figure 5-7. Voltage rise curves of hole-only devices with or without UV excitation. The 

EML is 30 wt% TEG doped TPBi prepared from dated toluene solvent. Red 
line: the hole-only device was excited with a UV lamp during first 30 minutes 
driving; Black line: the hole-only device driven under dark condition. 
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Figure 5-8. Time-resolved PL of the OLEDs before and after degradation. A) Time-

resolved PL of thermal-evaporated EML. B) Time-resolved PL of solution-
processed EML with 10 wt% TEG. C) Time-resolved PL of solution-processed 
EML with 30 wt% TEG. D) Time-resolved PL of solution-processed EML with 
30 wt% TEG prepared from dated toluene solvent. Black (red) line represents 
the time-resolved PL of the device before (after) degradation. 
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Figure 5-9. The PL - EL intensity of the OLEDs with different EMLs after continuous 

driving for 25 min.  
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Figure 5-10. The two schematic degradation mechanisms for solution-processed EMLs 

in hole-only devices and OLED devices.  
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