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Widespread use of organic light emitting diodes (OLEDs) in solid state lighting and display 

technologies require efficiency and lifetime improvements, as well as cost reductions, inclusive of 

the transparent conducting oxide (TCO). Indium tin oxide (ITO) is the standard TCO anode in 

OLEDs, but indium is expensive and the Earth’s reserve of this element is limited. Zinc oxide 

(ZnO) and its variants such as aluminum-doped ZnO (AZO) exhibit comparable electrical 

conductivity and transmissivity to ITO, and are of interest for TCO applications. However, the 

workfunction of ZnO and AZO is smaller compared to ITO. The smaller workfunction of AZO 

results in a higher hole injection barrier at the anode/organic interface, and methods of tuning its 

workfunction are required. This dissertation tested the hypothesis that workfunction tuning of AZO 

films could be achieved by surface modification with electronegative oxygen and fluorine plasmas, 

or, via use of nanoscale transition metal oxide layers (MoOx, VOx and WOx). Extensive UPS, XPS 

and optical spectroscopy studies indicate that O2 and CFx plasma treatment results in an 

electronegative surface, surface charge redistribution, and a surface dipole moment which 

reinforces the original surface dipole leading to workfunction increases. Donor-like gap states 

associated with partially occupied d-bands due to non-stoichiometry determine the effective 

increased workfunction of the AZO/transition-metal oxide stacks. Reduced hole injection barriers 

were engineered by ensuring that the surface ad-layers were sufficiently thin to facilitate Fowler-

Nordheim tunneling. Improved band alignments resulted in improved hole injection from the 

surface modified AZO anodes, as demonstrated by I-V characterization of hole only structures. 

Energy band alignments are proposed based on the aforementioned spectroscopies. Simple bilayer 



OLEDs employing the surface modified AZO anodes were fabricated and characterized to 

compare their performance with standard ITO. Anodes consisting of AZO with MoOx or VOx 

interfacial layers exhibited 50% and 71% improvement in power efficiency (PE) and external 

quantum efficiency (EQE), respectively, compared to ITO at a working voltage of 9 V. The 

efficiencies of dipole reinforced AZO (O2/CFx plasma treated) anodes were comparable to ITO. 

The improved performance of the surface modified AZO anodes compared to as-deposited AZO 

is ascribed to improved hole injection, improved charge balance, and improved radiative 

recombination kinetics. The results suggest that surface modified AZO anodes are a promising 

alternative to ITO, given the lower cost and Earth abundance of Al and Zn.  
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1.1. Motivation 

The first commercially viable light bulb was invented by Thomas Edison in 1880 [1]. 

Electric lighting has evolved significantly from the early incandescent light bulbs to more efficient 

fluorescent lamps, commercialized in 1920s, to highly efficient solid state light sources. Solid state 

lighting includes inorganic light emitting diodes (LEDs) and organic light emitting diodes 

(OLEDs). Compared to incandescent lighting OLEDs possess many advantages such as 10X better 

efficiency, eco-friendliness, high structural flexibility, and ease of fabrication [2]. OLED based 

display technology has been commercialized at a relatively small scale in the devices such as 

smartphones and TVs (Figure 1.1). However, significant barriers remain and must be overcome to 

achieve large-scale commercialization. These include lower stability, lower device lifetime, and 

higher cost.  Currently, indium-tin-oxide (ITO) is used as the transparent conducting oxide (TCO) 

anode in OLEDs [3,4]. Indium is a costly and rare metal, and its replacement with inexpensive 

transparent conducting oxides (TCO) would significantly reduce the cost of OLEDs. Zinc oxide 

doped with Aluminum (AZO) exhibits comparable transparency and conductivity and is a potential 

alternative to ITO [4]. However, the lower workfunction of AZO compared to ITO means that the 

barrier for hole injection into adjacent organic layers is higher, which in turn is expected to lead to 

lower device efficiency.  

Therefore, the mechanisms of workfunction tuning of AZO films need to be understood. 

In this study, surface modification of AZO films by oxygen/carbon tetrafluoride plasma treatment, 

and by depositing nanoscopic d0 transition metal oxide (molybdenum oxide, tungsten oxide, and 

vanadium oxide) interfacial layers were investigated. These archetypal d0 transition metal 
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electronic oxide interfacial layers were chosen because they exhibit high workfunction, and can 

facilitate electronic conduction. The objective was to understand the impacts of these 

modifications on workfunction. The performance of surface modified AZO anodes in OLEDs was 

then compared with commercially available ITO anodes as controls. 

1.2. Contributions of the dissertation 

Following are the contributions: 

a) Electrical, optical, and structural optimization of AZO film on glass substrates along with

understanding the carrier scattering mechanisms and the impact on electrical and optical

properties.

b) Basic insight to how oxygen and carbon tetrafluoride plasmas, and, how nanoscopic interfacial

layers of molybdenum oxide (MoOx), vanadium oxide (VOx), and tungsten oxide (WOx)

impact the workfunction of AZO films.

c) High hole injection efficiency of surface modified AZO anodes were characterized using hole-

only devices.

d) The electro-optical performance of OLEDs with the various AZO anode configurations was

quantified. Organic light emitting diodes (OLEDs), processed on surface modified AZO anode,

Figure 1.1: An OLED TV 
by LG Electronics Inc. 
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demonstrated high luminance, better power and external quantum efficiencies compared to 

commercially available ITO anodes.     

1.3. Organization of dissertation 

The dissertation is divided into 9 parts: Chapter 1 contains a brief introduction with the 

motivations for and contributions of the present work. Chapter 2 gives a detailed literature review 

of AZO film depositions as well as a general overview of previous work on surface modification 

of transparent conducting oxide (TCO) anodes for organic light emitting diodes (OLEDs). This 

section also discusses functions and materials of OLEDs. Chapter 3 provides a brief description of 

the experimental tools and procedures applied in this research. From Chapter 4 onwards, results 

are discussed. Optimization of the structural and functional characteristics of AZO films and the 

underlining carrier scattering mechanism are explained in Chapter 4. Chapter 5 explains the 

observed workfunction tuning with oxygen and carbon tetrafluoride (CFx) plasma treatment of 

AZO films, and the performance in OLEDs. Chapter 6 provides X-ray/ultraviolet photoelectron 

spectroscopy (XPS/UPS) and hole injection efficiency studies of MoOx surface modified AZO 

films along with demonstration of its performance in OLEDs. Chapters 7 and 8 reports on similar 

studies using vanadium oxide (VOx) and tungsten oxide (WOx) surface modified AZO, 

respectively. Chapter 9 summarizes the key findings in the Conclusion, and Chapter 10 provides 

recommendations for further studies. 
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2.1. Introduction of Aluminum doped Zinc oxide (AZO) 

Zinc oxide (ZnO) and its variants, for example Zinc oxide doped with Aluminum (AZO) 

are direct bandgap transparent semiconductors that are being researched for optoelectronic 

applications including use as transparent conducting oxide (TCO) electrodes in organic light 

emitting diodes (OLEDs) and solar cells [1-4]. The crystal structure of AZO is same as ZnO, i.e. 

wurtzite as shown in Figure 2.1 [5]. In the hexagonal lattice of ZnO, Zn and O are in two 

interconnecting sub-lattices of Zn2+ and O2-, such that Zn ion is surrounded by a tetrahedron of O 

ions, and vice-versa. A small percentage (~2% - 5%) of Al doping in ZnO provides extrinsic 

donors, leading to better electrical conductivity along with higher transmissivity [6]. Extrinsic 

donors provided by Al doping, along with native donors such as oxygen vacancies and zinc 

interstitials leads to degenerate free carrier concentrations [7,8]. The structure, polarity and surface 

termination of ZnO/AZO give rise to wide range of properties such as workfunction, 

piezoelectricity, etc. Polar O (0001�) and Zn (0001) terminated surfaces show higher workfunction 

than that of non-polar (101�0) surfaces [9]. AZO deposition technique and parameters play a very 

important role in the properties of films, such as electrical conductivity, optical transmissivity, 

surface roughness, thickness, etc. For instance, transmissivity is reduced with an increase in 

deposition pressure or decrease in substrate temperature [10]. Park and co-workers [11] obtained 

maximum electrical conductivity at 150 oC substrate temperature, whereas Chun et al. [12] 

reported maximum electrical conductivity for films deposited with 160 W of applied power to a 2 

inch target. Electrical conductivity as a function of Al concentration in sputtered films showed the 

highest electrical conductivity at 4% Al concentration [11,13,14]. Pulsed laser deposited AZO 
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films show electrical resistivity of 1.8 x 10-4 ohm.cm and transmissivity of ~ 90 % for 580 nm 

films [15]. These electrical and optical properties are comparable to ITO [16]. Other properties 

such as workfunction, roughness, and crystallinity of AZO films also change with deposition 

conditions and film thickness [17,18]. Thus, deposition conditions and parameters typically must 

be optimized.  

Figure 2.1: Schematic of wurtzite crystal structure of Zinc oxide. Red balls are Oxygen, grey 
are Zinc [5]. 

2.1.1. Deposition techniques of AZO 

AZO films are deposited by various physical vapor deposition (PVD) techniques such as 

sputtering (radio frequency/direct current), pulsed laser deposition (PLD), and thermal 

evaporation. Chemical vapor deposition (CVD) techniques such as molecular organic chemical 

vapor deposition (MOCVD) and atomic layer deposition (ALD) have also been used to produce 

AZO films. Solution based methods such as sol-gel and spray pyrolysis have also been used to 

deposit AZO films. The structural, electrical, optical, and surface properties of AZO depend on 

the deposition technique used. Details of the deposition technique used in this work will be 
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explained in Section 3, Experimentation. The following is a brief introduction to the most 

commonly used thin film deposition techniques: 

a) DC/RF Sputtering: Sputtering is the most widely used technique for deposition of

polycrystalline thin films. Direct current (dc) sputtering is used for conductive materials, while

radio frequency (rf) sputtering is suitable for conductive as well as insulating specimens. A

schematic of a sputtering system is shown in Figure 2.2(a). The technique involves deposition

of plasma generated molecules or atoms from target (cathode) onto a substrate (anode). A high

energy plasma is created at cathode due to ionization of a working gas (typically Ar), and

subsequent bombardment of the target by these ions lead to removal of target atoms or

molecules. The thus created atoms are deposited onto the substrate (anode) to form a film.

Sputtering systems where magnets are place behind targets to improve ionization and

uniformity of ions and electrons are termed magnetron sputtering, and yields improved

deposition rates and more uniform films. AZO films of optimum electrical, optical, and

structural properties have been deposited by dc/rf sputtering in Ar and O2/Ar gaseous

environments at different deposition pressures [19], sputtering powers [12], and substrate

temperatures [20].  In AZO film deposition, the plasma is comprised of Ar+, O+, and e- which

bombard the target made up of ZnO mixed with Al2O3. Consequently, Zn, Al, O, O2-, and O-

entities are removed and deposited at the positively charged substrate. The advantages of this

technique include low substrate temperature fabrication, good crystallinity, high purity, cost

effectiveness, and high throughput [21]. Lu et al. [22] demonstrated better quality of sputtered

deposited AZO films compared to CVD deposited AZO films. XRD spectra of sputtered

deposited AZO film, shown in Figure 2.2 (b), exhibit one sharp peak (002) which implies better

crystallinity compared to the CVD or ALD deposited AZO film [22].
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Figure 2.2: (a) Schematic diagram of a rf magnetron sputter system [23], (b) Normalized XRD 

profiles of AZO films prepared by CVD and magnetron sputtering [22]. 

b) Pulsed laser deposition (PLD): AZO and ZnO films are deposited by pulsed laser deposition

(PLD) through ablation of ZnO or AZO targets using UV-excimer lasers (KrF (248 nm), ArF

(193 nm)) [24].  A schematic diagram of a PLD system is shown in Figure 2.3. Laser light

striking the target causes congruent evaporation and ablated species from target ultimately

deposit onto a substrate. Ablated species from the targets condensed on the substrate to form

thin films. Laser energy, frequency, target-substrate gap, and substrate temperature dictate the

deposition rate and film quality [23,25]. PLD deposited ZnO/AZO films exhibited very low

resistivity of 8.5 x 10-5 Ω-cm and transmittance of 88% in the visible range [26]. The foremost

disadvantage of PLD deposited ZnO/AZO films is film non-uniformity, caused by thickness

gradients. Non-uniformity of the films are also caused by high laser fluence and ablated

particles hitting the substrate and damaging the deposited film, leading to high roughness and

non-uniformity [27].

(a) 
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Figure 2.3: Schematic diagram of pulsed laser deposition (PLD) [23]. 

c) Chemical vapor deposition (CVD) is cheap and suitable for batch production of ZnO/AZO

films [28]. CVD is a very fast deposition technique; typical deposition rate is ~ 50 nm/min.

AZO film deposition by CVD depends upon gas flow rate (supply of precursor to the surface)

and substrate temperature. Variants of CVD such as MOCVD are suitable for crystalline and

smooth AZO films [29]. As shown in Figure 2.4, the operation of CVD involves inlets of

gaseous precursors and transport to a substrate where the precursors react to produce solid ZnO

and volatile gaseous by-products which are pumped out from the reaction chamber. Major

precursors are diethyl zinc, triethyl aluminum, and ethanol [30]. Metal organic CVD is used

for fabrication of highly textured transparent conducting oxide (TCOs) anodes. Advantages of

this technique include cost effective, mass production and high crystallinity [31].
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Figure 2.4: Schematic diagram of a thermal chemical vapor deposition (CVD) system [adapted 

from azonano.com]. 

d) Atomic layer deposition (ALD) is a layer-by-layer deposition technique. Broadly, the basic

principle and operation of ALD are similar to CVD, except for inert gas purging after every

step of the deposition. Figure 2.5 shows a schematic diagram of ALD system. AZO can be

deposited at 150oC in two steps: first, ZnO is deposited using diethyl zinc and distilled water

as precursors, followed by purging with inert gas, then aluminum oxide is deposited using

trimethyl aluminum and DI water as precursors [32]. The electrical resistivity of ALD

deposited AZO was observed to be ~3 x 10-3 Ω-cm [33]. It is a slow technique, but produces

the best film quality in terms of crystallinity and low surface roughness.
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Figure 2.5: Schematic diagram of atomic layer deposition (ALD) [adapted from 

oxfordinstrument.com]. 

e) The sol-gel technique is a solution-based method for preparation of ZnO/AZO films. AZO

films are prepared with liquid ZnO and Al (dopant) precursors. The ZnO precursor is made by

dissolving Zn(CH3COO)2.2H2O in anhydrous methanol, and aluminum dopant precursor is

prepared by dissolving AlCl3.2H2O and Al(NO3)3.9H2O in methanol solution. Figure 2.6 is a

schematic of the sol-gel technique. Electrical resistivity of AZO film prepared with sol-gel

method was observed to be in the 10-1 to 10-2 Ω-cm range [34]. Post-preparation annealing of

AZO was observed to significantly reduce the resistivity.  For example, AZO film annealed at

450oC exhibited a resistivity of 7 x 10-4 Ω-cm [35].
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Figure 2.6: Schematic diagram of the sol-gel deposition technique [commons.wikimedia.org]. 

 

2.1.2. Sputtering is the most commonly used technique for thin film deposition. The following is 

an introduction to the deposition parameters in the sputtering deposition technique: 

a) Substrate temperature: The effect of substrate temperature on deposition of thin films by 

sputtering, PLD, and CVD has been extensively studied [11,26]. AZO film deposition through 

rf/dc sputtering at different substrate temperatures has shown that AZO film properties e.g., 

for example conductivity, transmissivity, surface roughness and crystallinity improved with 

increases in substrate temperature up to 250oC [21]. As shown in Figure 2.7, the electrical 

properties of AZO films degrades with further increases in substrate temperature. The smallest 

electrical resistivity of 4.1 x 10 -4 Ω-cm and a high transmissivity of 85% was observed at 

250oC [21]. The optical bandgap did not change with change in substrate temperature, and the 

films become more textured with increase in substrate temperature, observed from sharper and 

higher intensity XRD peaks [18]. 
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Figure 2.7: Electrical resistivity vs substrate temperature [21]. 

 

b) Deposition gas: Thin film properties vary with the working gas type and its pressure during 

deposition. Minimum electrical resistivity and maximum optical transmissivity are observed 

at certain optimal deposition pressures. Zhou et al. [36] obtained 9 x 10-4 Ω-cm resistivity and 

85% transmissivity at 0.5 Pa of deposition pressure, Park et al. [11] observed 5 x 10-4 Ω-cm 

resistivity and 90% transmissivity at 2 mTorr. AZO films deposited by Tseng et al. [37] in Ar 

demonstrated electrical resistivity of 4 x 10-4 Ω-cm, less than the electrical resistivity of 8 x 

10-4 Ω-cm for AZO films deposited in Ar+O2 reactive ambient by Chang et al. [21]. Kim et al. 

[38] demonstrated a clear decrease in resistivity with increases in O2/Ar ratio. Figure 2.8 shows 

the variation in electrical resistivity with increases in deposition pressure reported by Zhou 

[35]. 

13



 

Figure 2.8: Electrical resistivity vs deposition pressure [36]. 

 

c) Film thickness: Thickness of AZO films dictate their optical, electrical, and structural 

properties that are important for application as anodes in OLEDs [37]. Electrical resistivity 

decreases with thickness increases.  For instance Li et al. [39] observed a decrease in electrical 

resistivity from 6 x 10-3 Ω-cm at 300 nm thickness to 4 x 10-4 Ω-cm at 900 nm thickness. 

Similarly, Tseng et al. [37] observed decrease in electrical resistivity from 1.6 x 10-3 Ω-cm at 

150 nm to 5 x 10-4 Ω-cm at 350 nm. The reason behind this decrease in electrical resistivity 

with increasing thickness a larger volume of AZO, containing a higher number of carriers, 

leading to larger conductivity. Figure 2.9(a) shows the change in resistivity and sheet resistance 

with increase in thickness, and Figure 2.9(b) shows the decrease in transmissivity with increase 

in thickness. Both adversely affects its performance as TCO in OLEDs [39]. Film thicknesses 

also affect surface roughness. 
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Figure 2.9: (a) Resistivity vs film thickness, (b) Optical transmittance of different film thickness 

[39]. 

 

d) Deposition rate: Deposition rate primarily depends on the power and pressure.  In sputtering it 

depends on sputtering power, and in PLD it depends on laser power. There has been a lot of 

studies on the change in electrical properties and surface morphology of AZO films as a 

function of deposition rate changes. The optical band gap increases with increases in sputtering 

power [40]. Increases in deposition power adversely affects film roughness and its crystallinity 
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[3]. Deposition rate is also dictated by working gas pressure [19]. Figure 2.10 shows the 

deposition rate variation with sputtering power and gas pressure. 

 

Figure 2.10: Deposition rate vs rf power and Ar deposition pressure. 

 

e)  Doping effect: The electrical, structural, and optical properties of AZO films change with 

doping content of aluminum [13]. ZnO with less than 10% Al doping exhibited electrical 

resistivity of ~10-4 Ω-cm, and the lowest resistivity was observed at 2% to 4% Al content. The 

optical transmissivity of ZnO doped with 10% Al decreased from 90% to 80% upon increasing 

Al content to 20%. XRD and SEM structural analysis demonstrated an increase in grain size 

with 4% increase in Al content, which decreased upon further increases in Al content [41].  
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2.1.3. AZO film application in OLEDs 

There has been research to replace ITO with AZO films in OLEDs. The performance of 

ITO has been better than AZO in OLEDs [37]. Xu et al. [42] has reported lower luminance and 

efficiency for AZO-based OLEDs compared to ITO equivalents. AZO-based OLEDs 

demonstrated higher turn-on voltages and lower luminance compared to ITO based OLEDs. AZO 

has also been studied to use as cathode in inverted OLEDs [43]. 

2.2. Organic light emitting diode (OLED) 

Organic light emitting diodes (OLEDs) have been vigorously studied in the previous 

several decades, resulting in commercial products in the last decade. They are currently being used 

in smartphones and television displays. OLEDs generate light based on the electroluminescence 

(EL) principle. EL is the non-thermal generation of light under application of an electric field, or 

by a driving current through a substance. The first organic electroluminescence was observed in 

the 1960s from single crystal anthracene [44] with high working voltage (~100 V). But no 

substantial progress in terms of efficiency and working voltage was achieved until 1987, when 

Tang and Van Slyke [45] from Kodak reported low-voltage OLEDs from p-n heterostructure 

devices using thin films of vapor-deposited organic materials. OLEDs are useful for flat-panel 

displays and solid state lighting because of advantages that include high luminous efficiency, full 

color capability, wide viewing angle, high contrast, low power consumption, light weight and 

flexibility [46]. A wide range of organic materials and deposition techniques has been used to 

fabricate discrete color (red/green/blue subpixels) or white light [47]. Side-by-side patterning of 

different colored subpixels has been designed to make white emitting OLEDs.  
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2.2.1. History of OLEDs 

The first organic electroluminescent device with monolayer anthracene was demonstrated 

in the 1960s, as shown in Figure 2.11(a) [44]. It had a high turn-on voltage and very low efficiency. 

There was no major research breakthrough in organic electroluminescent devices until 1987, when 

Tan and Van Slyke [48] from Kodak reported low-voltage OLED from p-n heterostructure devices 

using thin films. In 1990 the discovery of polymer light emitting diodes at University of Cambridge 

reignited interest in OLED research. Since then numerous studies have been carried out to develop 

more efficient, cheap, and stable organic materials to make better OLEDs. Van Slyke et al. 

invented fluorescent, and Baldo et al. developed phosphorescent emissive materials for OLEDs 

[49,50]. Regarding structure, OLEDs have also evolved from monolayer in the 1960s to the current 

design with many layers in a complex structure. Figure 2.11(b) shows a schematic diagram of a 

double layer OLED. 

 

Figure 2.11: (a) Schematic diagram of the first OLED with a single anthracene organic layer [44]. 

(b) Schematic diagram of double layer OLEDs [48]. 
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2.2.2. Working principle of OLEDs 

These days, many layered complex structures are prepared to form better performing 

OLEDs. Figure 2.12 shows a schematic structure of an OLED. OLED generates light due to 

radiative recombination of electron and hole where wavelength of light is equal to the HOMO-

LUMO energy separation of the emissive layer. In cases where dopants are used in the emissive 

layer to form a host-dopant system, energy transfer from the host to the dopant occurs and the 

wavelength of the emitted light is determined by the HOMO-LUMO separation of the dopant.  In 

the OLEDs, holes are injected from anode to highest occupied molecular orbital (HOMO) of the 

hole transport layer (HTL) and electrons are injected to the lowest unoccupied molecular orbital 

(LUMO) of electron transport layer (ETL). Holes and electrons are transported through HTL and 

ETL to reach emissive layer (EM) where they recombine to emit light of wavelength 

corresponding to the HOMO-LUMO energy separation of the emissive layer (or HOMO-LUMO 

energy separation of dopants) . The efficiency of the device depends on the photon output per unit 

input charge. Input charge depends on carrier conductivity of the respective organic layers, the 

magnitude of interfacial barriers, as well as the carrier injection ability of the electrodes. 
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Figure 2.12: Schematic diagram of layered structure of OLED. 

 

2.2.3. Advantages and disadvantages of OLEDs 

OLEDs possess numerous advantages in comparison to other display technologies 

including high brightness (200 – 30000 Cd/m2), high power efficiencies, low driving voltage ( 2.5 

– 10 V DC), light weight, flexibility, high contrast, fast response time (ns–μs), and broad viewing 

angle (>170o). Figure 2.13 shows an OLED display compared to a LCD (liquid crystal) example. 

OLEDs have disadvantages which limit their use. They are relatively costlier (both material 

and processing cost) than other display technologies, and its working lifespan is short, and color 

purity degrade too quickly. 
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Figure 2.13: OLED display compared to LCD display TV [courtesy – LG]. 

 

2.3. Introduction to OLED Materials 

2.3.1. Anode and cathode layers 

In any device, electrodes (anode and cathode) of high electrical conductivity are needed. 

Anodes of an OLED should have properties such as high electrical conductivity, high 

transmissivity and high workfunction to perform efficiently [51]. High workfunction anodes create 

better band alignment with the HOMO of the adjacent organic hole transport layer which results 

in a lower hole injection barrier, leading to higher hole injection efficiency. TCOs such as ITO are 

used as anodes in OLED [52].  Cathodes are reflective and should have low workfunction to 

facilitate better alignment with LUMO of the electron transport layer. Better band alignment 

decreases the electron injection barrier, thus improving device efficiency [53]. Most commonly 

used cathodes are shown in Table 2.1. Semitransparent cathode composed of LiF, Al and Ag has 

been researched for top-emitting OLED [54] . 
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Table 2.1: Most commonly used cathode materials in the OLEDs. 

Cathode material Workfunction (eV) References 

LiF/Al 3.2 Hung et al [53] 

Mg:Ag 3.1 Tang et al [45] 

2.3.2. Hole injection layer (HIL) 

The difference between the workfunction of TCO anodes and HOMO of the HIL organic 

layer creates a hole injection barrier which decreases the efficiency of device. Hole injection 

efficiency of an anodes can be improved by inserting thin, high workfunction hole injection layers 

at the anode. Commonly used hole injection layers are CuPc [49], PEDOT: PSS [55], m-MTDATA 

[56] graphene oxide [57]. PEDOT also decreases the surface roughness of ITO, and reduces 

electrical shorts. m-MTDATA is used as HIL because its workfunction of 5.0 eV is comparable to 

ITO. Metal oxides such as MoO3, NiO, and V2O5 are also used as hole injection layers [58-60].  

2.3.3. Hole transport layer (HTL) 

 A HTL layer should exhibit properties such as lower hole injection barrier from anode, 

higher hole mobility, lower hole injection barrier to the emissive layer, thermal stability in ambient 

conditions, and suitability for vacuum deposition. Triarylamine based compounds are the most 

commonly used hole transport organic materials because of high hole mobility. N,N’-(3-methyl-

phenyl)-1,1’-biphenyl-4,4’-diamine (TPD) was used due to good hole transport efficiency. 

However, the lifetime of TPD based OLED devices was very short due to its recrystallization after 

few hours of its deposition [61]. To improve the stability of TPD at ambient conditions, a larger 

phenyl group (triphenylsilyl) was attached, leading to increased size, density, rigidity, and 
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asymmetry, which inhibit rapid crystal formation. Other more commonly used HTL materials are 

NPB [49], BPAPF [62], and TAPC [63], shown in Figure 2.14. NPB is an asymmetric triarylamine 

with nitrogen bonded to three aryl groups, leading to hindered recrystallization [64]. NPB 

displayed higher hole mobility along with a higher glass transition temperature [65]. TAPC = 1,1 

– bis[(di-4-tolylamino)phenyl] cyclohexane has been used due to its higher mobility, HUMO-

LUMO alignment, and stability.  

 

Figure 2.14: a) NPB, b) TAPC. 

 

2.3.4. Emissive layer (EL)  

Emissive layers emit photons of wavelength equivalent to the energy difference between 

their HOMO and LUMO levels, or the HOMO-LUMO separation of dopants. Emissive materials 

are categorized as Fluorescent or Phosphorescent.  The first generation of OLEDs was based on 

fluorescent materials, pioneered by Tang and Van Slyke from Kodak [48]. Light emission from 

fluorescent materials only uses singlet exciton recombination, and thus efficiency is limited to 

25%. Phosphorescent material uses singlet as well as triplet excitons to emit light with efficiency 

approaching 100% [66]. Second generation OLEDs use phosphorescent materials. In 

phosphorescent materials, intersystem crossing is favored by the presence of heavy atoms such as 

(a) 
(b) 
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Ir because heavy atoms increase the spin-orbit coupling that favor intersystem crossing and allow 

radiative triplet transitions [50]. Highly efficient green and red electro-phosphorescent emitters 

have been demonstrated with external quantum efficiencies approaching 100% and power 

efficiencies of 70 lm/W [66,67]. A commonly used fluorescent emissive material is tris (8-

hydroxyquinolato) aluminum (III) (AlQ3), and common phosphorescent materials are CDBP and 

mCP [68,69]. 

2.3.5. Electron transport layers (ETL) 

Electron transport layers are used to transport electrons in the OLEDs. These materials are 

compounds with conjugated systems, suitable for delivering electrons. Commonly used ETLs are 

AlQ3 [70], TAZ derivatives (1, 2, 4 – trazoles) [71], OXD (1,3,4-oxadiazole) [72,73], and TPBI 

(2,2’,2”-(1,3,5 – benzenetriyl)-tris-[1-phenyl-1Hbenzimidazole]) [74]. Organic dye-based ETLs 

provide better efficiency than metal-based ETLs such as Alq3. But AlQ3 is more commonly used 

because AlQ3 is a metal-chelate which is more stable than organic dyes. Alq3 is a stable metal-

based fluorescent material which reduces the effects of defects at inorganic (metal electrode) and 

organic interfaces. Figure 2.15 shows the structure of AlQ3. TPYMB organic materials have also 

been researched for use as electron transport layers [74].  

 

Figure 2.15: Structure of AlQ3. 
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2.3.6. Carrier (electron/hole) blocker layer  

Ideally, the transport of electrons and holes by the ETL and HTL should be such that 

recombination occurs in the emissive layer. But in actual devices, carriers have different mobilities 

and as a result carrier may be transported across the emissive layer, which in turn reduces radiative 

recombination and efficiency. Thus, to limit this behavior hole blocker layers (HBLs) and electron 

blocking layers are used to confine hole and electrons to the emissive layer. Commonly used HBLs 

are TPBI [75] and TPYMB [74].  TAPC is an excellent electron blocker and in some designs mCP 

is used as electron blocker layer [52,75] .  

2.3.7. Fluorescent and phosphorescent materials 

Both fluorescent and phosphorescent materials may consist of hosts and dopants. 

Fluorescent AlQ3 emits red upon doping with 6,13-diphenylpentacence (DPP) [76], or 7-(9-

anthryl)dibenzo[a, o]perylene (PAAA) [77]. Phosphorescent materials can approach 100% 

internal quantum efficiency as mentioned earlier. Most of the phosphorescent host materials are 

based on carbazole or its derivatives. CBP has been the most common phosphorescent host. With 

ppy2Ir(acac), bt2Ir(acac), or btp2Ir(acac)-dopants, CBP devices emit green, yellow, and red [78] 

respectively. With CBP host doped with Ir(ppy)3 metalorganic phosphor, Adachi et al [79] has 

exhibited up to 60 % - 80 % of internal quantum efficiency (IQE) and 12% of external quantum 

efficiency (EQE). With CBP host doped with Pt(ptp)2 complex, M Li et al [80] has demonstrated 

19.7% peak EQE. Another phosphorescent host 4, 4’4” – tris (9 – carbazolyl) triphenylamine 

(TCTA) produced 19.2 % EQE at 3.5 V upon doping with Ir(ppy) [81]. Several other 

phosphorescent hosts such as 4,4’-bis(9-carbazolyl)-2,2-dimethyl-biphenyl (CDBP) and N-N’-

dicarbazolyl-1,4-dimethane-benzene (DCB) have been developed [69,82]. In phosphorescent 
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dopants heavy metals (rare earth metal) such as ruthenium, iridium, or platinum are attached to an 

array of ligands. Most of these use metal to ligand transfer (MLT).   Commonly used green 

phosphorescent dopants are Ir(ppy)3, Ir(mppy)3, red is Eu(dbm)3(phen), and blue phosphorescent 

is FIrpic [83]. 

a) Fluorescence: Fluorescent material emits lights due to radiative electron transition from 

singlet excited state to the singlet ground state, shown in Figure 2.16(a). Fluorescence is a 

spin allowed transition, so it has very short carrier life decay time. The efficiency of 

fluorescent material is thrice as low as phosphorescent material because only 1/4th of excited 

electrons are used in fluorescent material. Recently, Park et al. [84] demonstrated triplet 

harvesting in fluorescence molecules too.  

b) Phosphorescence: In phosphorescence, lights are emitted due to radiative electron transition 

from triplet excited state to the ground state via intervening spin rotation because it is spin 

forbidden transition as here spin direction of both excited and ground states of electron are 

the same. Since it is spin forbidden transition and de-excitation takes place through 

intervening spin rotation, it has longer carrier life decay time. Figure 2.16(a) shows the spin 

orientations in both ground and excited states of singlet as well as triplet. From probability 

theory, 25 % of excited electrons are in singlet state while 75% of excited electrons are in 

triplet state. In the phosphorescent material, both triplet and singlet electrons participate in 

recombination through intersystem crossing. As shown in Figure 2.16(b), Jablonski diagram 

describes the photo-physical process in a molecular system [85]. If there is overlap between 

excited triplet state (T1) and excited singlet state (S1), an electron transfers from S1 to T1 

by intersystem crossing and decays to emit light. Intersystem crossing is enhanced by heavy 

atom dopants such as Os, Ir, Pt, etc. [52,86].  
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Figure 2.16: (a) Schematic of fluorescence and phosphorescence spin states, (b) The Jablonski 

diagram that explains the photophysical processes in the molecular system. 

 

 

(b) 

(a) 
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2.4. Surface modification of electrodes 

Electrodes are a critical component of OLEDs. Besides high electrical conductivity, anodes 

must have high transmissivity and high workfunction. Cathodes need to have low workfunction. 

Workfunction is a surface property which can be tuned by surface modification. Surface 

modification of electrodes also improves surface roughness, and removes impurities and defects 

which cause interfacial traps. OLED device scientists have been using many methods of ITO anode 

surface modification methods such as O2/CFx plasma treatment [84,87], UV-ozone plasma 

treatment [84], and modification by organic and inorganic interfacial layers [49,88]. For Al or Ag 

cathodes, surface modification is being carried out by including a very thin interfacial layer of low 

workfunction material such as LiF and Mg [45,53] .  

2.4.1. Methods of ITO surface modification 

a) Oxygen (O2) and carbon tetrafluoride (CF4) plasma treatment

O2/CF4 plasma treatment has been carried out to enhance the surface workfunction and 

surface roughness. Plasma treatments are believed to cause adsorption of electronegative radicals 

onto the ITO surface which reinforces the original surface dipole, leading to an increase in 

workfunction [89,90]. Plasma treatment removes the adventitious carbon which leads to an 

increase in workfunction. High energy plasmas impact a film surface morphology by changing its 

surface roughness [91]. Y. Park et al. [84] has used UV- ozone treatment over ITO to enhance 

functionality of ITO so that efficiency of ITO-based OLEDs improved. O2 plasma treatment has 

been used to improve the functionality of ZnO as well as ITO films [63]. CF4 or CF4/O2 (3:1) 

plasma treatments have been used to enhance the workfunction and clean the ITO surfaces so that 

plasma-treated ITO performs more efficiently compared to non-treated ITO films [87].   
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b)  Molybdenum oxide (MoOx) interfacial layer 

Molybdenum oxide is a highly polar transition metal oxide having multiple Mo oxidation 

states because of which it has many catalytic applications [92,93]. It has a wide band gap and large 

workfunction. Recently, it has been researched for application as a carrier injecting interfacial layer 

in OLEDs [94]. Wang et al. [59] demonstrated improved performance of bottom emitting OLEDs 

with MoO3 as a hole injection layer on ITO. They claimed that the larger workfunction of MoO3 

improved the band alignment of the anode with hole transport layer, leading to high hole injection 

efficiency. In a top emitting OLED, Al or Ag/MoO3 anodes resulted in more efficient devices [95]. 

Devices with MoO3 hole injection layers exhibited higher luminance and better color integrity 

[96,97].  

(b) Vanadium oxide (VOx) interfacial layer 

Vanadium oxide shows higher workfunction and thus, is being researched for application 

as an injection layer in OLEDs [98]. Researchers have demonstrated higher performance of 

OLEDs using ITO with vanadium oxide hole injection anodes [99]. They exhibited lower turn-on 

voltage, higher efficiencies and higher luminance [98].   

(c) Tungsten oxide (WO3) interfacial layer 

Tungsten oxide (WOx) is transparent and has a high workfunction. Tungsten oxide films 

can also be used as carrier injection layer in OLEDs because of their high workfunction and high 

optical transparency [100]. Researchers have demonstrated higher efficiencies and higher 

luminance of OLEDs with ITO anodes and WO3 hole injection layers [101].  
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2.4.2. Surface modification of AZO anode 

Zinc oxide and its variants have been subjected to surface modification for the purpose of 

improving its workfunction and cleaning impurities, etc. Fang et al. have used oxygen plasma 

treatment to improve its workfunction [102]. They have briefly explained using theoretical as well 

as experimental analysis that oxygen plasma treatment chemisorbed oxygen onto the AZO surface 

which reinforces the original AZO surface dipole. Oxygen plasma treatment also removes 

adventitious hydrocarbon, which results in higher workfunction. Wang et al. have used UV- ozone 

treatment to improve the workfunction and clean AZO surfaces for its use as a transparent 

conducting oxide (TCO) [103]. They demonstrated improvement in workfunction with various 

cleaning methods such as solvent cleaning and UV- ozone cleaning. 

  

2.5. Carrier conduction mechanisms in OLEDs 

Understanding carrier conduction in the different layers of OLEDs is critically important 

because based on that, we can change or modify a particular layer to enhance the performance of 

OLEDs. For instance, barriers between the electrode and carrier transport layers controls the 

injection of carriers, which in turn impacts the radiative recombination and device performance.  

Charge carrier conduction through OLEDs is either transport limited (space charge limited) or 

injection limited [104].    

2.5.1. Space charge limited current 

Space charge limited (SCL) currents are generated when injected carriers are more than 

compensating carriers. It is occurs in devices with lower carrier injection barriers and in trap-free 
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organic layers. SCL is a unipolar trap-free current which is proportional to the square of applied 

voltage. It depends on the thickness of organic layer. SCLC is estimated from the following 

expression (Child’s law) [104,105]:  

𝐽𝐽SCL(𝐸𝐸) =  
9
8 𝜀𝜀𝜀𝜀0𝜇𝜇

𝐸𝐸2

𝐿𝐿

where ε is the relative dielectric constant, ε0 is the permittivity of vacuum, μ is the carrier 

mobility, E is electric field, and L is sample thickness. 

2.5.2. Carrier injection limited currents 

Injection limited currents are impacted by the carrier injection barrier height [105]. 

Modifying the workfunction aligns the bands of injecting layer with the receiving carrier transport 

layer [106]. The impact of this modification has been briefly discussed in the above parts of the 

text. Energy band diagram of metal – organic interface is shown in Figure 2.17. Carrier injection 

from electrodes to carrier transport layers is explained by two models – (a) Fowler-Nordheim 

model (tunneling injection) and (b) the Richardson-Schottky model (thermionic emission).  

(a) Fowler-Nordheim (FN) model -   

FN tunneling is quantum mechanical tunneling of charge from energy states of the 

electrode to the HOMO or LUMO of the organic layer. Carriers tunnel through a potential barrier 

under applied electric field. It occurs due to large band bending on the organic side, leading to a 

thinner depletion region under large applied electric field [105] as shown in Figure 2.17(a). FN 

model is temperature independent. The FN current density is estimated according to: 
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𝐽𝐽FN = 𝐵𝐵𝐸𝐸2 exp[−
𝑏𝑏
𝐸𝐸] 

where, B = e3/(8πhqϕb) and b = [8π(2𝑚𝑚∗)1/2(qϕb)3/2]/3he. Here, e is the elementary charge, h is 

Planck constant, m* is effective mass, and E is electric field. 

(b) Richardson-Schottky (RS) model 

RS model is considered when carriers possess sufficiently high thermal energy to overcome 

the energy barrier at the electrode-organic layer interface. Figure 2.17(b) shows schematics for 

thermionic emission. Current density in this model is estimated by the following expression [104]: 

J𝑅𝑅𝑅𝑅 = A𝑇𝑇2 exp(−
𝑞𝑞𝜙𝜙𝑏𝑏 − 𝛽𝛽𝑅𝑅𝑅𝑅√𝐸𝐸

𝑘𝑘𝑇𝑇 ) 

where T is temperature, E is electric field, k is Boltzmann constant, A Richardson constant, qϕb is 

barrier height at zero electric field, 𝛽𝛽𝑅𝑅𝑅𝑅 = (𝑒𝑒3/4𝜋𝜋𝜀𝜀𝜀𝜀0)1/3, ε is relative dielectric constant of the 

organic material and ε0 is the permittivity of vacuum. 

 

Figure 17: Energy band diagrams of a metal-Organic interface: (a) Fowler-Nordheim tunneling, 

(b) Thermionic emission [104,105]. 
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2.5.3. Single carrier devices 

Hole-only or electron-only devices are fabricated to measure hole injection or electron 

injection efficiencies. For example, hole-only devices are fabricated by sandwiching organic hole 

transport layers between anode and cathode, where the interfacial barrier at the cathode is very 

large. This device is termed as hole-only device because holes dominate in carrier conduction. 

Chan et al. demonstrated an increase in hole injection by an anode consisting of nickel oxide 

deposited ITO using I-V characterization in hole-only devices fabricated with TPD as the HTL 

organic layer [107].  

 

2.6. OLED characterization 

Electro-optical performance of the OLEDs is characterized through electroluminescence 

(EL) measurements coupled with electrical characterization. The emission properties of OLEDs 

are evaluated by measuring various efficiencies such as – luminous efficiency, power efficiency 

and external quantum efficiency [108,109].  

(a) Luminous efficiency – Luminous efficiency is the ratio of the total photons (perceivable to the 

eyes) to the injected charge carriers. LE depends on the photopic response of the eye. LE can 

be represented as: 

  

Where L is the luminance of the OLED (in Cd/m2), A is the area of device, IOLED is the current 

through device. 

LE (Cd/A) =  
𝐴𝐴 𝐿𝐿

I𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂
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(b) Power efficiency – Power efficiency is the ratio of total luminous power in the forward 

direction to the total electrical power supplied. PE depends on the eye sensitivity (photopic 

response). PE is represented as: 

 

where Lp is the luminous power, IOLED is input current and V is the applied voltage. 

 

(c) External quantum efficiency – External quantum efficiency is the ratio of extracted photons 

(visible and invisible) to the injected charge carriers. EQE is represented as -  

 

where Np is the total number of extracted photons and NE is the total number of injected charge 

carriers. 

 

 

 

 

 

 

PE (lm/W) =  
𝐿𝐿𝑃𝑃

I𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑉𝑉
 

EQE =  
𝑁𝑁𝑃𝑃
N𝑂𝑂
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3.1. Introduction 

Compared to ITO films, AZO films demonstrate similar electrical and optical properties 

but with lower workfunction. Surface modification of AZO thin films to tune their workfunction 

was carried out through oxygen and carbon tetrafluoride plasma treatments, and by depositing 

nanoscopic molybdenum oxide (MoOx), vanadium oxide (VOx), tungsten oxide (WOx) interfacial 

layers.  The hole injection efficiency of surface modified, workfunction tuned AZO was examined 

by fabricating hole-only devices using the surface modified AZO anodes. Hole-only devices were 

processed by sandwiching a 120 nm thick NPB layer (hole transport layer) between surface 

modified AZO anodes and Al cathodes. After examining the hole injection efficiency of surface 

modified AZO anodes, their performance was tested and quantified in OLEDs. OLEDs were 

processed in a thermal evaporator system through sequential layered deposition to create the 

structures: AZO (surface modified/NPB(HTL)/ALQ3(EL or ETL)/LiF/Al. Deposition rates were 

controlled by calibrated quartz crystal monitor (QCM) sensors. 

3.2. Deposition and characterization of AZO films 

AZO  thin films of ~300 nm were deposited on AF-45 glass by RF magnetron sputtering 

using a 2ʹʹ ZnO doped 2% Al2O3 target commercially available from Kurt Lesker. Structural, 

electrical and optical characterizations were carried out upon those AZO films. Hall measurement 

was performed to evaluate their electrical characteristics after thickness measurements with a 

stylus profilometer. Structural and microstructural analyses were done by XRD and SEM. Optical 
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characteristics such as transmittance and absorbance were carried out by UV-Vis spectroscopic 

measurements. Chemical analysis and workfunction measurements were completed through x-

ray/ultraviolet photoelectron spectroscopy measurements.  

3.2.1. Substrate preparation 

AF-45 glass was used as substrates for AZO thin film deposition. The glass was cleaned 

using the following steps before deposition of AZO films: 

1. Ultra-sonication in DI water. 

2. Ultra-sonication in acetone for 10 min. 

3. Ultra-sonication in Methanol for 10 min. 

4. Acid clean in 30% HCl solution. 

5. Rinse in DI water. 

6. Dry with nitrogen gas. 

Plain glass without patterning was used for AZO deposition and optimization. 

Characterization was performed on the pieces of AZO films cleaved from big samples. As shown 

in Figure 3.1(a), glass substrates were covered at three positions to create steps so that variations 

in thickness and uniformity could be measured.  The pattern shown in Figure 3.1(b), was created 

using shadow masks to deposit optimized AZO for hole-only devices and OLEDs. 
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Figure 3.1: (a) AZO/glass without patterning. The white strips are slip covers that create a step, 

(b) Patterned AZO/glass for hole-only devices and OLEDs. The white areas are AZO free. 

3.2.2. Radio frequency (rf) magnetron sputtering 

AZO thin films were deposited onto cleaned glass by rf sputtering. The chamber, schematic 

is shown in Figure 2.2, has a 2 inch rf sputtering gun, a heated substrate holder with thermocouple, 

an ion-gauge, a BaratronTM capacitance gauge for measuring deposition pressure, and vacuum 

pumps (turbo and roughing pump). High base vacuum of 10-6 Torr was created by turbo-molecular 

pumping, backed with a roughing pump. Uniform substrate heating up to 450oC was provided by 

cartridge heaters embedded in the substrate holder. Argon was used as the processing gas in the 

deposition of AZO. 
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3.2.3. Characterization 

Structural, electrical, and optical characterizations were performed on the rf sputter 

deposited AZO films to optimize the deposition conditions. Structural characterization was carried 

out by XRD, SEM, and AFM. Electrical characterization was done by Hall measurements and the 

four-point probe technique. Optical properties were determined by UV-Vis absorption and 

photoluminescence measurements. Chemical composition of the AZO films was measured by x-

ray photoelectron spectroscopy (XPS). Workfunction was determined by UPS.  

a) Profilometry: A Dektak 150 stylus profilometer was used to measure film thickness and surface 

roughness.  Stylus profilometry is a contact-based surface method which determines thickness 

by measuring a step height between the substrate and deposited film. Steps were created as 

shown in Figure 3.1(a). 

b) Hall measurement: Electrical resistivity, Hall mobility, and carrier concentrations were 

measured with a HMS 5000 Hall measurement system using the Van der Pauw contact 

configuration. Very small, indium point contacts were made by soldering at the four corners 

of the 1 x 1 cm2 AZO specimens. A magnetic field of 0.5 T and 1 mA of current were used for 

all experiments. Calibration of the Hall measurement system was performed with ITO and 

GaAs standards. 

c) X-ray diffraction (XRD): X-ray diffraction measurements were executed to analyze the film 

crystallinity, grain size, and texture using the 1.54Å Cu Kα1 line of a Rigaku Ultima III system. 

The x-ray generator was set at 44 W and 22 mA. Crystal structure and crystal lattices were 

calculated using Braggs law (Figure 3.2): 2dsinθ = nλ, where n is an integer, λ is the wavelength 

of the x-ray, and θ is the diffraction angle. 
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The number of peaks, their position and their intensity provided information about film 

crystallinity and texture. Grain sizes of the AZO films were calculated from x-ray spectra using 

the Debye-Scherrer formula: 

𝐷𝐷 =  
0.94 𝜆𝜆
𝛽𝛽 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

 

where λ =1.54Å (Cu Kα1 x-ray radiation), β is the full-width at half maximum of the spectral 

peak, and 2θ is diffraction angle. 

 

Figure 3.2: X-ray diffraction. 

 

d) Atomic Fore Microscopy (AFM): Surface roughness of the AZO films was quantified using a 

Veeco multimode nanoscope III. AFM was done on 5 x 5 µm2 areas in tapping mode. Surface 

roughness was estimated by peak to valley measurements and root mean square (RMS) 

roughness. 

e) Photoluminescence (PL) and photoluminescence excitation (PLE): PL and PLE 

characterization were carried out at room temperature using a reconfigurable optical bench, 

shown in Figure 3.3. The optical bench includes two Cornerstone MS257 monochromators, 

reflective optics (mirrors), and a photomultiplier tube detector. An ozone-free quartz-tungsten-

halogen lamp is the excitation source, and lock-in detection is used to minimize background 

signals. Data accusation and controls are computer controlled via LabVIEW. 
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Figure 3.3: Schematic of the optical bench used for PL and PLE experiment. 

 

f) Absorbance and transmittance: Optical absorption and transmittance of AZO films were 

measured using a Shimadzu UV-2550 UV-Vis spectrophotometer. Absorption measurements 

give the optical band-gap, and transmittance measurements give film transparency, which are 

critical for TCO use. 

g) X-ray photoelectron spectroscopy (XPS): XPS measurements were carried out with a PHI 5000 

Versaprobe UPS/XPS spectrometer using monochromatic 1,486.6 eV Al Kα radiation. XPS 

peak analysis provided the AZO film chemical composition, and an understanding about 

atomic or ionic environments. It also provided the oxidation states of the various atomic and 

ionic entities in AZO films. 

h) Ultraviolet photoelectron spectroscopy (UPS): Ultraviolet photoelectron spectroscopy of AZO 

was also completed with the PHI 5000 Versaprobe UPS/XPS spectrometer, using He- Iα UV 

light. It is suitable for valence band studies and workfunction measurements of films. For UPS 

measurements, samples were biased by -9V to clearly observe the secondary electron cut-off. 
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Monochromator  Photomultiplier 
Tube Detector 

Computer –Data 
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Optics 
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Standard gold sample was used to calibrate the spectrometer. Workfunction was calculated 

using the formula: 

𝜙𝜙 = ℎ𝑣𝑣 − 𝐸𝐸𝑅𝑅𝑆𝑆 −  𝐸𝐸𝑅𝑅𝑆𝑆 

where hv = 21.22 eV (UV light energy), ESC is secondary electron cut-off, and ESF is 

spectrometer workfunction. 

 

3.3. Surface modification 

Surface modification was performed on electrically and optically optimized AZO films 

through following techniques: first O2/CFx plasma treatment and secondly by depositing metal 

oxide nanoscale interfacial layers over AZO films. 

3.3.1. Substrate preparation 

Substrate preparation involves deposition of patterned AZO films (Figure 3.1(b)) by rf 

sputtering technique over AF-45 display glass and then cleaning by using the following steps: 

1. Ultra-sonication in DI water. 

2. Ultra-sonication in acetone for 10 min. 

3. Ultra-sonication in Methanol for 10 min. 

4. Drying with nitrogen gas 

3.3.2. Oxygen and carbon tetra-fluoride plasma treatment 

a) Oxygen plasma treatment: Oxygen plasma treatment was carried out using a Plasma-preen 

system at 5 ml/s of O2 gas flow, 250 mTorr pressure, and 60 W of power. Oxygen plasma 

treatments were carried out for 10 min. 
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b) Carbon tetrafluoride plasma treatment: CFx plasma treatment was performed in a RIE MPS-

150 system. It was executed at 50 mTorr of CFx pressure and 60 W of pressure for 20 sec. This 

process is expected to functionalize the AZO surface by adsorbing fluorine onto to the AZO 

surface. Figure 3.4 shows schematic of plasma treatment system. 

 

Figure 3.4: Schematic of plasma treatment system. 

 

3.3.3. Metal oxide deposition 

Metal oxide interfacial layers were deposited onto AZO to determine the impact on surface 

workfunction. These metal oxides are large bandgap, high workfunction materials.  

Thermal evaporation: Figure 3.5 shows the schematic of the bell-jar type thermal 

evaporator used in this research. Metal oxides powders were deposited on the AZO substrates by 

thermal evaporation at a base pressure of 10-8Torr. For depositing uniform films the substrate was 
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rotated, and deposition rate along with its thickness were monitored using a computer controlled 

automated system with proportional, integral, and derivative  (PID) loops and calibrated quartz 

crystal monitors. The deposition rates for the metal oxides were at ~ 0.05nm/second. Calibration 

of the thickness crystal sensors was completed using profilometry and/or ellipsometry. 

Figure 3.5: Schematic of the Bell-jar type thermal evaporator with all the additional components. 

3.3.4. Characterization 

Surface modified AZO films were characterized using AFM, XPS, and UPS as previously 

described. 
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3.4. Processing of hole-only device 

Hole-only devices were fabricated using surface modified AZO films to evaluate their hole 

injection efficiency prior to incorporation in OLEDs. Hole-only devices with surface modified 

ITO anode were used as standards for comparison. 

3.4.1. Substrate preparation 

Patterned AZO substrates were prepared by rf sputtering as discussed in section 3.2. 

Patterned ITO was procured commercially from Lumtec Inc. Patterned AZO films were cleaned 

as described in 3.3.1, then subjected to O2/CFx plasma treatment as mentioned in section 3.3.2.  

Alternatively, nanoscale metal oxide surface layers were deposited onto the AZO as described in 

3.3.3. 

3.4.2. Device fabrication 

Figure 3.6(a) and 3.6(b) shows the schematic of patterned hole-only devices on plasma 

treated AZO/ITO anodes and on AZO anodes with metal oxide interfacial layers. The devices were 

prepared by sequential evaporation of the different layers in the thermal evaporator system.  

Thermal evaporation: Hole-only devices were fabricated by sequential evaporation of organic and 

inorganic powders. The boats were either tantalum or tungsten. As shown in Figure 3.6(c), metal 

oxides were kept in the boat 4, NPB was placed in boat 5, and Al was placed in W filament boats 

at position 8. 
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(c) 

 

 

Figure 3.6: Schematic of hole-only devices on, (a) O2/CFx Plasma treated AZO/ITO anodes, (b) 

Metal oxide (MoOx, VOx, WOx) deposited onto AZO anodes, (c) Schematic of source positions 

in the thermal evaporator system. 

 

 

(a) (b) 
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3.4.3. Characterization 

a) I-V characterization: Current density (J) vs voltage (V) characterization of hole-only devices 

were performed using a computer controlled Keithley 2420 source-measure unit. A schematic 

of the I-V characterization set-up is shown in Figure 3.7. Current density vs voltage 

measurements of different hole-only devices provide the hole injection efficiency of surface 

modified AZO anodes. 

 

Figure 3.7: I-V measurement setup of hole-only devices using a computer controlled Keithley 

source-meter. 
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3.5. Processing of OLEDs 

The surface modified AZO anodes were incorporated into OLEDs to evaluate their 

performance in   actual device settings. A schematic of a patterned OLED structure is shown in 

Figure 3.8(a). OLEDs were fabricated with NPB as hole transport layer, AlQ3 as electron transport 

and emissive layer, and LiF/Al as the cathode. 

3.5.1. Substrate preparation 

The substrate preparation for OLED fabrication was identical to what was used in the hole-

only devices, and was described in 3.4.1.  

3.5.2. OLED fabrication 

OLEDs were fabricated using the surface modified AZO and commercially procured ITO 

anodes through sequential evaporation of NPB (N,Nʹ-bis(1-naphthalen-1-yl)-N,Nʹ-bis(phenyl)-

benzidine) as the HTL, AlQ3 (tris(8-hydroquinoline) aluminum) as the ETL and emissive layer, 

and LiF/Al as cathode. Figure 3.8(a) shows a schematic of patterned OLED structure. The 

thickness and deposition rate of each layer was computer controlled by PID loops with feedback 

from QCM sensors in the automated thermal evaporator system. 

a) Thermal evaporation: OLEDs were fabricated by sequential evaporation of the organic and 

inorganic materials using tantalum or tungsten boats. Referring to Figure 3.6(c), the metal 

oxide, NPB, AlQ3, LiF, and Al were placed in the boats 4, 5, 1, 7, and 8, respectively. The 

substrates were placed in a rotating substrate holder (see Figure 3.5) where the films were 

deposited to form OLEDs. 
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Figure 3.8: (a) Schematic of OLED structures studied (b) Schematic of the OLED pixels (dark 

areas) on AZO or ITO substrates, and the power source connection. 

 

 

 

(a) 
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3.5.3. Characterization 

a) Electroluminescence (EL) measurement: Electro-optical characterization of the OLED pixels 

were performed through EL measurements. Figure 3.9 shows a schematic of EL measurement 

set-up, which consists of a calibrated PR-650 camera integrated with Keithley 2420 source-

measure unit via LabVIEW.  The PR-650 camera measured the output luminance of the OLED 

pixels, and Keithley 2420 source-measure unit provided input voltages and measures the 

associated device currents. Based on the device turn-on voltage, luminance, and calculated 

efficiencies, the performance of the respective anodes could be evaluated. The standard pixel 

area was 12 mm2,  

(i) Luminous efficiency (LE) was calculated using given formula: 

 𝐿𝐿𝐸𝐸 =  𝑂𝑂×𝐴𝐴
𝐼𝐼

  

where L is luminance in Cd/m2, A is pixel area in m2, I is current in A.   

(ii) Power efficiency (PE) was calculated using formulae: 

𝑃𝑃𝐸𝐸 =  𝜋𝜋×𝑂𝑂𝑂𝑂
𝑉𝑉

  

where LE is luminous efficiency, V is applied voltage. 

(iii) External quantum efficiency (EQE) was calculated using following expression: 

𝐸𝐸𝐸𝐸𝐸𝐸 =  𝑁𝑁𝑃𝑃
𝑁𝑁𝑒𝑒

  

where Ne is total number of injected electrons and Np is total number of photons of all 

wavelength collected.  
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1) Ne (total number of electron) was calculated using expression: 𝑁𝑁𝑒𝑒 =  𝐼𝐼
𝑞𝑞

, where I is 

the current and q is the charge of a electron. 

2) Np (total number of photon) was calculated using expression: NP = (∑np) x ∆λ. 

np is the number of photon at specific wavelength and ∆λ is wavelength scan step (4 

nm). 

 𝑛𝑛𝑃𝑃 =  𝜙𝜙
𝑂𝑂

  

ϕ = πAR (assuming lambertian emission), A is OLED pixel area and R is Radiance 

(achieved from EL spectrum) 

 E is the energy of a photon (
ℎ𝑐𝑐
𝜆𝜆

), here h is Planck’s constant, c is speed of light and λ 

is wavelength.  

 

 

Figure 3.9: Schematic of electro-optic measurement set-up for OLED characterization. 
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4.1. Electrical properties 

Optimization of the processing parameters was required to deposit TCO quality AZO films, 

suitable for use as anodes in OLEDs. The key figures of merit for TCO anodes in OLEDs are 

complete optical transparency in the visible spectral range, high electrical conductivity and large 

workfunction.  As explained in Chapter 2, the electrical properties of AZO films depend on the 

deposition condition such as deposition power, deposition pressure, doping concentration, target-

substrate distance, film thickness and substrate temperature. The electrical and optical properties 

are interdependent.  In the present studies, optimization of electrical properties was completed by 

varying deposition pressures and powers, substrate temperatures, and target-substrate distances. 

Only one variable was changed during each parameter optimization.  

4.1.1. Deposition power 

This parameter has the largest impact on plasma density and the energy transferred from 

the plasma to the growing film. It therefore impacts growth rate and stoichiometry. In the present 

work the power density was varied from 0.7 W/cm2 to 3.5 W/cm2 to determine the optimal power 

density. The variations in electrical resistivity, carrier mobility and carrier concentration with 

power density are shown in Figure 4.1. The least electrical resistivity was observed at 1 W/cm2 

while at more than 1 W/cm2 the electrical resistivity increased. Carrier mobility and carrier 

concentration were maximum at 1 W/cm2 but decreased as the power density increased from 1 

W/cm2. The higher power densities creates a lot more defects, and consequently, decreased 

mobility or increased inelastic scattering and resistivity. Very low power densities create 
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stoichiometric films, and as a result, lower carrier concentrations or higher electrical resistivity. 

The most conductive film was achieved at 1 W/cm2.  
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Figure 4.1: Resistivity, mobility, and carrier concentration vs power density spectra. 

 

4.1.2. Deposition pressure  

This parameter has the largest impact to plasma density, the number of gas phase inelastic 

collisions, and therefore the energy transferred from the plasma to the growing film. It therefore 

impacts growth rate and stoichiometry. Figure 4.2 shows the dependence of electrical resistivity, 

carrier concentration and carrier mobility on the deposition pressure. Argon gas was used as the 

deposition gas, which was varied from 2 mTorr to 8 mTorr. Electrical resistivity of the films first 

decreased slightly with increases in deposition pressure from 2 to 3 mTorr then increased with 

increases in pressure from 3 to 8 mTorr. With increases in deposition pressure the carrier mobility 

peaked at 3 mTorr, then decreased. Observed change in carrier mobility with deposition pressure 

could be because of decrease in grain size with increase in deposition pressure, leading to inelastic 
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scattering [1]. The carrier concentration continuously decreased with increases in deposition 

pressure. It has been proposed that higher deposition pressures leads to fewer oxygen vacancies 

(donors), and a smaller carrier concentration [1]. The lower carrier concentration observed in the 

present studies lead to an overall decrease in electrical conductivity. The optimized deposition 

pressure for AZO deposition was therefore set at 3 mTorr. 
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Figure 4.2: Resistivity, mobility, and carrier concentration vs deposition pressure. 

 

4.1.3. Substrate temperature  

This parameter has the largest impact on the number density of surface nuclei, surface 

diffusion and desorption/adsorption. It therefore has the largest impact on growth rate, 

stoichiometry and grain size.  Substrate temperature was varied from 200oC to 400oC.  As shown 

in Figure 4.3, the optimal conductivity, free carrier concentration and mobility was obtained at 

350oC. The increase in conductivity is due to the increase in carrier concentration and carrier 

mobility, evident from Figure 4.3. Zhang et al. [2] have ascribed this improvement in conductivity 
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and carrier mobility to an enhancement in AZO film crystallinity and a reduction in defect density 

with increased substrate temperature. A higher density and fewer defects result in fewer trap 

centers for electrons, decreased scattering and better carrier mobility. With further increases in 

substrate temperature from 350oC to 400oC where the electrical resistivity increased, it has been 

proposed that Zn desorption and segregation of Al2O3 at grain boundaries occur. Zn atoms desorb 

from the surface because of re-sputtering or re-evaporation of surplus Zn at high temperature [3]. 

The optimum substrate temperature for the present studies was set at 350oC. 
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Figure 4.3: Resistivity, mobility, and carrier concentration vs substrate temperature. 

 

4.1.4. Film thickness 

At the above optimized deposition conditions of 1 W/cm2 of deposition power, 3 mTorr of 

deposition pressure, and 350oC, AZO films were deposited for varying deposition times to obtain 

films of thicknesses 305 nm, 530 nm, 730 nm, and 800 nm. Figure 4.4 shows the thickness 

dependence of the resistivity, carrier concentration, and carrier mobility. Table 4.1 shows the 

electrical characteristics of all the films. The resistivity of the films decreased with increased film 
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thickness as the grain size, carrier concentration and carrier mobility increased. The increase in 

carrier concentration is likely due to both intrinsic donors such as oxygen vacancies and Zn 

interstitials, and extrinsic Al donors. Extrinsic donors are created by substitution of Al3+ on Zn2+ 

positions, explained by the following defect equation: 

𝐴𝐴𝐴𝐴2𝑂𝑂3
    𝑍𝑍𝑍𝑍𝑂𝑂     
�⎯⎯⎯⎯� 2𝐴𝐴𝐴𝐴𝑍𝑍𝑍𝑍∙ + 𝑉𝑉𝑂𝑂′′ + 𝑂𝑂𝑂𝑂× 

We will return to this discussion in the PL and XPS analysis of the films. We speculate that the 

increase in carriers with thickness was due to the increase in intrinsic and extrinsic donors with the 

thickness. The increase in carrier mobility also contributed to improved conductivity with 

increasing thickness. The specifics of this observed increase in the carrier mobility and the carrier 

scattering mechanisms are addressed in Section 4.3.  
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Figure 4.4: Resistivity, mobility, and carrier concentration vs film thickness. 
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Table 4.1: Structural, electrical, and optical properties of AZO Films. 

Thickn
ess 
(nm) 

Resistivity 
(ohm.cm) 

Carrier 
concentration 
(cm-3) 

Mobility 
(cm2V-1s-1) 

Average 
Transmissivity 
(%) 

Particle 
size (nm) 

Carrier mean free 
path (nm) 

305 5.46 x 10-3 1.7 x 1020 6.70 85 4.84 0.75 
530 4.05 x 10-3 1.6 x 1020 10.1 6.58 1.10 
730 1.69 x 10-3 2.3 x 1020 15.6 10.21 1.96 
805 1.2 x 10-3 2.8 x 1020 18.7 11.48 2.48 

 

4.2. Structural and chemical analysis 

4.2.1. Structural properties 

XRD of 305 nm, 530 nm, 730 nm, and 800 nm films are presented in Figure 4.5. They were 

all polycrystalline, showing the wurtzite crystal structure with (0002) texturing. As the film 

thickness increased, the (0002) peak became sharper and shifted towards higher 2θ angle, 

approaching the 34.45o value, which is observed in relaxed bulk ZnO. Sharper peaks indicate 

improved crystallinity and peaks shifted towards 34.45o indicate a reduction of in-plane stress or 

relaxed, bulk-like ZnO. The in-plane stress can be calculated according to the biaxial strain model 

[4] using: 

σ= [2C13-C33 (C11+C12)/C13] (c-c0)/c0  

where c is the lattice constant obtained from the (0002) reflection in the XRD profile, c0 is lattice 

constant of relaxed bulk ZnO (0.5204 nm), and Cij are the elastic stiffness constants (C11 = C33 = 

2.1*1011 N/m2, C12 = 1.2 * 1011 N/m2, and C13=1.05*1011 N/m2)[5]. As shown in Figure 6, the 

calculated in-plane stress decreased with increases in thickness, and negative sign indicates that 
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the stress is compressive in nature. The calculated in-plane stress in this study is comparable to the 

in-plane stress of 1.75 x 109N/m2 for ZnO, observed by Lu et al [5]. The ionic radius of Zn2+ is 

larger than Al3+. Substitution of Zn2+ with Al3+ is expected to have attracted oxygen atoms in the 

basal plane towards each other leading to compressive stress. These effects might have been 

counteracted by continuous bombardment of the growing films by the sputtered species, which 

reduced surface-to-volume ratios as the film thickness increased. The grain sizes (columnar width) 

of the AZO films were calculated using the Debye Scherer formula [6], mentioned in section 3.2.3. 

The calculated grain size is tabulated in Table 4.1. The grain size increase with increase in film 

thickness is consistent with a reduction in surface-to-volume ratios and compressive stresses, and 

improved crystal quality [7,8]. 
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Figure 4.5: X-ray diffraction spectrum of different thickness ZnO: Al (AZO) sputter deposited 

films at 350 oC. The peaks are labeled with their 2θ angles and orientations (in brackets). 
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Figure 4.6: Calculated in-plane compressive stress variation with AZO film thickness. 
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Figure 4.7: Room-temperature conductivity and mobility dependence on grain size. 
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4.2.2. Chemical analysis 

The results of the x-ray photoelectron spectroscopy characterization are presented in Table 

4.2.  It shows that the Al concentration and Zn/O ratio are essentially constant for all of the 

thicknesses studied, and that the films are oxygen deficient, indicating a likelihood of oxygen 

vacancies which behave as donors.  

Table 4.2: XPS chemical analysis of AZO films of different thickness. 

Thickness (nm) Zn (%) O (%) Al (%) Zn/O 

305 55.7 42.7 1.3 1.3 

530 56.3 42.5 1.2 1.3 

730 56.8 42.1 1.1 1.3 

805 56.8 41.8 1.3 1.3 

 

4.3. Carrier scattering mechanism 

Carrier mobility depends on carrier scattering from ionized impurities, neutral impurities, 

thermal lattice vibrations (phonons), and grain boundaries. Understanding of carrier scattering 

mechanism(s) is therefore critical for understanding the measured increase in carrier mobility with 

the film thickness increases (Figure 4.4). The mobility can be expressed as:  

gli µµµµ
1111

++=     (4) 

where μi, μl and μg are the mobilities due to ionized impurity, lattice vibration and grain boundary 

scattering, respectively [9]. Scattering associated with lattice phonons is expected to dominate only 

at high temperatures, and we neglect neutral impurity scattering considering their low 

concentration and smaller scattering cross-section. We therefore examined grain boundary 
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scattering and ionized impurity scattering as the main mechanisms in the AZO films studied, which 

we discuss separately below. 

 

Grain boundary scattering 

When the mean free path is less than the grain size, it can be expected that electrons will 

experience a scattering event before they reach a grain boundary. The mean free path (l) is 

determined according to [10]: 

µ
π

3/1)3(
2

N
e

hl =      (5)  

where h is Planck’s constant, N is the carrier concentration and μ is carrier mobility. The calculated 

mean free paths for the various films are given in Table 4.1. The conductivity and mobility were 

found to increase with grain size as is shown in Figure 7 and tabulated in Table 4.1. Given that the 

measured grain sizes are significantly larger than the electron mean free paths, reduced grain 

boundary scattering is not expected to be the dominant factor responsible for the increased room 

temperature mobility measured with thickness increases in this work. 

Ionized impurity scattering 

The n-type electrical conductivity of AZO is due to intentional doping with Al and to native 

point defects such as oxygen vacancies and Zn interstitials which lead to donor-like states in the 

band-gap. The Zn/O ratio from XPS confirmed the presence of oxygen vacancies in all of the films. 

Ionized impurities and charged defects are strong scattering centers. The high free carrier 

concentration measured in all of the films (see Table 4.1) suggests that they were degenerately 
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doped, and to confirm this diagnosis the temperature dependence of the carrier concentration was 

measured from 77 K to 350 K. Figure 8 shows that the carrier concentration is independent of 

temperature for all of the films studied, and therefore the temperature dependence of ionized 

impurity scattering for a degenerately doped semiconductor applies. In a degenerate electron 

system, the mobility related to ionized impurity scattering is expressed as [11,12]: 

2

23/1

23

2/32/12/1

*

1ln

12









+







=

ZeN
EZNe

E
m

i

Fi

F
i

επ
εµ  (6)  

where m*is the effective mass, EF the Fermi energy, Ze is the ion charge, Ni is the concentration of 

the scattering centers and ε is the static dielectric constant of the material. From equation 6, ionized 

impurity scattering is independent of temperature in degenerate systems. As Figure 4.6 shows, the 

mobility of the 305 nm and 530 nm films is essentially constant with temperature, the 730 nm film 

exhibits a perceptible decrease in mobility with temperature, and a µ ~ 1/T dependence is observed 

in the 805 nm film. We conclude that ionized impurity scattering dominates in all but the thickest 

film where the µ ~ 1/T dependence suggests a semiconductor to metal-like transition [13-15].  The 

corresponding free electron concentration was 2.8 x1020 cm-3. 
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Figure 4.8: Carrier concentration vs temperature for all of the AZO films studied. 
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Figure 4.9: Temperature dependent Hall mobility for all of the AZO films studied. 
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4.4. Optical properties 

Optical transparency is critical for a material to be used as a transparent conducting oxide. 

Since film transparency decrease with thickness increases, optical transmittance and absorbance 

measurements were carried out. Figure 4.10 shows the transmittance spectra of all the films. Film 

transparency was observed to be ~85%. Figure 4.11 shows the direct bandgap Tauc plots of the 

studied films. Here α is absorption coefficient and hv is photon energy. Bandgaps were calculated 

from the Tauc plots by extrapolating the linear regions of the spectra to the energy axis. The inset 

of Figure 4.11 shows the bandgap variation with AZO film thickness. The optical bandgap first 

increased from 3.45 eV for the 305 nm films to 3.54 eV for the 730 nm films, and then suddenly 

decreased to 3.43 eV for the 805 nm thick specimens. The typical bandgap of ZnO is 3.25 eV. The 

increase in bandgaps observed in the absorption measurements is larger than can be ascribed to 

improved crystallinity. For a degenerate semiconductor, bandgap widening due to the Burstein-

Moss shift is expected to exist simultaneously with bandgap narrowing due to multi-body effects 

such as electron-electron scattering arising from the high free carrier concentration. The more 

dominant of these two competing effects will have the net impact on the bandgap. The Burstein-

Moss shift occurs because the Fermi level progressively moves further into the conduction band 

as the degeneracy of the system increases, and therefore more energy is needed to promote 

electrons from the valence band to unoccupied states in the conduction band [8,16-19]. This means 

that the workfunction decreases correspondingly. The bandgap shift is quantified as: 

3/2
3/2

*

2 3
8 e

c

g
BM n

m
hE 






=∆

π
    (7) 

and the band-gap becomes 
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BM
ggg EEE ∆+= 0

     (8) 

where 0
gE  is the normal bandgap of ZnO and BM

gE∆ is the change in bandgap due to the BM shift. 

As Table 4.3 shows, reasonably good agreement is observed between the measured and calculated 

bandgaps, except for the 805 nm film. 

For the 805 nm film, we propose that the net band-gap reduction is due to many body 

effects such as electron-electron interactions becoming dominant [11,20], which is consistent with 

the semiconductor to metal transition observed in the mobility behavior.  

 

 

Table 4.3: Experimental and theoretically determined (including the B-M shift) absorption edges. 

Thickness (nm) Bandgap (eV) Calculated bandgap with 
BM shift (eV) 

305 3.45 3.48 
530 3.5 3.46 
730 3.54 3.53 
805 3.43 3.56 
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Figure 4.10: Transmittance (%) spectra of films with different thickness. 
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Figure 4.11: Tauc (αhν)2 versus (hν) plot for the AZO films from which the bandgaps were 

determined. The inset shows more clearly how the optical bandgap changed with thickness. 
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The photoluminescence (PL) spectra of the various films are presented in Figure 4.12. The 

near band edge emission increases with thickness and is consistent with the improved crystallinity. 

It is also evident that the intensity of the luminescence bands associated with point defects also 

increases with thickness, which is consistent with the XPS indications that native point defects 

contribute to conductivity, and the expectation that more of them would be present in the thicker 

films. Assignment of the various peaks in the PL spectra is presented in Table 4.4. 
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Figure 4.12: Photoluminescence spectra of the AZO films. Peak assignment is provided in 

Table 4.4. 
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Table 4.4: Photoluminescence peak positions and assignments for AZO films of varying 
thickness.  

Thickness (nm) Peak position (wavelength) and assignment 
305 385 nm, near band edge emission [21-25] 

425 nm, 434 nm, 465 nm Zn interstitials to valence band (VB), shallow donor 
O-vacancies to VB [24-30] 
485-492 nm, 575 nm, deep O – vacancy to VB [24,26-28,31,32] 

530 388 nm, near band edge emission [21-25] 
450-465 nm, Zn interstitials to valence band (VB), shallow donor O-vacancies 
to VB [25,28,29] 
575 nm, deep O-vacancy [24,28,31] 

730 388 nm, near band edge emission [21-25] 
434, 465 nm Zn interstitials to valence band (VB), shallow donor O-vacancies 
to VB [25-30] 
490-510 nm, 575 nm, deep O – vacancy [24,26-28,31] 

805 388 nm, near band edge emission [21-25] 
434, 465 nm, Zn interstitials to valence band (VB), shallow donor O-vacancies 
to VB [25-30] 
485-492 , 575 nm, deep O – vacancy [24,26-28,31] 

 

4.5. Conclusion 

The conditions used to deposit the AZO films in this work produced degenerate levels of 

electron concentrations for the film thicknesses studied. This resulted in bandgap widening 

associated with a Burstein-Moss shift. The average transmissivity of all the films studied was 

~85%. Ionized impurity scattering dominated the mobility for the lower to intermediate 

thicknesses, whereas a semiconductor to metal transition was observed in the thickest films. XPS 

and photoluminescence analyses suggest that native point defects in addition to Al doping are 

responsible for the high free electron concentrations observed. The movement of the Fermi level 

into conduction band associated with degeneracy and the Burstein-Moss shift means that the 

workfunction of the films became smaller as thickness increased. Thus, although the conductivity 

of the films improved with thickness, the interface barrier for hole injection in OLED anode 

applications also likely increased. This would translate into higher turn-on voltages and lower 
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power efficiency.  Although not specifically discussed here, the surface roughness is also likely to 

increase with grain size and would negatively impact device performance.  Specific surface 

functionalization such as manipulation of the net surface dipole moment to increase workfunction 

[e.g. 16] of the thicker AZO films may be a way to harness both improved conductivity and larger 

workfunction, but more targeted studies are required to understand such approaches.  
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5.1. Introduction 

The impact of O2 and CFx plasma treatments on the workfunction of AZO films is reported 

in this section. UPS was used to investigate the mechanisms involved. Hole-only devices were 

fabricated to evaluate the hole injection ability of the plasma modified anodes using I-V 

characterization.  The electro-optical performance of the surface modified AZO anodes in OLEDs 

was then characterized. 

5.2. Spectroscopic analysis 

5.2.1. Ultraviolet photoelectron spectroscopy (UPS) 

Figure 5.1 shows the UPS spectra of as-deposited AZO (Ar sputter cleaned), O2 plasma 

treated AZO, CFx plasma treated AZO and O2 plasma treated ITO films. The workfunction 

calculated from these UPS spectra are given in Table 5.1. As shown in the inset of Figure 5.1, the 

secondary electron cut-off of the O2 and CFx plasma treated AZO film indicated a clear shift 

towards lower binding energy compared to as-deposited AZO films, which is an indication of 

increased workfunction. The workfunction of as-deposited AZO increased from 4.1 eV to 4.4 eV 

upon O2 plasma treatment, and to 4.5 eV with CFx plasma treatment.  The mechanism leading to 

improved workfunction upon O2 plasma treatment was reported in previous experimental and 

theoretical studies by our group [1] but will be revisited below. Motivation for CFx plasma 

treatment of AZO films came from computational studies using DFT calculations of polar and 

nonpolar ZnO with methyl, trifluoromethyl, and fluorine surface adsorbents that showed 
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adsorption of electronegative species lead to workfunction increases. Charge density plots showed 

that adsorption of electronegative elements cause charge transfer and a surface dipole that leads to 

an increase in workfunction [2]. Workfunction of O2 plasma treated ITO was observed to be 4.65 

eV. UPS spectra of all the films are presented in Figure 5.2. All show a valence band edge at 3.2 

eV from Fermi level. Broad peaks at 6 eV and 12.3 eV are assigned to the O 2p and Zn 3p bands 

in AZO films. CFx treated AZO films showed a peak at 9 eV, which is assigned to F 2p bands [3].  
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Figure 5.1: UPS spectra of as-deposited AZO (Ar sputter cleaned), O2 plasma treated AZO, CFx 

plasma treated AZO and O2 plasma treated ITO films. The inset shows the secondary electron 

cut-off of all the films. 
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Figure 5.2: UPS valence band spectra of as-deposited AZO (Ar sputter cleaned), O2 plasma 

treated AZO, CFx plasma treated AZO and O2 plasma treated ITO films with respect to the 

Fermi level. 

 

Table 5.1: Workfunction of as-deposited AZO, oxygen plasma treated AZO, CFx plasma 
treated AZO and O2 plasma treated AZO. 

 

 

 

 

 

 

 Workfunction (eV)  

As-deposited AZO 4.1 

O2 plasma treated AZO 4.4 

CFx plasma treated AZO 4.5  

O2 plasma treated ITO 4.65  
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5.2.2. X-ray photoelectron spectroscopy (XPS) 

XPS peak analyses of all the films are presented in Figure 5.3(a) – (c). As shown in Figure 

3(a), the Zn 2p of O2 and CFx plasma treated AZO surface was observed to be shifted by 0.2 eV 

and 0.5 eV, respectively with respect to as-deposited AZO films. This shift is due to increased 

oxidation of Zn, generated by a more electronegative environment with fluorine and oxygen 

plasma treatments. The Zn peak was symmetrical, indicating one zinc species was present. Figure 

5.3(b) shows the O 1s peaks of all the investigated films. O 1s peaks of as-deposited and O2 plasma 

treated AZO films were located at 530.4 eV +/- 0.1 eV, which is due to Zn-O bonding. The O 1s 

peak of CFx plasma treated AZO displayed a small shift towards higher binding energy due to a 

more electronegative environments associated with the presence of fluorine. The asymmetry in the 

O1s peak suggests that more than one oxygen species is present at the surface. The C 1s XPS peak 

analysis is shown in Figure 5.3(c). Small carbon peaks due to atmospheric contamination during 

transfer of the specimen from processing chamber to measurement chamber were observed. A 

small peak at 289.3 eV was observed for CFx treated AZO films due to the presence of C–F groups 

[3], and similarly, a small peak at 289 eV was observed for O2 plasma treated AZO films due to 

presence of C=O or COO groups [4].  
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Figure 5.3: (a) Zn 2p, (b) O 1s and (c) C 1s XPS spectra of as-deposited (Ar-sputter cleaned), 

O2 plasma treated and CFx plasma treated AZO films. 

 

5.3. Hole injection efficiency 

The hole injection efficiency of surface modified AZO was evaluated using hole-only 

devices with 120 nm of NPB (hole transport layer) and an Al cathode. 

5.3.1. Structure and band structure of hole-only device 

Figure 5.4(a) is a schematic of the hole-only device described above. The AZO anode was 

O2 or CFx plasma treated. Figure 5.4(b) shows a band diagram of the hole-only device. The large 

barrier for electron injection from the cathode to LUMO of NPB layer is so high that the probability 

of electron current participating in conduction is expected to be negligible and carrier conduction 

would be by holes only.  
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Figure 5.4: (a) Schematic structure of hole-only device, (b) Energy level band diagram of hole-

only device. 

 

5.3.2. Electrical characterization of hole-only device 

Current density (J) vs Voltage (V) spectra of the hole-only devices exhibited distinct turn-

on voltages as shown in Figure 5. The O2 plasma treated ITO device showed the smallest turn-on 

voltage of 1.4V. As-deposited AZO, O2 plasma treated AZO, and CFx plasma treated AZO anodes 

displayed turn-on voltages of 3V, 1.6V and 1.6V, respectively. At a reference voltage of 3V, 

current densities of 17mA/cm2, 88mA/cm2, 114mA/cm2, and 170mA/cm2 were achieved for the 

as-deposited AZO, O2 plasma treated AZO, CFx plasma treated AZO anode, and O2 plasma treated 

ITO, respectively. Thus, it can be inferred that surface modification using CFx plasma treatment 

and O2 plasma treatment improved the hole injection efficiency of the AZO surfaces, but they were 

less than O2 plasma treated ITO anodes. 

(b) (a) 
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Figure 5.5: I-V characterization of as-deposited AZO, O2 plasma treated AZO, CFx plasma 

treated AZO, and O2 plasma treated ITO anodes in hole-only devices. 

 

5.4. Performance of surface modified AZO anodes in OLEDs 

5.4.1. Structure and energy band structure of OLEDs 

Although the surface modified AZO anodes performed better compared to as-deposited 

AZO in hole-only devices, their performance actual OLEDs needed to be verified. Therefore, 

OLEDs were fabricated by thermal evaporation as described earlier, and their performance 

quantified. OLEDs with the structure AZO (as-deposited)/NPB (60 nm)/AlQ3 (40 nm)/LiF: Al 

(100 nm) are denoted as Device 1, AZO (O2 plasma treated)/NPB (60 nm)/AlQ3 (40 nm)/LiF: Al 

(100 nm) are denoted as Device 2, AZO (CFx plasma treated)/NPB (60 nm)/AlQ3 (40 nm)/LiF: Al 

(100 nm) structure is denoted as Device 3, and Device 4 refers to the ITO (O2 plasma treated)/NPB 
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(60 nm)/AlQ3 (40 nm)/LiF: Al (100 nm) which served as the control. Figure 5.6 shows the 

schematic energy band   diagram of OLEDs. The energy levels of NPB, AlQ3, and LiF/Al are taken 

from other literature [5]. 

 

Figure 5.6: Schematic energy level band diagram of the OLEDs studied. 

 

5.4.2. Electro-optical characterization 

a) Current density vs Voltage and Luminance vs Voltage spectra 

The electroluminescence spectrum of the devices studied is shown in the inset of Figure 

5.7. It shows the green luminescence expected from AlQ3 [6]. The current density (j) vs voltage 

(V) and luminance (L) vs voltage (V) plots of the devices are shown in Figures 5.7 and 5.8. Device 

4 showed the highest current density. The current density of the AZO OLEDs improved with O2 

and CFx plasma treatments. From the L vs V plots, the turn-on voltage for Device 1 was 5.1 V (as-
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deposited AZO), while Devices 2, 3, and 4 displayed turn-ons of 2.6V, 2.55 V, and 2.68 V, 

respectively. The results are tabulated in Table 5.2. 

 

Table 5.2: Summary of UPS measured workfunction of as-deposited AZO, O2 plasma treated 

AZO, CFx plasma treated AZO, and O2 plasma treated ITO films. Electro-optical performance 

parameters of OLEDs fabricated with the various anode configurations.  

Devices Anode 
workfunction(eV) 

Vturn-on 
(V) 

Brightness 
max (Cd/m2) 

PEpeak 
(lm/W) 

LEpeak(
Cd/A) 

EQE(
%) max 

1. As-deposited  AZO 
/NPB(60nm/ALQ3(40nm)/LiF/Al 

4.1 5.1 1885 0.75 2.01 0.74 

2.AZO(O2 plasma treated) 
/NPB(60nm/ALQ3(40nm)/LiF/Al 

4.4 2.6 3217 2.05 2.57 0.87 

3.AZO(CFx plasma treated) 
/NPB(60nm/ALQ3(40nm)/LiF/Al 

4.5 2.55 4748 2.39 3.28 1.08 

4.ITO(O2 plasma treated) 
/NPB(60nm/ALQ3(40nm)/LiF/Al 

4.65 2.5 9685 2.89 3.26 1.06 
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Figure 5.7: Current density vs voltage plots of Device 1, 2, 3, and 4. The inset shows the EL 

spectra of the OLED device. 
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Figure 5.8: Luminance (L) vs voltage (V) plots of Devices 1, 2, 3, and 4. 

 

b)  Efficiency vs current density 

Luminous efficiency (LE) of all the devices is shown in Figure 5.9(a).  The LE of Device 

3 is the same as Device 4 (ITO based OLED). The peak LE of all the devices are tabulated in Table 

2. The highest luminous efficiency (LE) was obtained for Device 3 is 3.57 Cd/A while the ITO 

control (Device 4) is 3.26 Cd/A.  Clearly the LE of the OLED devices improved upon O2/CFx 

plasma treatment compared to as-deposited AZO. The power efficiency, shown in Figure 5.9(b), 

of Device 4 was larger than Devices 1, 2, and 3 which is consistent with the highest workfunction 

value of the O2 plasma treated ITO anode. The PE of the AZO anodes followed the LE trend with 

performance in ascending order being as-deposited, O2 plasma treated, and CFx plasma treated 

AZO. The EQE (%) vs current density of the devices shown in Figure 5.9(c) follows the trend seen 

in the LE behavior. Device 3 and Device 4 showed almost same EQE (%) among all the devices. 
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This means electro-optic response of the OLED device with AZO (CFx plasma treated) is 

essentially the same as the ITO anode.  
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Figure 5.9: (a) Luminous efficiency (LE), (b) Power efficiency (PE), (c) External quantum 

efficiency (EQE) of Devices 1, 2, 3, and 4. 

5.5. Conclusion 

The workfunction of as-deposited AZO film improved from 4.1 eV to 4.4 eV upon O2 

plasma treatment and improved to 4.5 eV upon CFx plasma treatment. The workfunction increased 

because the surface became electronegative which results in a dipole moment that reinforces the 

original surface dipole of AZO surface, and leads to a workfunction increase.  Theoretical studies 

by Wei et al. [2] support the experimental interpretation. Hole-only devices with O2 and CFx 

plasma treated AZO anodes performed better than as-deposited AZO, but worse than ITO anodes. 
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This is ascribed to the larger workfunction of the ITO. However, although the brightness of ITO 

based OLEDs was larger than in the CFx plasma treated AZO equivalents, their efficiencies were 

comparable as Table 5.2 shows.  This suggests better charge balance in the CFx treated devices. 
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6.1. Introduction 

From optimization of the AZO films (discussed in Section 4), the electrical resistivity of 

the AZO films was found to be 1.0 x10-3 Ω.cm, which compares to 8x10-4 Ω.cm for ITO. The 

optical transmissivity of both AZO and ITO was around 90%. AZO films have lower workfunction 

compared to ITO films, leading to higher injection barrier or lower efficiency. The workfunction 

of AZO films was tuned by depositing nanoscopic layer of MoOx interfacial layer. The impact of 

thin interfacial layers of MoOx deposited onto AZO films was investigated as a workfunction 

tuning mechanism. Hole-only devices were fabricated using MoOx modified AZO films to 

measure their hole injection efficiency compared to ITO anodes. OLED were processed on 

AZO/MoOx composite anodes to compare their performance to ITO. 

6.2. Spectroscopic and optical analysis 

6.2.1. Ultraviolet photoelectron spectroscopy (UPS) 

The UPS spectra of as-deposited sputter cleaned AZO, O2 plasma treated AZO, and AZO 

with 3 nm and 10 nm of MoOx are shown in Figure 6.1.  As shown in the left panel of Figure 6.1, 

compared to the as-deposited Ar sputter cleaned AZO films, the secondary electron cut-off of 

plasma treated AZO and films with MoOx layers shifted towards lower binding energy, which is 
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equivalent to increasing workfunction. The workfunction of the as-deposited AZO films (Ar 

sputter cleaned) increased from 4.1 eV to 4.8 eV and 5.55 eV for the samples with 3 nm and 10 

nm of MoOx respectively (see Table 6.1). These increases in workfunction are expected to lower 

the hole injection barrier by facilitating better band alignment. The higher roughness of AZO films 

may cause non-uniform coverage of MoOx films, resulting in variations of MoOx coverage with 

its thickness. The mechanism of the workfunction increase for the plasma treated AZO films has 

been discussed in the preceding chapter. The right panel of Figure 6.1 shows the valence band 

(VB) edge of the above films with respect to the Fermi level. Figure 6.2 shows the deconvoluted 

spectra of the valence band edge with respect to fermi level. The peak located at around ~2.2 eV 

is ascribed to Mo4+, and the shoulder at ~1 eV which emerges for the thicker samples has been 

ascribed to Mo5+ [1]. Stoichiometric MoO3 contains only Mo6+, and the presence of reduced Mo6+ 

in the form Mo5+ and Mo4+ must be accompanied by oxygen vacancies for charge neutrality in the 

non-stoichiometric MoOx [2,3]. The 3 nm MoOx specimens are more reduced than the 10 nm 

samples because the Mo4+ peak is more dominant in the 3 nm MoOx samples. Formation of Mo5+ 

and Mo4+ results into donor-like gap states [4].  
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Figure 6.1: UPS spectra of as-deposited AZO, O2 plasma treated AZO films, 3 nm MoOx/AZO 

and 10 nm MoOx/AZO films. The left panel shows the secondary electron cut-off, and the right 

panel shows the valence band edge w.r.t. the Fermi level. 
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Figure 6.2: Deconvoluted He I UPS spectra of 3 nm MoOx /AZO and 10 nm MoOx/AZO films. 

 

 

6.2.2. X-ray photoelectron spectroscopy (XPS) 

Figure 6.3 shows the Mo 3d core level XPS spectra of the AZO/MoOx samples, revealing 

the presence of Mo5+ and Mo4+. The Mo3d5/2 peak located at 232.7 eV is assigned to Mo6+, the 

shoulder at 231.6 eV is assigned to Mo5+ [1,5], and the peak at 230.3 eV is assigned to Mo4+ [6].  

The Mo6+/Mo4+ peak ratio is higher in the thicker films (10 nm MoOx). This means that the thicker 

films are closer in composition to stoichiometric MoO3, would have fewer vacancies and 

associated donor-like states, and would be characterized by a Fermi level with a larger energy 

separation from the bottom of the conduction band than their 3 nm equivalents. Thus, we correlate 
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the change in workfunction with the stoichiometry of the MoOx films, where a decrease in oxygen 

vacancies in the thicker films leads to an increase in workfunction.  
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Figure 6.3: XPS Mo 3d spectra for 3 nm MoOx/AZO and 10 nm MoOx /AZO films. 

 

6.2.3. Absorbance and photoluminescence measurement 

Figure 6.4 shows the representative Tauc plot of 10 nm thick MoOx films on glass and the 

inset is a Tauc plot of AZO films. Extrapolation of the linear regions of the absorption spectra to 

the energy axis gives the optical band gap. AZO and MoOx films revealed optical bandgaps of 

3.46 eV and 3.36 eV, respectively. A thickness difference of a few nanometers is not expected to 

cause a shift of the MoOx bandgap (e.g., a Burstein-Moss shift), and we therefore assume it is the 
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same for 3 nm and 10 nm films. Others have reported an optical bandgap of 3.2 eV for thicker 

(250 to 400 nm) MoOx films [4]. The PL spectrum of 10 nm MoOx film on glass is presented in 

Figure 6.5 and the PL spectrum of 300 nm AZO films is presented in the inset. The MoOx PL 

emission spectrum is characterized by a dominant near band-edge peak at 431 nm (2.87 eV), a 

small shoulder at 510 nm (2.43 eV), and a broad defect band peaking at 710 nm (1.73 eV). The 

small shoulder at 510 nm and a broad peak at 710 nm are associated with oxygen vacancies, 

accompany reduced Mo6+ in the form of Mo5+ and Mo4+, respectively [7-9]. The corresponding 

excitation maxima for these emissions were 319 nm (3.88 eV), 322 nm (3.85 eV), and 609 nm 

(2.03 eV), respectively. The presence of the emission bands at 510 nm and 710 nm is consistent 

with the donor-like gap states observed in the UPS measurements. The AZO PL peak assignment 

was explained in Section 4 and published [10]. On the basis of the UPS, PL, and optical absorption 

data, Figure 6.6 is the proposed schematic energy band diagram of MoOx.  

 

Table 6.1: UPS workfunction measurement of 300 nm AZO films with MoOx surface layers, and 

bandgap values from optical absorption. The thicker AZO films dominate the absorption 

measurements. 

  Workfunction  Band gap (eV) 

As-deposited AZO with Ar sputtering 4.1 eV 3.46 
O2 Plasma treated AZO 4.37 eV 3.46 

AZO with MoOx interfacial layer ( 3 nm) 4.8 eV 3.46 

AZO with MoOx interfacial layer ( 10 nm) 5.55 eV 3.46 
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Figure 6.4: Optical absorption of 10 nm MoOx and AZO (~300 nm) on glass. 
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Figure 6.5: Photoluminescence spectra of 10 nm MoOx and AZO (~ 300 nm) on glass. λex is the 

corresponding photoluminescence excitation (PLE) maximum. 
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Figure 6.6: Proposed schematic energy level diagram of a 10 nm MoOx film. 

 

6.3. Hole injection ability of MoOx modified AZO anodes 

6.3.1. Structure and band structure of hole-only device 

A schematic of the hole-only devices used to evaluate the impact of MoOx on the hole 

injection from AZO is shown in the Figure 6.7(a). The NPB layer thickness was constant at 120 

nm in all structures. Hole-only devices with structure AZO/NPB(120nm)/Al is denoted as Device 

A, AZO/ MoOx(3nm)/NPB(120nm)/Al is denoted as Device B, 

AZO/MoOx(10nm)/NPB(120nm)/Al is denoted as Device C and ITO/NPB(120nm)/Al is denoted 

as Device D (the control).  
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Figure 6.7: (a) Schematic structure of hole-only devices (b) Schematic energy level diagram of 

hole-only device (AZO/MoOx/NPB/Al) based on UPS, XPS, and optical spectroscopies. The NPB 

energy level values are taken from Refs [11,12]. VL=vacuum level, CB=conduction band, 

VB=valence band. 
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6.3.2. Electrical characterization of hole-only devices 

Figure 6.8 shows the current density vs voltage spectra of Device A, Device B, Device C 

and Device D. The threshold voltage of the AZO/MoOx (3 nm) anode based Device B was 1.5 V, 

compared to 1.8 V for the ITO control (Device D). The threshold voltages of Devices A and C 

were 2.2 V, and 2.9 V, respectively. Comparing the current density vs voltage curves at a drive 

voltage of 3 V, the obtained values were 16.5 mA/cm2, 190 mA/cm2, 2.8 mA/cm2, and 118 mA/cm2 

for Devices A, B, C and D, respectively. The AZO/ MoOx (3 nm) anode exhibited the lowest turn-

on voltage, and largest charge injection at the reference voltage. 
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Figure 6.8: Current density (J) vs Voltage (V) characteristics of hole-only devices with AZO, 

standard ITO, and MoOx interfacial layers deposited AZO. 
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6.3.3. Hole injection mechanism 

  The schematic band diagram of the hole-only devices are shown in Figure 6.7(b). The AZO 

and MoOx energy level positions were taken from the UPS and optical spectroscopy measurements 

(see Table 6.1 and Figures 1, 3, 4, 5) and those of NPB and Al from the literature.[13] The band 

alignment of the MoOx/NPB interface has been reported [11,12]. Based on the proposed band 

diagram, the interfacial barrier for hole injection, presumably by field emission (Fowler-Nordheim 

tunneling), is reduced by MoOx gap states. This results in the lowering of the turn-on voltage and 

enhanced hole injection. The 10 nm thick MoOx layer is more stoichiometric and therefore more 

resistive. Therefore, for hole-only devices with 10 nm of MoOx, the resistivity of the material 

rather than the interfacial barrier dominates and a higher threshold voltage is observed.  

 

6.4. Performance of MoOx modified AZO anode based OLED vs ITO anode based OLEDs 

From the above studies, 3 nm of MoOx on AZO exhibited the best performance compared 

to ITO. Therefore, OLEDs with AZO (O2 plasma treated), AZO (O2 plasma treated)/MoOx, and 

ITO (O2 plasma treated) anodes were fabricated and characterized to measure their performance.  

6.4.1. Structure and band structure of OLEDs 

A schematic of the fabricated OLED structures is shown in Figure 6.9(a). OLED with 

device structure ITO/NPB (60 nm)/AlQ3 (40 nm)/LiF: Al (100 nm) is denoted as Device 1, 

AZO/NPB (60 nm)/AlQ3 (40 nm)/LiF: Al (100 nm) is denoted as Device 2, and Device 3 refers to 

the AZO/MoOx (3 nm)/NPB (60 nm)/AlQ3 (40 nm)/LiF: Al (100 nm) structure. Here NPB (N, N’-

Bis (naphthalene-1-yl)–N, N’-bis (phenyl)-benzidine) is the hole transport layer, and ALQ3 (tris 
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(8-hydroquinoline) aluminum) is both the electron transporter and the emissive layer. The 

schematic energy level band alignments of devices with standard ITO and with AZO/MoOx anodes 

are compared in Figure 6.9(b) and 6.9(c). The energy levels of NPB, AlQ3, and LiF/Al are taken 

from the literature [14]. 

 

 

 

Figure 6.9: (a) Schematic of the OLED structures, (b) Energy band alignment of ITO control, 

(c) Energy band alignment with MoOx modified AZO anode. 
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6.4.2. Electro-optical characterization of OLEDs 

(a) Current density and Luminance vs voltage 

Figure 6.10(a) shows current density (J) vs voltage (V) plots for the OLEDs studied, where 

the inset is an expanded view of the low voltage range (0 - 3.6 V). The electroluminescence 

measured in these devices corresponds to AlQ3 and is presented in Figure 6.10(b) [15]. In the low 

voltage range from 0 to 3.6 V, Device 3 with the AZO/MoOx (3 nm) anode exhibited a slightly 

lower turn-on and larger current density compared to Devices 1 and 2, which is consistent with 

our previous observation from hole only devices, explained in section 6.3.2 and in our published 

report [16].  Above 3.6 V, Device 1 with the ITO anode exhibited the highest current density. Thus, 

the data suggest that in Device 3 electrical behavior is dominated by donor-like gap states in the 

MoOx layer at low voltage (less than 3.6V). Donor like gap states reduced the hole injection barrier, 

and facilitate enhanced Fowler-Nordheim tunneling [16], which in turn results in a lowering of the 

turn-on voltage and enhanced charge injection. Above 3.6 V the electrical behavior is dominated 

by the series resistance of the devices. Traps and defects associated with the AZO/MoOx and 

MoOx/NPB interfaces [17-19] as well as the higher resistivity of the AZO (compared to ITO) 

contribute to the device series resistance.  Figure 6.11(a) shows that the luminance (L) vs voltage 

(V) behavior of the OLEDs qualitatively follows the trend seen in the J-V curves. As shown in the 

Figure 6.11(b), the luminance (L) vs current density (J) plots indicates better radiative 

recombination kinetics in the AZO/MoOx structure, which can be ascribed to improved charge 

balance [20]. Both electrically and optically, neat AZO (Device 2) performed worse than ITO and 

AZO/MoOx based anodes. The average turn-on voltage of Device 2 was 2.7 V, largest among all 

the devices.  
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Table 6.2: Summary of UPS measured workfunction of as-deposited AZO, O2 plasma treated 
AZO, O2 plasma treated ITO, and O2 plasma treated AZO/MoOx (3nm) films. Electro-optical 
performance parameters of OLEDs fabricated with the various anode configurations. 

 Workfunct
ion (eV) 

OLED 
[Anode/NPB(
60nm/ALQ3(4
0nm)/LiF:Al] 

Vturn-on 
(V@1C
d/m

2
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Peak Values @9 V 

1.AZO (as-
deposited) 

4.1 Brightness 
(Cd/m

2
) 

PE 
(lm/W) 
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EQE 
(%) 
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(Cd/m
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EQE 
(%) 

2.ITO(O2 
plasma 
treated) 

4.6 Device 1 2.5 8080 2.9 3.1 1.0 8080 0.8 2.4 0.7 

3.AZO(O2 
plasma 
treated) 

4.4 Device 2 2.7 3217 2.0 2.5 0.9 3217 0.7 2.4 0.7 

4.AZO(O2 
plasma 
treated)/Mo
Ox(3 nm) 

4.8 Device 3 2.5 8959 3.3 4.1 1.4 8959 1.2 3.6 1.2 
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Figure 6.10: (a) Current density vs voltage plots of Devices 1, 2, and 3. Inset is an expanded 

view of the J vs V curves in the low voltage range, (b) Electroluminescence spectrum of the 

devices. 
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Figure 6.11: (a) Luminance vs voltage and, (b) Luminance vs current density plots of Devices 

1, 2, and 3.  

 

(b) Efficiency vs current density 

Luminous, power, and external quantum efficiencies were calculated from the L vs V and 

J vs V data using the standard methodology [21]. As the efficiency vs current density plots in Figure 

6.12 show, the composite AZO/MoOx based device outperformed ITO the control (Device 1), 

while AZO without the workfunction tuning layer performed worse. The peak values as well as 

the values at 9 V are summarized in Table 6.2. At 9 V where the brightness is useful, the power 

efficiency of the AZO/MoOx device at 1.2 lm/W represents a 50 % increase compared to the ITO 
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device which exhibited a power efficiency of 0.8 lm/W. Similarly the external quantum efficiency 

of the AZO/MoOx device was 1.2 % versus 0.7 % for ITO, and represents a 71 % improvement.   
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Figure 6.12: (a) Luminous efficiency (LE), (b) Power efficiency (PE) and, (c) External quantum 

efficiency (EQE) vs current density (J) plots of Devices 1, 2, and 3. 
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6.5. Conclusion 

Deposition of 3 nm of MoOx onto AZO resulted in an effective workfunction of 4.8 eV for 

the composite anode, which compares to 4.1 eV for as-deposited AZO. The data indicate that the 

stoichiometry of the MoOx (i.e., gap states associated with reduced Mo6+ in the form Mo5+ and 

Mo4+) controls the effective Fermi level and workfunction. Above a certain thickness, the MoOx 

approaches stoichiometry and becomes more resistive, and the voltage drop across this layer 

dominates its electrical performance.  The hole injection efficiency of AZO with 3 nm MoOx layers 

was larger compared to ITO, neat AZO (without surface layers) and 10 nm MoOx layer on AZO 

anode. In the low voltage range up to 3.6 V, OLEDs with AZO/MoOx (3 nm) composite anodes 

displayed a better electrical response than ITO because the larger workfunction of the anode and 

hole injection by Fowler-Nordheim tunneling from donor-like MoOx gap states dominate the 

device electrical response. Above 3.6 V the resistance of the device series resistance becomes 

dominant. The luminance versus current density data indicate that the radiative recombination 

kinetics is better in the AZO/MoOx devices compared to ITO (and neat AZO), which we ascribe 

to improved charge balance in the recombination zone. The luminous, power and external quantum 

efficiencies of the devices with AZO/MoOx anodes were better than the devices with standard ITO 

anodes. The results suggest that AZO/MoOx (3 nm) anodes are a promising alternative to ITO, 

particularly when the lower cost and Earth abundance of Al and Zn compared to In and Sn are 

considered. 
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7.1. Introduction 

The performance of AZO modified with VOx anodes was investigated using the 

methodology described in the preceding chapter. The source material was V2O5. VOx was 

deposited on optimized AZO and the effective workfunction of the composite AZO/VOx anodes 

characterized. The performance of hole-only devices and OLEDs featuring the AZO/VOx anodes 

was then measured.  

7.2. Spectroscopic and optical analysis 

7.2.1. X-ray/Ultraviolet photoelectron spectroscopy (XPS/UPS) 

UPS spectra of as-deposited sputtered clean AZO, oxygen plasma treated AZO, VOx of 3 

and 10 nm on AZO films are shown in Figure 7.1. As shown in Figure 7.1, secondary electron cut-

off shifted towards lower binding energy upon O2 plasma treatment and deposition of VOx, leading 

to increase of workfunction from 4.1 eV for as-deposited AZO film (Ar-sputtered) to 5.0 eV and 

6.0 eV upon depositing 3 nm and 10 nm of VOx films, respectively. The calculated workfunctions 

are tabulated in Table 7.1. The inset of Figure 7.1 shows the valence band edge with respect to the 

Fermi level of all the films. The peak at 1.6 eV and shoulder at 0.9 eV, are ascribed to V3+ and 

V4+, respectively. Oxygen vacancies accompany the reduced V to maintain charge neutrality. With 

the metal reduction partial transfer of electrons to the V 3d band occurs, which results into donor-
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like gap states [1]. As shown in Figure 7.2, the core-level XPS peak analysis of the AZO/VOx 

samples indicated the V 2p doublet peak at 516.5 eV and 524.3 eV, assigned to V2p3/2 and V2p1/2, 

respectively. The deconvoluted V 2p spectra in Figure 2 indicates the presence of V3+ at 514.3 eV, 

V4+ at 516.1 eV and V5+ at 516.9 eV [2]. The intensity of the V5+ peak is higher than V4+ peak in 

10 nm thick VOx films, which means that the thicker films were more stoichiometric, i.e. fewer 

oxygen vacancies.  

 

Table 7.1: Workfunction of as-deposited AZO, Plasma-treated AZO, VOx surface modified AZO 

 

 

 

 

 

 

 Workfunction (eV)  Band gap (eV) 
As-deposited AZO (Ar sputtered) 4.1 3.46 
O2 plasma treated AZO 4.4 3.46 
AZO/VOx (3 nm) 5.0 3.46 
AZO/VOx (10 nm) 6.0 3.46 
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Figure 7.1: UPS He – 1 (21.22 eV UV - source) spectra of as-deposited AZO, oxygen plasma 

treated AZO, VOx 3, 10 nm on AZO. (Inset) valence band spectra of as-deposited AZO, oxygen 

plasma treated AZO, VOx 3, 10 nm on AZO. 
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Figure 7.2: XPS, V 2p peak analysis of as-deposited AZO, oxygen plasma treated AZO, VOx 

3, 10 nm on AZO. 
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7.2.2. Absorbance and photoluminescence measurements 

Figure 7.3 is the Tauc plot for 10 nm VOx films. The optical band gap for VOx film was 

measured to be 2.65 eV. The photoluminescence (PL) spectrum of the studied VOx film on glass 

is presented in the inset of Figure 7.3, which was obtained using an excitation wavelength of 407 

nm. Emissions corresponding to 522 nm/2.37 eV were observed due to the near band edge 

emission, and 575 nm/2.15 eV and 630 nm/1.96 eV were observed due to oxygen vacancies 

associated with reduced V5+ in the form of V4+ and V3+, respectively. Based on the UPS, 

photoluminescence, and absorbance measurements of VOx, the schematic energy level diagram 

shown in Figure 7.4 (a) was constructed for vanadium oxide (VOx). 
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Figure 7.3: Tauc plot of VOx (10 nm thick) on glass from which the absorption edges were 

determined. (Inset) Photoluminescence spectra of the VOx films on glass. 
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Figure 7.4: Schematic band diagram of the Vanadium oxide (VOx) films. 

 

7.3. Hole injection ability of VOx modified AZO anode 

7.3.1. Structure and band structure of hole-only device 

A schematic of the hole-only devices used to evaluate the impact of 3 nm and 10 nm VOx 

interfacial layers on AZO is shown in Figure 7.5(a). The NPB layer thickness was constant at 120 

nm in all structures. Hole-only structures – AZO/NPB(120nm)/Al is denoted as Device A, 

AZO/VOx(3nm)/NPB(120nm)/Al is denoted as Device B, AZO/VOx(10nm)/NPB(120nm)/Al is 

denoted as Device C, and ITO/NPB(120nm)/Al which again served as the control is denoted as 

Device D. On the basis of UPS and optical spectroscopy (see Table 7.1 and Figures 7.1, 7.2, 7.4, 

7.5) measurements, the energy band structure of the hole-only shown in the Figure 7.5(b) was 

constructed. The energy level positions of NPB and Al were taken from the literature [3].  
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Figure 7.5: (a) Schematic layered diagram of hole-only device, (b) Schematic energy level 

diagram of hole-only devices (AZO/VOx/NPB/Al) based on UPS, XPS, and optical 

spectroscopies. VL = vacuum level, CB = conduction band, VB = valence band. 

 

7.3.2. Electrical characterization of hole-only devices 

Hole injection current density vs voltage was carried out in the range of 0 to 4.6 V, as 

shown in Figure 7.6. The NPB layer thickness was constant at 120 nm in all structures.  The 

threshold voltage of the ITO control (Device D) was 1.5 V. Hole-only Devices A - C showed turn-

on voltages of 1.7 V, 1.2 V and 1.8 V, respectively. As shown in Figure 7.6, a comparison of 

current density vs voltage curves at a drive voltage of 3 V for Devices A-D showed current 

densities of 88.7 mA/cm2, 213 mA/cm2, 88.4 mA/cm2, and 165.6 mA/cm2, respectively. Device B 

(AZO/VOx (3 nm)) showed the smallest turn-on voltage and highest current density at the reference 

voltage, better than Device D.  
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Figure 7.6: I-V measurements comparing curve of hole-only devices formed with AZO, AZO/VOx, 

and ITO anode. (- - - - dashed line) Curve fitting for JFN (Fowler-tunneling) effect. 

 

7.3.3. Carrier injection mechanism 

Figure 7.5 (b) shows the proposed schematic band diagram of the hole-only AZO/VOx 

device. Figure 7.6 shows J vs V plot of all the hole-only devices, and dashed line shows the 

computed current density (JFN) vs voltage (V) for Fowler-Nordheim tunneling effect using the 

equation: 

𝐽𝐽𝑆𝑆𝑁𝑁 ∝  𝑉𝑉2exp [−𝑏𝑏
𝑉𝑉

], 
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where V is voltage and 𝑏𝑏 = 8𝜋𝜋(2𝑚𝑚∗)1/2∆3/2𝑡𝑡
3ℎ𝑒𝑒

. Here e is the elementary charge, h is Planck 

constant, and m* is the effective mass of the carrier, t is thickness of the film and ∆ is the interfacial 

barrier height.  

The calculated JFN vs V plot for b1 = 2.7 (purple dashed line in Figure 7.6) fits well with 

the J vs V plot for Device B (AZO/VOx (3nm) hole-only device) shown in the Figure 7.6. For b1 

= 2.7, the calculated ∆ is 0.5 eV from the J vs V curve, which is more than the measured interfacial 

barrier height of 0.2 eV for VOx (3nm)/NPB interfaces taken from the difference in workfunctions 

of individual layers. The difference of 0.3 eV between the individual layers and devices might be 

due to interfacial traps, defects, and possible polarization effects. Thus, based on the band diagram 

of hole-only devices and the calculated JFN vs V curve, we propose that the hole injection barrier 

of VOx surface modified AZO films is reduced and facilitates field emission (Fowler-Nordheim 

tunneling) through VOx gap states. This results in the lowering of the turn-on voltage and enhanced 

hole injection. The JFN vs V fit could not be obtained for Device D for any b values, which suggests 

an absence of FN tunneling.  An example JFN vs V plot with b2 = - 6 is shown in Figure 6 (green 

dashed line). The observed barrier for Device D is because of the potential drop across the thicker 

and resistive 10 nm VOx interfacial layer leading to increased device threshold voltage. 

 

7.4. Performance of VOx modified AZO vs ITO anodes in OLEDs  

7.4.1. Structure and band structure of OLEDs 

A schematic of the OLEDs is shown in Figure 7.7(a). The NPB and AlQ3 layer thicknesses 

in all devices were 60 nm and 40 nm, respectively. OLED with device structure - ITO/NPB (60 
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nm)/AlQ3 (40 nm)/LiF/Al (100 nm) is denoted as Device 1, AZO/NPB (60 nm)/AlQ3 (40 nm)/LiF/ 

Al (100 nm) is denoted as Device 2, and Device 3 refers to the AZO/VOx (3 nm)/NPB (60 

nm)/AlQ3 (40 nm)/LiF/Al (100 nm) structure. The schematic energy level band alignment of the 

device with AZO/VOx anode is presented in Figure 7.7(b). As in the previous sections, the energy 

levels of NPB, AlQ3, and LiF/Al are taken from the literature [4]. 

 

Figure 7.7: (a) Schematic of the OLED structures, (b) Energy band alignment of VOx modified 

AZO anode. 

 

7.4.2. Electro-optical characterization 

a) Current density and luminance vs voltage 

Figure 7.8 shows the comparison of current density (J) vs voltage (V), and Figure 7.9 shows 

luminance (L) vs voltage (V) plot of all the devices. Device 2, with AZO/VOx (3 nm) anode, 

displayed the highest luminance. The L vs V plots showed turn-on voltages of 2.67 V for Device 
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1, 2.56 V for Device 2, and 2.57 V for Device 3. Turn-on voltage is defined as the required voltage 

to achieve a luminance of 1 cd/m2. The performance metrics of the devices are tabulated in Table 

7.2. At higher voltage the current density Device 3 is better than Devices 1 and 2 (with AZO or 

AZO/VOx anode) due to the larger conductivity of ITO and reduced series resistance of the ITO 

device. Traps states at the AZO/VOx and VOx/NPB interfaces contribute to the larger series 

resistance of Device 2 compared to Device 3. Inset of Figure 7.9 shows the electroluminescence 

spectrum of OLEDs and again, only AlQ3 emission was observed. Luminous, power and external 

quantum efficiencies of the OLED devices were calculated from above L vs V and J vs V data 

using formulae described in Chapter 3.  

 

Table 7.2: Summary of electro-optical characterization of all the OLED devices. 

 

Devices Vturn-

on (V) 
Brightness 
max (Cd/m2) 

PEpeak 
(lm/W) 

LEpeak(Cd/
A) 

EQE(%) 
max 

1. (AZO/NPB(60nm/AlQ3(40nm)/LiF/Al) 2.67 3213 1.88 2.04 0.65 
2.(AZO/VOx(3nm)/NPB(60nm/AlQ3(40nm)/
LiF/Al) 

2.55 8243 3.05 4.07 1.5 

3.(ITO/NPB(60nm/AlQ3(40nm)/LiF/Al) 2.55 8123 2.08 2.27 0.7 
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Figure 7.8: Current density (J) vs voltage (V) of organic light emitting diode (OLED). 
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Figure 7.9: Luminance (L) vs voltage (V) of Devices 1, 2 and 3, (Inset) normalized 

electroluminescence spectrum of the OLED. 

 

 

123



b) Efficiency vs current density 

The luminous efficiency, power efficiency and external quantum efficiency of the devices 

are shown in Figure 7.10. As tabulated in Table 7.2 and shown in Figure 7.10(a), the largest LE of 

4.07 Cd/A was observed for Device 2, which was better than 2.26 Cd/A for the ITO control. LEmax 

of Device 1 was 2.04 Cd/A.  The initial increase of LE with the increase in current density (applied 

voltage) is due to improved radiative combination for injected carriers. That is, initially some 

injected carriers are lost to charge trapping, after which a higher number of injected carriers at 

higher current density recombine radiatively [5-7]. The device power efficiencies are shown in 

Figure 7.10(b). Device 3 (ITO control) exhibited a peak PE of 2.08 lm/W, which is less than 

3.05lm/W measured in Device 2. External quantum efficiency (EQE) vs current density is shown 

in Figure 7.10(c). Device 2 showed the highest EQE (%) among all the devices.   
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Figure 7.10: (a) Luminous efficiency (LE), (b) Power efficiency (PE) and (c) External 

quantum efficiency (EQE) vs current density of Devices 1, 2, and 3. 

 

7.5. Conclusion 

The effective workfunction of as-deposited AZO film improved from 4.1 eV to 5.0 eV, and 

6.0 eV upon deposition of 3 nm and 10 nm VOx, respectively. The energy level diagram of VOx 

was constructed on the basis of UPS valence band studies, absorption, and photoluminescence 

measurements. AZO/VOx (3 nm) anode based hole only devices demonstrated better hole injection 

efficiency than ITO equivalents. Based on the energy level band diagrams and calculated JFN vs V 

curve fitting of the hole-only devices, we propose that VOx gap states facilitate enhanced hole 
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injection for modified AZO/VOx (3 nm) anodes. Hole only devices with AZO/VOx (10 nm) result 

in a larger voltage drop across the thicker, more stoichiometric and resistive VOx layer, which in 

turn lead to an increase in the turn-on voltage. The thicker, more stoichiometric layer contains 

fewer defects and associated gap states, and the tunneling probability is reduced.  The enhanced 

electro-optical performance of AZO/VOx (3 nm) compared to ITO is ascribed to improved 

radiative recombination kinetics associated with improved charge balance. The improved charge 

balance is facilitated by improved Fowler-Nordheim tunneling from VOx gap states in the thin, 

3nm layer. The gap states are associated with reduced V5+ in the form of V4+ and V3+, and, partial 

electron  occupancy of the V 3d band.  
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8.1. Introduction 

Analogous to Chapter 7, tungsten oxide (WOx) surface modification of AZO films was 

carried out to evaluate the impact on AZO anodes, and the performance in OLEDs.  

8.2. Spectroscopic and optical analysis 

8.2.1. Ultraviolet/X-ray photoelectron spectroscopy 

Figure 8.1 shows the UPS spectra of as-deposited, sputter cleaned AZO, oxygen plasma 

treated AZO, and AZO films with 3 and 10 nm of WOx. Workfunction improved from 4.1 eV to 

4.7 eV and 5.1 eV for the samples with 3 nm and 10 nm of WOx on AZO, respectively (Table 8.1). 

The inset of Figure 8.1 shows the enlarged view of the valence band edge with respect to the Fermi 

level. Peaks located at 2.7 eV and 0.7 eV were observed for WOx modified AZO films, which are 

assigned to W4+ and W5+, respectively [1], which are due to reduced W6+ and partial filling of W 

5d states [2]. 

XPS core-level peak analysis of the W 4f levels for WOx film deposited on AZO films is 

shown in Figure 8.2. The peak at 35.8 eV is assigned to W 4f7/2, and the peak at 38.1eV is assigned 

to W 4f5/2 [2]. The shoulder at 33.6 eV is assigned to W4+ states, the peak at 35.8 eV is assigned 

to W5+, and the shoulder at 36.4 eV is assigned to W6+. 
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Table 8.1: UPS workfunction measurement of AZO films surface modified with WOx interfacial 

layers using He-I 21.2 eV light. 

 Workfunction  

As-deposited AZO (Ar sputtered clean) 4.1 eV 

Oxygen plasma treated AZO 4.3 eV 

AZO with WOx interfacial layer ( 3 nm) 4.7 eV 

AZO with WOx interfacial layer ( 10 nm) 5.1 eV 
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Figure 8.1: UPS He – 1 (21.22 eV UV - source) spectra of as-deposited AZO, oxygen plasma 

treated AZO, WOx 3, and 10 nm on AZO.  
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Figure 8.2: XPS, W4f peak analysis of WOx 3, 10 nm on AZO. 

 

 

8.2.2. Absorbance and photoluminescence measurement 

The optical bandgap of the WOx film was 3.4 eV. The photoluminescence (PL) spectrum 

of the studied WOx film on glass is presented in the inset of Figure 3, which was carried using an 

excitation wavelength of 320 nm. Emissions corresponding to 430 nm (2.9 eV) and 533 nm (2.32 

eV) were observed due to the near band edge emission and oxygen vacancies, respectively. 
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Figure 8.3: Tauc plot, (αhν)2 vs (hν) of WOx (10 nm thick) on glass from which the absorption 

edges were determined. Inset shows photoluminescence spectra of the WOx films on glass. 

 

8.3. Hole injection ability of WOx modified AZO 

8.3.1. Structure and band structure of hole-only device 

Figure 8.4(a) shows the schematic of a hole-only device used to evaluate the hole injection 

ability of WOx surface modified AZO. NPB of 120 nm thickness was used. Hole-only device 

structures  AZO/NPB(120nm)/Al are denoted as Device a, AZO/ WOx(3nm)/NPB(120nm)/Al are 

denoted as Device b, AZO/WOx(10nm)/NPB(120nm)/Al are denoted as Device c, and 

ITO/NPB(120nm)/Al are denoted as Device d. The band alignment of the hole-only structure is 

shown in Figure 8.4(b) and is based on the UPS and optical spectroscopy (see Table 8.1 and 

131



Figures 8.1, 8.2, 8.4, 8.5) measurements.  As before the energy levels of NPB and Al were taken 

from the literature [3]. 

 

Figure 8.4: (a) Schematic diagram of hole-only device, (b) Schematic energy level diagram of 

hole-only devices (AZO/WOx/NPB/Al) based on UPS, XPS, and optical spectroscopies. VL = 

vacuum level, CB = conduction band, VB = valence band. 

 

8.3.2. Electrical characterization of hole-only device 

Figure 8.5 shows J vs V characterization of the processed hole-only devices in the range 0 

to 4 V. Hole-only device a, b, c and d displayed turn-on voltages of 1.9 V, 1.5 V, 1.8 V and 1.5 V, 

respectively. At 4V of applied voltage, Devices a, b, c and d demonstrated current densities of 

230mA/cm2, 400mA/cm2, 338mA/cm2 and 405mA/cm2, respectively.  The AZO/WOx (3nm) 

performance was very similar to the ITO control. 
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Figure 8.5: I-V curves of hole-only devices formed with AZO, AZO/WOx, and ITO anodes. 

 

8.3.3. Hole injection mechanism 

The hole injection mechanism of WOx modified AZO anodes are similar to MoOx and VOx 

modified AZO films (see section 6.3.3 and section 7.3.3.). Improvement in hole injection was 

because improved band alignment and FN tunneling through gap states in the 3nm WOx film. 

Thicker WOx films did not exhibit FN tunneling, and consequently demonstrated a higher turn-on 

voltage and lower current density. 

 

8.4. Performance of WOx modified AZO in OLEDs 

8.4.1. Structure and band structure of hole-only device 

OLEDs were fabricated on WOx modified AZO anodes to compare their performance with 

respect to ITO. Figure 8.6(a) shows the schematic structure of the OLEDs. As before, the thickness 

of the NPB layer and AlQ3 layers were 60 nm and 40 nm, respectively. Device 1 had an ITO anode, 

Device 2 had an as-deposited AZO anode, and the anode was AZO/WOx (3 nm) in Device 3. The 
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schematic energy level band alignments of devices with AZO/WOx anodes are compared in Figure 

8.7(b).  

 

Figure 8.6: (a) Schematic of the OLED structures, (b) Energy band alignment of WOx modified 

AZO anode. 

 

8.4.2. Electro-optical characterization 

a) Current density and luminance vs voltage 

Table 8.2: Summary of electro-optical parameters of all the OLED devices, processed on ITO, 
AZO and WOx modified AZO films. 

Devices Vturn-

on (V) 
Brightness 
max (Cd/m2) 

PEpeak 
(lm/W) 

LEpeak(
Cd/A) 

EQE(
%) max 

1.ITO(O2 plasma 
treated)/NPB(60nm/ALQ3(40nm)/LiF/Al 

2.55 8123 2.08 2.26 0.7 

2. (AZO/NPB(60nm/ALQ3(40nm)/LiF/Al) 2.67 3213 1.88 2.04 0.65 

3.(AZO/WOx(3nm)/NPB(60nm/ALQ3(40nm)/
LiF/Al) 

2.55 7010 3.0 4.0 1.3 

 

134



Figure 8.7 shows the current density (J) vs voltage (V), and Figure 8.8 shows the luminance 

(L) vs voltage (V) spectra of all the devices. The inset of Figure 8.8 shows the electroluminescence 

spectrum. Device 1 exhibited a higher current density as compared to Device 2 and 3. From the L 

vs V plots the turn-on voltage for Device 1 was 2.57 V, and for Devices 2 and 3 it was 2.67 V and 

2.56 V, respectively. The results are tabulated in Table 2. At 9V applied, the WOx treated AZO 

based OLED (Device 3) demonstrated comparable luminance to the ITO based control (Device 1). 
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Figure 8.7: Current density vs voltage plots of Devices 1, 2, and 3. 
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Figure 8.8: Luminance (L) vs voltage (V) plots of Devices 1, 2, and 3. 

 

(b) Efficiency vs current density 

Luminous, power, external quantum efficiencies were calculated from the L vs V and J vs 

V as previously described [5,6]. 

The luminous efficiency (LE) of the devices is shown in Figure 8.9(a) and the peak values 

tabulated in Table 8.2. The highest luminous efficiency (LE) for Devices 3 and 1 are 4.90 Cd/A 

and 2.9 Cd/A, respectively. Device 3 showed highest EQE (%) among all the devices. The 

improved efficiencies of OLED with WOx modified AZO anodes is ascribed to better charge 

balance. 
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Figure 8.9: (a) Luminous efficiency (LE) vs current density (J) plots of Devices 1, 2, and 3. (b) 

Power efficiency (PE) vs current density (J) plots of Devices 1, 2 and 3. (c) External quantum 

efficiency (EQE) vs current density (J) plots of Devices 1, 2 and 3.  

 

8.5. Conclusion 

The workfunction of as-deposited AZO films improved from 4.1 eV to 4.7 eV, and 5.1 eV 

upon deposition of 3 nm and 10 nm WOx films, respectively. Photoemission and optical 

(absorbance and photoluminescence) measurement of the WOx films indicated donor-like gap 

states caused partially filled W 5d states fromW4+ and W5+. J-V characterization of the hole-only 

devices showed that the hole injection efficiency of WOx modified AZO anodes was almost the 

same as ITO. OLED prepared on WOx (3 nm) modified AZO anode showed a turn-on voltage of 
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2.56 V, which was essentially the same (2.57V) of ITO based OLED. The EQE clearly showed a 

better response of WOx (3 nm)/AZO anode compared to commercial ITO because of better charge 

balance. 
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9.1. Conclusion 

The electrical, optical and structural characteristics of AZO thin films were optimized by 

refining rf sputter growth conditions. Temperature dependent Hall measurements revealed that 

ionized impurity scattering was the dominant mechanism in sputter deposited, degenerate, 

aluminum doped zinc oxide (AZO) films up to a certain thickness, and a semiconductor to metal 

transition was observed when thickness was further increased. With the increase in film thickness 

the mobility and conductivity also increased, which was accompanied by a Burstein-Moss blue-

shift of the interband absorption edge determined from absorption spectra.  

Surface modification was performed using O2 and CFx plasma treatment, and via 

deposition of nanoscale transition metal oxide interfacial layers (MoOx, VOx and WOx) to investigate 

their role on workfunction tuning. UPS and XPS measurements indicated that chemisorption of 

oxygen and fluorine upon O2 and CFx plasma treatments leads to redistribution of surface charge 

and surface dipole moment due to the created electronegative environment. The generated surface 

dipole moment reinforced the original surface dipole moment of the AZO films, leading to 

workfunction increases compared to as-deposited AZO (see Table 9.1.).  

Deposition of non-stoichiometric transition metal oxides (~3nm) onto AZO films indicated 

the presence of donor-like gap states associated with partially occupied d-bands formed due to 

electron transfer to the metal ions, and their consequent reduction.  The gap states moved deeper 

into the gap i.e., were further away from the Fermi level, when the metal ions became more reduced 

(e.g., Mo4+ vs Mo5+ in MoOx).  This phenomenon was accompanied by the formation of oxygen 
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vacancies, a requirement for charge neutrality.  Thicker films (~10nm) approached stoichiometry. 

This behavior appears to be universal for all the oxides studied. 

I-V characterization of hole-only devices with anodes consisting of 3 nm thick transition-

metal oxides on AZO demonstrated improved hole injection efficiency due to improved band 

alignment facilitated by the aforementioned gap states, and, Fowler Nordheim tunneling through 

gap states in the thin layer. For 10 nm layers the transition-metal oxides approached stoichiometry. 

In this case, the voltage drop across the thicker, resistive layer dominated the electrical response, 

effectively switched of the tunneling transport and lead to lower hole injection efficiency. 

OLEDs fabricated using surface modified AZO anodes indicated improved electro-optical 

performance compared to as-deposited AZO and standard ITO (see Table 9.1.). The improvement 

is due to improved band alignment at the anode/organic interface, leading to higher hole injection 

efficiency, improved charge balance, and therefore improved radiative recombination kinetics. 

The results indicate that with workfunction tuning, the performance of AZO anodes is comparable 

to standard ITO. 
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Table 9.1: Summary of UPS measured workfunction and electro-optical performance parameters 
of OLEDs fabricated with the various anode configurations. 

Anodes Workf
unctio
n (eV) 

OLED Peak values 
Vturn-

on (V) 
Luminanc
e(Cd/m2) 

PEpeak 
(lm/W) 

LEpeak(
Cd/A) 

EQE(
%) max

1.As-deposited AZO 4.1 As-deposited AZO 
/NPB(60nm/ALQ3(40nm)/LiF:Al 

5.1 1885 0.75 2.01 0.74 

2. AZO (O2 plasma
treated) 

4.4 AZO (O2 plasma treated) 
/NPB(60nm/ALQ3(40nm)/LiF:Al 

2.6 3217 2.05 2.57 0.87 

3. AZO (CFx plasma
treated) 

4.5 AZO (CFx plasma treated) 
/NPB(60nm/ALQ3(40nm)/LiF:Al 

2.55 4748 2.39 3.57 1.1 

4. AZO (O2 plasma
treated)/MoOx(3nm) 

4.8 AZO(O2 plasma treated) 
/MoOx(3nm)/NPB(60nm/ALQ3(40nm)/LiF:Al 

2.5 8959 3.3 4.1 1.4 

5. AZO (O2 plasma
treated)/VOx(3nm) 

5.0 AZO (O2 plasma treated) 
/VOx(3nm)/NPB(60nm/ALQ3(40nm)/LiF:Al 

2.55 8243 3.05 4.07 1.5 

6. AZO (O2 plasma
treated)/WOx(3nm) 

4.7 AZO (O2 plasma treated) 
/WOx(3nm)/NPB(60nm/ALQ3(40nm)/LiF:Al 

2.55 7010 3.0 4.0 1.3 

7. ITO (O2 plasma
treated) 

4.65 ITO (O2 plasma treated) 
/NPB(60nm/ALQ3(40nm)/LiF:Al 

2.5 8080 2.9 3.1 1.0 
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9.2. Future work 

The work showed that stoichiometry control through thickness was ineffective, as beyond 

a few nanometers the tunneling transport mechanism was switched off. Methods of changing the 

stoichiometry of thin layers, where tunneling is still active, should be investigated to provide more 

engineered workfunction tuning.  

Temperature dependent current-voltage measurements of hole-only devices and OLEDs 

with anodes consisting of transition-metal oxides interfacial layers deposited onto AZO are 

required to have better insight into the FN tunneling and possible thermionic emission effects [1]. 

MOS structures and frequency dependent capacitance-voltage characterization could provide 

insight to the trap concentrations and types in the transition-metal oxides, which will deepen the 

basic understanding of carrier transport and trapping in these materials and devices. 
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