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Organic semiconductors (OSCs) present an electron mobility lower by several orders of magnitude 

than the hole mobility, giving rise to an electron-hole charge imbalance in organic devices such as 

organic light-emitting diodes (OLEDs) and organic light-emitting transistors (OLETs). In this 

thesis project, I tried to achieve an efficient electron transport and injection properties in opto-

electronic devices, using inorganic n-type metal oxides (MOs) instead of organic n-type materials 

and a polyethyleneimine ethoxylated (PEIE) thin layer as electron transport (ETLs) and injection 

layers (EILs), respectively. In the first part of this thesis, inverted OLEDs were fabricated in 

order to study the effect of the PEIE layer in-between ZnO and two different emissive layers 

(EMLs): poly(9,9-dioctylfluorene-alt-benzothiadiazole) polymer (F8BT) and tris(8-

hydroxyquinolinato) aluminum small molecule (Alq3), based on a solution and thermal 

evaporation processes, respectively. Different concentrations (0.80 %, 0.40 %) of PEIE layers 

were used to further study electron injection capability in OLEDs. After a series of optimizations 

in the fabrication process, the opto-electrical characterization showed high-performance of 

devices. The inverted OLEDs reported a maximum luminance over 104 cd m-2 and a 

maximum external quantum efficiency (EQE) around 1.11 %. The results were attributed to the 

additional PEIE layer which provided a good electron injection from MOs into EMLs. In the last 

part of the thesis, OLETs were fabricated and discussed by directly transferring the energy 

modification layer from OLEDs to OLETs. As metal oxide layer, ZnO:N was employed for 

OLETs since ZnO:N-based thin film transistors (TFTs) showed better performance than 

ZnO-based TFTs. Finally, due to their short life-time, OLETs were characterized electrically 

but not optically. 
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Organic semiconductors (OSCs) have been attracted as a promising candidate for 

the future opto-electronic applications such as large area flexible, low-cost light-emitting and 

photovoltaic devices [1]. The properties of OSCs which absorb or emit light and conduct 

electricity are strongly related to the organic molecules that can be easily modified by means 

of multi-layer stacks with different thicknesses or different moieties with a relatively small 

amount of energy. This is one of the biggest advantages of OSCs compared to the inorganic 

counterpart. In addition, OSC industry allows to use a large variety of solution processing 

techniques or vacuum deposition methods to fabricate organic field effect transistors (OFETs), 

organic photovoltaics (OPVs), organic light-emitting diodes (OLEDs).  

Among the organic opto-electronic devices, OLEDs have been already 

commercialized and are very successfully expanding their application in a wide variety of fields 

such as large area displays, lightings and flexible devices [1]. Beyond the OLEDs, organic light-

emitting transistors (OLETs) have also gained a lot of attention for their potential as a future 

device application, especially on organic lasers [2]. OLETs have a different device topology 

from OLEDs by a gated bias and they combine the functionality of transistors and OLEDs, 

simplifying the circuitry requirements for displays. The additional gate helps OLETs to drive 

tremendous charge carriers through the accumulated channel in the active layers, leading to an 

increase of the driving currents more than two orders of magnitude compared to OLEDs. In 

addition, the emission zone of OLETs can be formed far from metal electrodes, in contrast to 

OLEDs since in OLEDs, OSC layers are sandwiched between two metal contacts within a 

hundred of nanometers range. In OLETs, the emission zone in the middle of the channel can be 

achieved when electron-hole currents are balanced, resulting in a low exciton quenching at the 

metal contacts under electrical excitation and to an efficient exciton harvesting. Finally, this 

enhances the efficiency of the devices significantly even at high current regime by avoiding 

metal absorption, reflection, and guided losses in OLETs which are inevitable in OLEDs.  

However, up to now, most of the reported efficient unipolar OLETs (Figure 1(a)) 

suffer from charges imbalance and their emission zone fail to take place in the middle of the 

channel [3]. The reason is that these devices can only drive properly one majority charge 

carriers, using an accumulation channel under a gated bias. Hence, most of minority carriers 

are waiting for opposite charges close to their injection contact to recombine as shown in  
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Figure 1(b). Thus, a light emission zone is created very close or even under the metal contact 

(Figure 1(c)) which is very critical with regards to the exciton generation [3]. The ambipolar 

OLETs (Figure 1(d)) were introduced to overcome the unipolar issues since in ambipolar 

devices both, electrons and holes can be transported in the active material, leading to a 

maximum recombination rate and high external quantum efficiency (EQE) [4], [5]. Contrarily 

to unipolar, in ambipolar OLETs light emission can be “pushed” towards the center of the 

channel by varying the applied bias as showed in Figure 1(e) and (f), reducing the exciton-

metal quenching considerably [4], [5].  

 

However, in the ambipolar OLETs, EQE approaches its maximum when the 

recombination area begins to separate from the contact edge, while the drain current and 

luminance drop to minimum values [4], [5]. Furthermore, their efficiency decreases easily at 

high driving current-voltage (V-I) regimes due to the rapid reduction of charge balances. Thus, 

most of ambipolar OLETs either show high EQE at low current (luminance) with low efficiency 

rather than demonstrating high EQE at high luminance (current) [4], [5]. In addition, compared 

Figure 1. OLETs with multi-layer structured organic semiconductors. (a) Unipolar OLET [3]. (b) Light emission 

close to the electrode in the unipolar OLET due to the high charge imbalance. (c) Top view of the edge-light 

emission in the unipolar OLET [3]. (d) Ambipolar OLET [4]. (e) Top view of the light emission in the ambipolar 

OLET, showing how it is possible to drive the emission zone from (e) the edge (f) within the channel varying the 

applied bias [4]. 

 
 

[1]  T. Zaki, “Introduction to Organic Electronics,” in Short-channel organic thin-film transistors: Fabrication, 

characterization, modeling and circuit demonstration, 1st ed., Cham, Switzerland: Springer Int. Publishing, 2015, pp. 

5-20. 

[2]  R. Zamboni, R. Capelli, S. Toffanin, M. Murgia, M. Först and M. Muccini, “OLET architectures for electrically-

pumped organic lasers,” in Proc. SPIE 7118, Optical Materials in Defence Systems Technology V, Cardiff, UK, 

71180C, 2008. doi:10.1117/12.800603.  

[3]  E. B. Namdas, P. Ledochowitsch, J. D. Yuen, D. Moses and A. J. Heeger, "High performance light emitting 

transistors," Appl. Phys. Lett., vol. 92, no. 18, May 2008, doi: 10.1063/1.2920436.  

[4]  M. C. Gwinner, D. Kabra, M. Roberts, T. J. K. Brenner, B. H. Wallikewitz, C. R. McNeill, R. H. Friend and H. 

Sirringhaus, "Highly Efficient Single-Layer Polymer Ambipolar Light-Emitting Field-Effect Transistors," Adv. Mat., 

vol. 24, no. 20, pp. 2728-2734, Apr. 2012.  

[5]  R. Capelli, S. Toffanin, G. Generali, H. Usta, A. Facchetti and M. Muccini, "Organic light-emitting transistors with an 

efficiency that outperforms the equivalent light-emitting diodes," Nat. Mater., vol. 9, no. 6, pp. 496-503, May 2010.  

[6]  J. Zaumseil, R. H. Friend and H. Sirringhaus, "Spatial control of the recombination zone in an ambipolar light-



Sergio A. Fernández  Surface energy modification of metal oxide to enhance electron injection in light-emitting devices 

 

3 

to the unipolar OLETs, they tend to have low ON/OFF ratios (switching capability) [3], [4], 

[6]. Developing a charge carriers balance at high driving V-I regimes is still challenging in 

OLETs, especially, the enhancement of electron mobility is the key issue since electrons tends 

to move slower than holes in OSCs. 

1.1 Aim of the project 

This thesis focused mainly on improving the electron injection and transport 

characteristics to achieve hole-electron charge balance in OLEDs and OLETs. In order to 

improve electron mobility in organic light-emitting devices, organic electron transport layers 

have been replaced by inorganic metal oxides (MOs) as already reported can yield electron 

mobility above 5 cm2 V-1 s-1 [7]. In addition, MOs are suitable for opto-electronic devices due 

to their high electron mobility, air stability and intrinsic wide band gap (WBG) that provides 

good transparency in the visible spectrum. However, MOs generally have a deep conduction 

band (CB) which creates a big electron-barrier between MOs and the emissive layers (EMLs) 

of over 1 eV, as shown in Figure 2 (a) [8]. A polyethylenimine ethoxylated (PEIE) polymer 

was additionally employed as a surface-energy modification layer between MOs and EMLs. 

This buffer layer provided a reliable solution to reduce the barrier height at the MOs-EMLs 

interface by inducing a strong interfacial dipole moment within the PEIE thin layer as described 

in Figure 2 (b). 

 

Figure 2. Energy diagram showing the variation of  the energy level between  zinc oxide (ZnO) and super yellow (SY)  

(a) before and (b) after applying PEIE as buffer layer. [8]. 

 

(a) (b) 
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In the first part of the thesis, the effect of PEIE layer was mainly investigated and 

characterized on hybrid organic-inorganic inverted OLEDs since it has been widely 

demonstrated the higher luminous efficiency of inverted OLEDs compared to the conventional 

ones. [8], [9]. In the inverted OLEDs, PEIE was coated on top of MOs by a solution process 

technique (spin-coating) while MOs were deposited by spin-coating or by sputtering method 

directly on glass-ITO (indium tin oxide) substrates. The inverted OLED stack and the molecular 

structure of PEIE polymer are shown in Figure 3 (a) and (b).  

 

Through the proper optimization of OLEDs with different concentration of PEIE 

layers, I confirmed that PEIE is a reliable solution to enhance the electron injection from 

MOs to poly(9,9-dioctylfluorene-alt-benzothiadiazole) (F8BT) and tris(8-hydroxyquinolinato) 

aluminum (Alq3) layers. 

 In the last part of the thesis, I further investigated OLETs by directly applying 

the surface modification layer achieved during OLEDs fabrication to OLETs, in order to 

improve their vertical electron injection. In previous literatures, many hybrid OLETs using an 

organic EML and inorganic MO as electron transport layer (ETL), also suffered from poor 

vertical electron injection at the interface between the MO and EML, reducing device efficiency 

and requiring a high driving electric field [10]. In Figure 4 (a) and (b) is possible to see an 

Figure 3. (a) Schematic showing the OLED structure. (b) PEIE molecular formula [8]. 

(a) (b) 
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example of hybrid OLET with unbalanced hole-electron current which leads to an electron-hole 

recombination and light emission adjacent to the positive Au-MoOx (molybdenum(x) oxide) 

contact.  

1.2 Outline of the project 

 Chapter 1: Introduction 

 Chapter 2: Theory 

 Chapter 3: Experimental - Thin film deposition 

 Chapter 4: Devices fabrication 

 Chapter 5: Results 

 Chapter 6: Discussion 

 Chapter 7: Conclusions 

 

Figure 4. (a) Schematic of working principle of an OLET, showing a high electron accumulation in the MO layer 

with the creation of excitons and their consequent radiative decay. Charges are still unbalanced inside the device 

due to the high energy barrier between MO and SY [10]. The difference between charge carriers injection 

determines the electron-hole recombination close the edge of the positive contact.(b) Image showing the light 

emitted from the edge of the Au-MoOx contact [11]. 

 

(b) (a) 
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This section explains the basic theoretical-background on OSCs. It covers from 

molecules to device applications such as inorganic metal-oxide-semiconductor field-effect 

transistors (MOSFETs), organic light-emitting devices along with basics of organic TFTs. 

Furthermore, the chapter describes the structure and working principles of OLEDs and OLETs 

as well as their opto-electrical characterization in detail. Additionally, the different deposition 

methods used for the devices fabrication are reported.  

2.1 Materials 

2.1.1 Organic semiconductors  

OSCs are carbon-based structures since they are made up essentially of carbon 

and nitrogen atoms, where molecules interact each other mostly by Van der Waals interaction 

law. At ground state a carbon atom has six valence electrons distributed as follows: 1s2, 2s2, 

2px
1, 2py

1 and 2pz
0. The two electrons in the inner atomic orbital (1s2) are core electrons and 

they are highly bound to the nucleus, so they cannot be involved in chemical bonds [12]. The 

2s2 subshell is complete, remaining available only electrons of half-filled 2px
1 and 2py

1 subshells 

for covalent bonds formation. If the 2s2 orbital release one electron to the empty 2pz
0 subshell, 

four half-filled orbitals will be available for chemical interactions [12], [13]. With this 

configuration, a carbon atom can link other atoms with half-filled subshells by the 

rearrangement or hybridization of four previous orbitals into two (sp), three (sp2) or four (sp3) 

hybridized orbitals of equivalent energy (Figure 5 (a), (b) and (c)).  

The hybridized orbitals, sp, sp2 and sp3 are known as sigma (σ) bonds while the 

unhybridized 2p orbitals are known as pi (π) bonds. σ bonds are created along the intermolecular 

atom axis while π bonds are shared among atoms, providing clouds of electrons inside 

molecules [14]. These electrons are spatially delocalized via conjugation with neighbouring π 

bonds and they are denoted as π-electrons since they belong to the whole π-system and not to a 

specific carbon atom. π-electrons play an important role in carrier transport [14], [15]. In 

organic materials, the alternating of these single and double-hybridized bond configurations 

give rise to conjugated structures. Two kinds of π and σ molecular bonds, with different energy 
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levels, are generated by the overlapping of atomic orbitals (Figure 6), depending on their wave 

functions contribution. If the two energy orbitals are added or subtracted, the result will be a 

bonding or an antibonding orbital, respectively. 

Figure 5. Different examples of hybridized spx carbon atoms. σ bonds and π bonds are shown in grey and black, 

respectively. (a) Ethane: six hydrogen atoms combine with two sp3 hybridized carbon atoms. (b) Ethene: four 

hydrogen atoms combine with two sp2 hybridized carbon atoms. (c) Ethyne: two hydrogen atoms combine with 

two sp hybridized carbon atoms [13]. 

Figure 6. Example of bonding and antibonding  molecular orbitals formation between 2p and 2sp2 orbitals of two 

adjacent carbon atoms. While the π bonding orbital filled with paired electrons is the HOMO, the π* antibonding 

orbital is the LUMO [14]. 
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The lowest and the highest energy levels are occupied by the antibonding (σ*) and 

bonding (σ) molecular orbitals that have higher and lower energy than the original energy level, 

respectively. In addition, the σ  molecular bond is lower in energy than the π, π* and σ*   

molecular orbitals. Hence, σ bonds are stronger and more stable than π, π* and σ* bonds. At 

ground state, electrons tend to occupy low-energy molecular orbital levels, σ and π orbitals, 

while high-energy molecular orbital levels (σ* and π*) are empty. Thus, π and π* orbitals are 

considered as the highest occupied molecular orbital (HOMO) and the lowest unoccupied 

molecular orbital (LUMO), respectively [14]. HOMO and LUMO levels are the equivalent of 

valence band (VB) and conduction band (CB) in inorganic materials. The energy difference 

between the HOMO and LUMO is known as band-gap.  

Semiconducting nature differs between inorganic and organic materials. 

Inorganic semiconductors such as Ge, Si and GaAs have low bandgaps, 0.67, 1.10 and 1,40 eV 

respectively [13]. At thermal equilibrium, that is, a steady state condition at a given temperature 

without any external excitation (light, pressure or electric field), charges are free to move from 

VB to CB by thermal excitation creating a concentration of charge carriers. Typical intrinsic 

conductivities are between of 10−8 to 10−2 Ω−1
 cm−1. Due to the high dielectric constant 

(~ ℇr = 11) the coulomb force between electron-hole pairs is negligible [13]. 

OSCs have a band gap in a range of 2-3 eV. This condition precludes the 

possibility to create a relevant charge carrier concentration at thermal equilibrium, means that 

conductivity in organics is extrinsic and it is carried out by doping, injection of charges at 

electrodes and light absorption. Since the dielectric constant is low (~ ℇr = 3.90), the electron-

hole pairs generated electrically or by the absorption of light are highly bounds by a coulomb 

energy that round from 0.50 to 1 eV. [13].  

In organic materials, carriers move by intramolecular and intermolecular 

interactions, among molecules, crystal planes and crystal grains. Charge carrier transport 

generally occurs by thermally activated hopping mechanism and it is strongly related to the 

intermolecular bonds that play an important role in determining the material properties. It 

depends on the electrons-holes exchange between molecules and consequently on their 

mobility. Electrons injected into the LUMO of a molecule can skip to the LUMO of a 

neighbouring molecule and so on. In the same way, holes can hop among the HOMO levels of 

neighbouring molecules [16]. This is possible since bonds between organic molecules are 

relatively weak, usually based on Van der Waals forces. Interactions between molecules 
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generate barriers that are the main responsible for low mobility in OSCs compared with 

inorganic semiconductors [17]. Mobility is related to the dominant charge carrier and it is 

strongly dependent on purity and nature of materials. While in inorganic semiconductors the 

electron mobility tends to be higher than that of holes, in OSCs, holes tend to have higher 

mobility than electrons [17].  

Two main groups of conjugated OSCs are available, depending on their molecular 

chain length: Polymers and Small Molecules, and they can be further grouped into n-type, 

p-type and ambipolar materials. In most cases, the belonging of polymers or small molecules 

to one of these categories is not related to the fact that molecules can better transport a charge 

than another but rather on the easy to inject charges from electrodes into that material [18]. 

Hence, a compound is often defined as n-type (p-type) when its electron affinity (ionization 

energy) nearly match the Fermi level of an electrode [18]. Ambipolar materials can be used as 

n-type or p-type since they can easily inject and transport electrons and holes. 

2.1.1.1 Polymers and small molecules 

Small molecules and polymers are chemical compounds of conjugated units. 

While small molecules are compounds with structures of a finite size, polymers are chains of 

connected molecules in a regular or random pattern and with indefinite length. They 

differentiate in the way they can be processed. Small molecules can be processed either by 

solution or evaporation process while polymers are usually deposited by solution process [19]. 

Polymers are suitable for blending since they are thermodynamically more stable and less 

predisposed to crystallization than small molecules. However, small molecules compared to 

polymers can have many advantages including better solubility in organic solvents, higher 

purity and higher mobility [20]. 

OSCs deposited by solution-based techniques are diluted in organic solvent and 

processed by different solution techniques, such as spin-coating, blade coating and inject 

printing. OSCs treated by thermal evaporation process are deposited under vacuum at high 

temperatures. Evaporation makes the production process relatively more expensive than other 

processing techniques but it allows to deposit well controlled, homogeneous and smooth layers.  
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2.1.2 Inorganic metal oxide semiconductors 

Hydrogenated amorphous silicon (a-Si:H) is a semiconductor widely used in large 

area electronics since its high uniformity and low-cost fabrication process [21]. Thus, it sets a 

standard in backplanes circuitry fabrication as cost-effective material [21]. The main drawback 

of a-Si:H is that its mobility is around 1 cm2 V-1 s-1 [21]. Low temperature polysilicon (LTPS) 

has a mobility around 50-100 cm2 V-1 s-1 [21], [22]. However, the low uniformity exhibited by 

LTPS and the high production costs required won’t make it an attractive solution to a-Si:H [21] 

[22]. The increasing demand for high mobility and low-cost materials make emerge new 

candidates to replace silicon: the metal oxide semiconductors. MO semiconductors are 

inorganic n-type compounds largely investigated thanks to their good properties, including air 

stability, high electron mobility and transparency due to their intrinsic WBG (2-4 eV) [23], 

[24], [25], [26]. Their band gap energy (𝐸𝑔) is directly related to the emission wavelength (𝜆) 

and the relation is explained by equation 2-1 [27]: 

𝐸𝑔 =
 ℎ𝑐

𝜆
 (2-1) 

Where: 

 𝐸𝑔 is in eV 

 𝜆 is in nm 

 ℎ is the Plank constant = 6.63E-34 (J/s). 

 𝑐 is the speed of light in the vacuum = 3.00E+08 (m/s). 

For example, a band gap of 2.25 eV corresponds to a wavelength of 550 nm and 

to a green light emission in the visible spectrum [27]. Hence, properties of WBG 

semiconductors are essential at the time to design and fabricate light emitting devices with low 

power consumption, such as organic light emitting diodes (OLEDs) and organic light emitting 

transistors (OLETs) [27]. Furthermore, other relevant advantages are that WBG-based 

semiconductors have high thermal conductivity and they can operate at higher temperatures, 

voltages and frequencies than no-WBG semiconductors, making possible the design of low-cost 

and even more miniaturized energy-efficient devices [27], [28]. 
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In this thesis work, two kinds of MOs semiconductors will be considered as ETLs: 

zinc oxide (ZnO) and zinc oxynitride (ZnO:N). Molybdenum(VI) oxide (MoO3) differs from 

other WBG MOs semiconductors since its deep-lying VB and CB makes it more suitable as 

hole transport layer (HTL) [29]. Indium tin oxide (ITO) is a WBG (~ 3.60 eV) metal oxide 

made up of a mixture between indium(III) oxide (In2O3) and tin(IV) oxide (SnO2). It is 

colourless and usually, it is used as a transparent electrical conductor in OLEDs by sputtering 

it on glass or plastic substrates. 

2.2 From MOSFET to OLET 

Inorganic MOSFETs are high-performance devices that have been widely used in 

micro-electronics in a large variety of areas, such as in memory, microprocessors-backbones, 

graphic adapters, SSDs, telecommunication chips and so on [30]. However, their main 

drawback is that they require high fabrication costs due to the high-temperature processing. 

This situation pushed engineers to develop new devices, using low-temperature processing and 

more cost-effective materials than in MOSFETs. The answer arrived with the fabrication of the 

thin film transistor (TFT) and the introduction of a-Si:H in 70s and LTPS in 90s as large-area 

semiconductors materials. a-Si:H TFTs are stable transistors, processed at a relative low 

temperature (~ 200 °C) and adapt for large area electronics, principally in active matrix liquid 

crystal displays (AMLCDs) [30]. However, their mobility is less than 1 cm2 V-1 s-1. LTPS TFTs 

require higher temperature processes (~ 500 °C) than a-Si:H TFTs. Although, LTPS TFTs show 

a large mobility, their low large-area uniformity and high production cost compared with a-Si:H 

TFTs made them possible to find application only in high-end products and small area displays 

[21]. Nowadays, the low temperature processing (~ 250 °C) amorphous indium gallium zinc 

oxide (a-IGZO)-based oxide-TFTs have been introduced and anticipated as the next display 

technology. Although, a-IGZO TFTs have lower mobility than LTPS TFTs, they show low 

power consumption and offer high grade of scalability compared to Si-based TFTs due to 

miniaturization of transistors. TFTs scaling allows to achieve high density of pixel per inch 

necessary for new high-resolution displays. 

On the other hand, in 1987, the interest in OSCs rise dramatically with the 

fabrication of the first organic thin film transistor (OTFT) by H. Koezuka and co-workers [31]. 

Initially, they could not find any possible applications for OTFTs due to their low performances, 

so, they were employed only as experimental tools in OSC fields. Over the last 30 years, the 

technology in OSCs have been incredibly improved in terms of processing techniques, 
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enhancing OSCs performances. At present days, OTFTs have improved mobilities as good as 

for a-Si:H TFTs or even better, and OFTFs have found their proper fields of application, based 

on low temperature processes, even at room temperature. Especially, OTFTs show the 

advantage that can be manufactured on flexible substrates such as plastic, paper, or thin film 

foils, which can be rarely achieved by its Si-based counterparts [30].  

The interest in organic electronics was not limited to OTFTs but also quickly 

spread out other electronic devices using LEDs such as large area displays, lightings, and 

flexible lighting applications. The first OLED was introduced in 1987 by Ching W. Tang and 

Steven Van Slyke at Kodak research laboratories [32]. Over the decades, the efficiency of 

OLEDs has been dramatically improved along with long operational stability and lifetime so 

that OLEDs have been successfully commercialized in mobile phones displays. Outstanding 

thin film processes and thin film encapsulation techniques allow OLEDs to have higher 

efficiency than fluorescent tubes. However, OLEDs are still not ready to dominate in the field 

of lightings and large area displays and overcome LCDs which are one of the most 

representative and successful light sources up to now. 

Nowadays, OLED-based displays are based on active-matrix organic light-

emitting diode (AMOLED) technology where, in each matrix, OLEDs are activated 

(deactivated) singularly by OTFTs backplane units. The latest models of OLED displays are 

extremely thin and flexible that can be rolled up, making them the most reliable and developed 

technology in terms of performances. However, efficiency and brightness of OLEDs are limited 

due to the exciton quenching and photon losses at the metal electrodes. Another factor that 

limits efficiency in OLEDs based displays is that switching ON/OFF in OLEDs are controlled 

by several transistors allocated in a separate circuit. These transistors reduce the aperture ratio 

of the displays by blocking part of the light emitted. Hence, for the future applications that will 

require to drive high resolutions display with high brightness, many researchers have been 

focused on fusing both devices within only one component. One alternative is the organic light-

emitting transistor (OLET), which have the same advantages of OLED but with high driving 

current as well as high brightness [5]. 

2.3 What are OLEDs?  

OLEDs are composed of several organic thin film layers where holes and 

electrons move along the HOMO and LUMO, respectively, under electrical excitation. In detail, 
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the whole multi-layered structure is sandwiched between two metal electrodes known as anode 

and cathode and it consists of an EML which is placed between OSC layers with different 

properties; ETL, surface energy modifier layer (buffer layer), hole injection layer (HIL) and 

hole transport layer (HTL). Generally, in case of inverted OLEDs (Figure 7), a metal anode is 

evaporated on top of the OSCs by thermal deposition using a shadow mask. For a cathode, a 

transparent metal oxide such as ITO, indium zinc oxide (IZO), or indium gallium zinc oxide 

(IGZO) with high conductivity and transparency is formed on glass substrates by using a 

sputtering method. There are a large variety of options to form multi-layer structures depending 

on each function. In this thesis, the inverted OLEDs mainly studied are as following.  

 

 HIL is for hole injection from anode to the HOMO level of HTL. 

 HTL is for transferring holes injected from HIL to EML and to block the electron 

leakage from EML to anode. 

 EML is where the radiative light emission takes place, resulting from the recombination 

of electrons and holes coming from ETL and HTL, respectively. The conversion of 

excitons to photons happens in the EML. 

 Buffer layer is a thin layer than enhances the electron injection (EIL) into EML by 

decreasing the energy gap between ETL and EML. 

Figure 7. Schematic of an inverted OLED, showing the light emission direction under electrical excitation. 
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 ETL is for transferring electrons injected from the cathode as well as blocking holes at 

the interface between EML and ETL. 

 The cathode injects electrons into the LUMO of ETL. 

2.4 Working principle of inverted OLEDs 

When an external bias is applied between the two electrodes, with the highest 

potential applied to the anode with respect to the cathode, holes are injected from the anode to 

the HTL layer, passing through HIL layer. On the other hand, the electrons injected from the 

cathode move forward ETL to the buffer layer. Furthermore, the injected charges proceed in 

opposite directions; electrons move in the direction of anode while holes move toward the 

cathode, but they are confined within EML, blocked by the HTL and ETL layers, respectively. 

Then, the recombination of electrons-holes occurs within EML and consequently, the device 

emits light through the transparent electrode. The emitted colour depends on the energy band 

gap of EML (see section 2.1.2). 

The efficiency of OLEDs depends on the charge injection across interfaces 

between adjacent layers and by charge transport in bulk organic semiconductor [33]. Charge 

injection is dominated by the energy level alignment at the junction interfaces. Hence, it is 

important to reduce the energy barrier at boundaries, between electrode-organic and organic-

organic thin films [33]. The reduction of the energy barrier can be achieved by interfacial 

doping and through selection of OSCs with the appropriate HOMO (LUMO) level. The 

interfacial doping enhances the charge injection into the OSC and consists of introducing an 

interfacial layer or electrically doped OSC as buffer layer at the interface between two 

materials.  For instance, by introducing a buffer layer in-between a metal contact and the 

undoped OSC, the electrical doping induces a vacuum level shift and a Fermi energy level 

modification. Therefore, the energy barrier between the work function (WF) of metal and the 

HOMO (LUMO) level becomes low, achieving an efficient hole (electron) injection at low 

driving voltage [33].  

The injection of electrons from MOs into the organic EMLs is 

also problematic due to the deep-lying CB level of MOs with respect to the organic materials. 

To overcome the barrier between inorganic and organic, the use of a surface energy 

modification layers as interfacial doping is made necessary. Over last ten years, PEIE polymer 

have been actively investigated as a surface energy modifier, however, the mechanisms behind 
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how the WF moves and how the dipole moment is generated are not really clear [34]. Zhou and 

co-worker [35], attributed the effect of WF variation due to the facts that the lone pair of 

nitrogen atom is responsible for the intermolecular dipole orientation and to the amino groups. 

Seems that these amino groups generate an interfacial dipole moment by transferring partially 

their charges to the MO, after the interaction of two materials [34]. Due to its isolating nature, 

PEIE is deposited with a thickness of ~ 6-10 nm [8]. A thicker layer would affect negatively on 

its performances [34].  

2.5 What are OLETs? 

OLET has a structure similar to an OTFT, with three terminals: source, drain and 

gate. Metals most commonly used for source and drain are gold (Au), silver (Ag) and aluminum 

(Al). The distance between the source and drain electrodes is known as channel length (CH L) 

and the transversal distance of the structure is denoted as channel width (CH W). The gate could 

be positioned at the top or at the bottom of the device depending on the type of structure and it 

is separated from the semiconductor by the dielectric, an insulator layer.  

Contrarily to MOSFET, source and drain are not highly doped metal contacts 

introduced into the p-type (n-type) semiconductor to create n-type (p-type) channels, ensuring 

carrier injection by tunnelling. In OTFTs (OLETs), if the transistor is n-type or p-type depends 

on the type of organic semiconductor used as carrier injection and transport, in which only 

electrons or holes are dominant, respectively. In the case of the ambipolar transistor, both 

charge carriers can be transported through the semiconductor. In OTFTs (OLETs), charges 

injection and transport are enhanced by aligning properly the HOMO (LUMO) energy levels 

of different layers inside the structure and by interfacial doping, as occurs for OLEDs.  

In this thesis work, OLET gate is positioned at the bottom, made of a highly doped 

p-type silicon substrate (Si++), covered by an insulating layer of silicon dioxide (SiO2) that 

isolate the gate from the MO layer (ZnO, ZnO:N).  On top of the structure, we find the source 

and drain metal contacts. Between the top drain contact and substrate, the sandwich-structure 

is similar to OLED configuration and as shown below (Figure 8). 
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 HIL is for hole injection from the positive drain contact to the HOMO level of EML.    

 EML is where exciton and subsequently photons are generated by recombining holes 

and electrons injected from HIL and ETL through the buffer layer, respectively. 

 Buffer layer acts as EIL. It reduces the energy gap between ETL and EML, enhancing 

the electron injection into EML. 

 ETL is for transferring electrons injected from the negative source. It blocks holes at the 

interface with EML. 

 The source injects electrons to the LUMO of ETL. 

 The gate voltage drives the device between the ON/OFF states. 

2.6 Working principle of OLETs 

The operation mode in OTFT (OLET) differs from MOSFET, working in 

accumulation mode and in inversion mode (normally OFF), respectively [36].  In these devices, 

the drain to source current (𝐼𝑑𝑠) is controlled by the source and gate voltage (𝑉𝑔𝑠) that induces 

an accumulation of free charges at the interface between dielectric and semiconductor. 

Depending if the device is n-type or p-type, the threshold voltage (𝑉𝑡) and consequently the 𝑉𝑔𝑠 

applied should be positive or negative, respectively. Considering an n-type OLET, by 

increasing positively 𝑉𝑔𝑠 , a high density of electrons starts to accumulate at the interface 

Figure 8. Schematic of an OLET showing the light emission direction. 
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dielectric-MO. When 𝑉𝑔𝑠  overcome 𝑉𝑡 , the accumulation density of electrons is high at the 

interface dielectric-MO. Then, by applying a drain to source voltage (𝑉𝑑𝑠) an 𝐼𝑑𝑠 current starts 

flowing, allowing a transition from the OFF to the ON state (Figure 9 (b)). The highest ON/OFF 

ratio would be preferable since the higher ON-state results in a better driving efficiency, while 

the lower OFF-state reports a very low leakage current and higher signal to noise ratio [36]. 𝐼𝑑𝑠 

magnitude depends mainly on 𝑉𝑔𝑠 and then on the drain to source voltage (𝑉𝑑𝑠). 𝐼𝑑𝑠 and the 

transition speed are directly affected by mobility (𝜇).  

ON-state implies two different functions, depending on the 𝑉𝑑𝑠 value [36]: 

 If 𝑉𝑑𝑠 << 𝑉𝑔𝑠 − 𝑉𝑡 (Figure 9 (a)), the OTFT (OLET) is in linear mode and 𝐼𝑑𝑠 is determined 

by equation 2-2 [36]: 

𝐼𝑑𝑠 = 𝐶𝑖𝜇𝐹𝐸

𝑊

𝐿
[(𝑉𝑔𝑠 − 𝑉𝑡)𝑉𝑑𝑠 −

1

2
𝑉𝑑𝑠

2 ] 

 

(2-2) 

Where: 

 𝐶𝑖 is the gate capacitance per unit area. 

 𝜇𝐹𝐸 is the field effect mobility.  

 𝑊 is the CH W. 

Figure 9. (a) Output and (b) transfer curve for a n-type OTFT (OLET) [36]. 

 

(b) (a) 
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 𝐿 is the CH L. 

𝜇𝐹𝐸 is described by equation 2-3 [36]: 

𝜇𝐹𝐸 =
𝑔𝑚

𝐶𝑖
𝑊
𝐿 𝑉𝑑𝑠

 
(2-3) 

Where 𝑔𝑚 is the transconductance. 

 If 𝑉𝑑𝑠  >> 𝑉𝑔𝑠 − 𝑉𝑡  (Figure 9 (a)), the OTFT (OLET) is in saturation mode and 𝐼𝑑𝑠  is 

obtained from equation 2-4 [36]: 

𝐼𝑑𝑠 = 𝐶𝑖𝜇𝑠𝑎𝑡

𝑊

𝐿
(𝑉𝑔𝑠 − 𝑉𝑡)

2
 (2-4) 

Where 𝜇𝑠𝑎𝑡 is the saturation mobility and it is determined by equation 2-5 [36]: 

𝜇𝑠𝑎𝑡 =

(
𝑑√𝐼𝑑𝑠

𝑑𝑉𝑔𝑠
)2

1
2 𝐶𝑖

𝑊
𝐿

 

 

(2-5) 

Current vs voltage (I-V) transfer and output curves are used to characterize 

OTFTs and OLETs and extract their electrical parameters, such as saturation, linearity, mobility 

and 𝑉𝑡. 

2.7 OLEDs and OLETs characterization 

Opto-electrical characterization of OLEDs and electrical characterization of 

OLETs are performed inside a glove box to prevent a rapid degradation of the organic devices 

performances due to the oxygen and water exposition. The measurements carried out are: 

electroluminescence (EL), I-V and luminance. From the analysis of these data are following 

represented luminance vs voltage, current density vs voltage (J-V) and EQE (%) vs luminance 

curves for OLEDs while for OLETs (TFTs), transfer and output curves were illustrated (see 

section 2.6). 
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2.7.1 Luminescence 

Luminescence is the phenomena where the light emission is originated by the 

absorption of energy. Luminescence can be classified as EL or Photoluminescence (PL), 

depending on the source of energy that originate the light emission. 

 EL is the ability of materials to generate light under an electrical stimulus. This 

characteristic is typical of semiconductors, when electrons and holes in the luminescent 

material generate light (photons) by recombining radiatively (electron-hole pairs) in 

response to the applied bias. This phenomenon is also known as spontaneous emission.  

 PL is the light emitted by the luminescent material after the radiation absorption (photon) 

and the following radiative decay.  

 Luminance is related to the visual perception of light emitted from a source and 

it describes how bright a light source appears to a viewer from a given direction. Luminance 

decay with the square of the distance and it is measured in candela per square meters (cd/m2) 

[37].  

2.7.2 External quantum efficiency (EQE) 

Light emitting devices efficiency is measured by the EQE curve which is the ratio 

of the number of emitted photons from the device to the number of injected electrons into the 

device. EQE is measured in percent and in an ideal case, it will return an efficiency of 100 % 

when the emitted photons are equal to the injected electrons. 

2.8 Deposition processes 

2.8.1 Spin-coating 

Spin-coating is a solution process technique used for microfabrication at room 

temperature (Figure 10) where a small quantity of solution in dispensed at the center of a 

substrate.  Once the substrate is fixed on the chuck by vacuum or another type of subjection, 

the socket starts to rotate at high-speed, spreading the coating material over the whole substrate 

due to the centrifugal force. Spin-coating is commonly processed on flat substrates for layer 

having a limited thickness. The final layer thickness depends on several factors such as spinning 

speed, acceleration, time, solution concentration, viscosity and solvent volatility [7]. After each 
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layer deposition, the substrate is placed on a hot plate. This post-deposition process is known 

as annealing and it is a heat treatment used to remove solvent traces from the coated solutions. 

This procedure is performed after each layer deposition before proceeding to spin-coat the next 

solution on top of it. Spin-coating is faster, but the thin films deposited are less smooth and 

uniform than layers coated by thermal evaporation process.  

 

The main advantage of this solution process is that compounds can be deposited 

at room temperature resulting in a faster deposition technique compared to sputtering or thermal 

evaporation. However, the main drawback is that around 90 % of the dispensed solution will 

be lost during the process and surfaces treated have relatively limited dimensions with low 

uniformity of the deposited layers. Another disadvantage is that when you spin-coat multiple 

layers on top of each other, specifically with organic materials, each layer can subsequently 

partially dissolve the previous layer. So instead of distinct layers it can turn into a blend. 

2.8.2 Thermal evaporation process 

Thermal evaporation process (Figure 11) is a physical vapor deposition (PVD) 

technique where material to be evaporated is placed inside a high resistivity crucible connected 

to the current source. Substrates are placed on a cooled metal plate positioned at the top of the 

chamber. The cooling system allows regulating substrates temperature. The shutter is located 

between the crucible and the surface to be treated and it serves to avoid material deposition 

until the correct vapour pressure is reached. Once the process is started, the crucible is heated 

up until the material inside it is completely melted, reaching the evaporation pressure requested 

by the deposition treatment. At this point, the shutter opens and the material spreads inside the 

Figure 10. Different processing steps performed during thin film deposition by spin-coating (solution process 

deposition). 
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chamber, allowing it to adhere to substrates. The deposition process can be carried out with or 

without the use of shadow masks, depending which material is going to be evaporated. All the 

process is performed under high vacuum pressure, typically below 10-6-10-7 torr., making 

possible that the evaporated material reaches substrates without any reaction with impurities or 

gases.  

 

Furthermore, the grade of purity of thin film deposition is extremely high and the 

treatment allows to have control on the deposition rate improving layer uniformity. The main 

drawback is that a lot of material will be lost during the process. During this thesis, thermal 

evaporation processes were carried out using Lesker and Angstrom. 

2.8.3 Reactive Sputtering 

Reactive sputtering (Figure 12) is a PVD technique for MO semiconductors. 

During the process, gases are injected into the vacuum chamber with the purpose to generate a 

chemical reaction with the material to be coated. Three different gases are involved in the 

ZnO:N deposition: nitrogen (N2), oxygen (O2) and argon (Ar). The Ar gas is highly ionized by 

the high DC (direct current) voltage applied between the anode and cathode. Due to the high 

potential, the ionized Ar ions are accelerated against the target containing zinc (Zn), located on 

the negative cathode. Hence, the Zn inside the target is eroded by this inert gas, causing that the 

isolated atoms generated by the collision can move freely towards the deposition surface, 

positioned on the positive anode, at the top of the chamber. N2 and O2 gases become ionized 

and reactive with the Zn particles under plasma environment. Furthermore, the substrate 

rotation during the process ensures a more uniform thin film deposition. 

Figure 11. Schematic showing the thermal evaporation process principle 
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Modifying setting values on the sputter, such as pressure, temperature, power, and 

Ar-O2-N2 ratios, the crystalline structure of ZnO:N can be controlled and modified. Advantages 

of sputtering are the relative low-temperature growth of thin films. So, it is possible to deposit 

on flexible substrates and have the total control on the process by varying the deposition 

parameters. 

 

Figure 12. Thin film deposition of MO by reactive sputtering. Picture shows how metal particles react with oxygen 

in the high plasma environment after being removed from the source by bombarding it with Ar [38]. 
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In this chapter are described in detail organic polymers and small molecules, as 

the inorganic MOs and electrodes used in OLEDs and OLETs fabrication process. 

3.1 Organic semiconductors 

3.1.1 Poly(9,9-dioctylfluorene-alt-benzothiadiazole) (F8BT) 

Fluorene-based F8BT (Figure 13) is a prominent green-emitting conjugated 

polymer, largely investigated as EML for its good luminescent and well balanced n-type and 

p-type properties, ideal characteristic for ambipolar devices such as OLEDs and OLETs [19], 

[39]. It exhibits high quantum and power efficiencies, thermal stability, photo-oxidation 

insensitivity and good solution processability at room temperature [40]. F8BT belong to a class 

of polymers that have the ability to create a liquid crystalline phase in the alignment direction 

increasing the carrier mobility [40]. Moreover, it has a large ionization potential (HOMO ~ 5.90 

eV), high electron affinity (LUMO ~ 3.30 eV) that makes it relatively air stable with quite high 

charge transport mobility, good fluorescent properties, all characteristics that made it suitable 

to be used in polymer bulk heterojunctions [40].  

 

F8BT works in the visible spectrum, emitting green light through its fluorescent 

structure when electrons-holes pairs are generated. It is deposited by spin-coating after being 

diluted in p-xylene solvent. 

Figure 13. Poly(9,9-dioctylfluorene-alt-benzothiadiazole) molecule, also known as F8BT [41] 
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3.1.2 Tris(8-hydroxyquinolinato) aluminum (Alq3) 

Alq3 is a small molecule organic compound (Figure 14) widely used in light 

emission devices as ETL and EML, developing similar functions as F8BT [42]. However, 

comparing both, Alq3 shows higher quantum and power efficiency, thermal stability, 

luminescence, electron transport mobility, but poor hole mobility.  

Alq3 like F8BT emits green light in the visible spectrum. In order to get rid of 

metal traces and inorganic impurities during deposition, it is deposited under vacuum at 

relatively high temperature by thermal evaporation process [43]. HOMO and LUMO levels are 

~ 5.62 eV and ~ 2.85 eV, respectively [43]. 

3.1.3 N,N′-di(1-naphthyl)-N,N′-diphenyl-(1,1′-biphenyl)-4,4-diamine (NPB) 

NPB is a small molecule organic material (Figure 15) widely used as HTL in 

light-emitting devices.  

 

Figure 15.  N,N′-Di(1-naphthyl)-N,N′-diphenyl-(1,1′-biphenyl)-4,4′-diamine molecule, also known as NPB [44]. 

Figure 14. Tris(8-hydroxyquinolinato) aluminum molecule, also known as Alq3 [43]. 
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NPB thin films can be deposited on Alq3 layer improving its poor hole transport properties and 

consequently its efficiency and stability [45]. HOMO and LUMO levels are ~ 5.50 eV and 

~ 2.40 eV, respectively [44]. 

3.1.4 Polyethylenimine ethoxylated (PEIE)   

The insertion of an interlayer thin film as a buffer layer between MO (ETL) and 

EML is a well-known strategy used to reduce the WF of MOs and thereby improve the electron 

injection and transport into the active area. Recently PEIE (Figure 16) thin film was 

investigated for its good properties as EIL [8], [46], [47].   

 

PEIE is an air-stable polymer in which part of amine groups have been replaced 

by ethoxy groups. Amino groups induce a strong dipole moment between the PEIE and the 

underlying metal-oxide layer, causing a vacuum level shift and consequently a metal-oxide WF 

reduction [49]. Due to the high resistive nature of PEIE, its thickness should be chosen 

accurately, since that, by increasing the interface layer thicknesses also increases the electron 

injection barrier. PEIE can be deposited by solution process at room temperature by diluting in 

2-ethoxyethanol solvent. 

3.2 Inorganic metal oxide semiconductors 

Inorganic MOs semiconductors have become an excellent solution to the poor 

n-type properties of OSCs. They are well known for properties such as high transparency, high 

Figure 16. Polyethylenimine ethoxylated (PEIE) molecular structure [48]. 
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conductivity and air stability. They are largely used to fabricate hybrid structures made up from 

the combination of inorganic and organic semiconductors. 

3.2.1  Zinc oxide (ZnO)  

ZnO is an n-type inorganic polycrystalline and WBG (~ 3.20 eV) metal oxide 

(Figure 17), belonging to the II-VI semiconductor groups [50]. It finds use in a large variety of 

fields due to its chemical and physical properties, for instance in emerging applications such as 

OLEDs, OFETs, OPVs, thanks to its air stability, high transparency in the visible spectrum, 

high electron mobility, solution processability and tunability [50], [51]. This leads to a wide 

number of techniques, elaborated to synthesize the compound, usually deposited by vacuum 

deposition or by spin-coating. The main drawback of undoped ZnO is the presence of donor 

impurities like oxygen vacancies (Vo) within the WBG that provide free electrons (Figure 18) 

[50], [52]. These impurities generate a photocurrent under light excitation. 

Moreover, crystalline ZnO also suffers from grain boundaries that occur when 

charges are trapped at junctions between crystal grains, creating depletion regions in the areas 

surrounding boundaries [22]. These defects enhance the scattering when charge carriers move 

through and between crystals with the consequent decrease of carrier mobility [50], [52]. ZnO 

VB and CB are ~ 7.70 eV and ~ 4.40 eV, respectively. 

Figure 17.  Zinc oxide (ZnO) molecular structure. 

Figure 18. Donor impurities inside the depletion region generated by the oxigen vacancies.  
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3.2.2 Zinc oxynitride (ZnO:N) 

ZnO:N is ZnO (Figure 19 (a)) doped with N2 in order to reduce the density of 

defects and increase the mobility in the material. Injecting N2, the VB will raise overcoming 

the Vo (Figure 19 (b)), reducing considerably ZnO:N photoconductivity [50], [52]. Hence, 

properties of ZnO:N will not be affected while working under light stress. 

 ZnO:N presents a darker colour compared to the high transparency of ZnO, after 

drastically reduce the WBG from ~ 3.20 eV to ~ 1.30 eV and became a small band gap (SBG) 

oxide semiconductor [52]. Consequently, also VB and CB changed, positioning now at 

~ 4.40 eV and ~ 5.70 eV, respectively. ZnO:N gathers most of ZnO advantages, adding higher 

mobility and stability. ZnO:N is commonly deposited by a reactive sputtering process. 

3.2.3 Molybdenum(VI) oxide (MoO3) 

MoO3 (Figure 20) is a n-type WBG (~ 3.20 eV) transition-MO semiconductor 

used as HTL [53], [54]. MoO3 can show different electrical behaviours, such as insulating, 

semiconducting or conducting properties, depending on the amount of oxygen atoms available 

in the material and then, on the oxidation state of metal [55]. It has been reported that oxidation 

decreases the WF and consequently MoO3 performance [53]. It seems that due to its deep-lying 

WF, a strong dipole moment is generated at the MoO3-OSC interface, inducing a band bending 

and high hole accumulation at the OSC side [53]. Some researchers suppose this is the main 

reason of the hole injection (extraction) enhancement from MoO3 into the OSCs and vice versa 

[53]. Temperature and pressure are the parameters involved in the oxidation process [53], [55]. 

Figure 19. (a) Vo inside  ZnO bandgap, (b) Vo are overcomed by the VB after doping ZnO with N2. Furthermore, 

the bandgap is drastically reduced by the raise of VB. 

(b) (a) 
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Oxidation in MoO3 can be reduced during deposition, using thermal evaporation process and 

by further annealing the evaporated layer under high vacuum [53].  

 

This approach creates an O2 deficiency in the MoO3 layer, keeping the WF high 

enough to improve the hole transport properties [53]. Hole transport can further be affected by 

MoO3 film thickness [53], [56]. A thicker MoO3 increases the contact resistance, reducing the 

device efficiency [53], [56]. VB and CB are ~ 9.70 eV and ~ 6.70 eV, respectively [54]. 

3.3 Metal electrodes 

Electrons and holes are injected by the respective metal contacts into the 

semiconductor. The amount of current flowing through electrodes depends on the injection 

barrier at the metal-semiconductor interface and on the carrier mobility in the semiconductor 

[57]. The injection barrier is determined by the energy difference between the WF of the 

electrode and the electron affinity or ionization potential of the semiconductor [57]. For 

simplicity, usually, both are related to the LUMO and the HOMO levels, respectively.  

Metal-semiconductor interfaces follow the Mott-Schottky assumption, where 

“good” contacts are expected to be ohmic with a negligible contact resistance and thus, high 

charge carrier injection [58]. Hence, the HOMO or the LUMO level of the semiconductor is 

close to the Fermi level of the metal, in the case of a p-type or n-type semiconductor, 

respectively [58].  

Ohmic contacts shouldn’t degrade significantly device performances, leaving 

current flows among interfaces with a low voltage drop if compared with the drop voltage along 

the whole bulk [58]. Schottky contacts are expected when high injection barriers are present at 

metal-semiconductor interfaces causing poor charge carrier injection and a significant voltage 

Figure 20. Molybdenum trioxide (MoO3) molecular structure. 
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due to the high contact resistance [58]. 

The contact electrodes of the devices discussed in this thesis were made of Al, Au 

and ITO and they have the following electrical characteristics (Table 1): 

 

Metal (20 ºC) Conductivity  
(S/m) 

Resistivity  
(Ω⋅m) 

Work-Function  
(eV) 

Al ~ 3.50×107  ~ 2.82×10−8 ~ 4.06 – 4.26 

Au ~ 4.10×107 ~ 2.44×10−8 ~ 5.10 – 5.47 

ITO ~ 10×102 ~ 2.00×10−4 ~ 4.78 
 

Al and Au electrodes were evaporated under high vacuum through a shadow mask 

by a thermal deposition process. Glass-ITO substrates were provided by Sigma-Aldrich. 

Table 1. Electrical parameters for Al, Au and ITO metal contacts. 
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In this chapter, whole knowledge acquired in the “Theory” and in the 

“Experimental” chapters were applied to fabricate inverted OLEDs and OLETs. Devices were 

fabricated using a hybrid deposition procedure that includes sputtering, solution and thermal 

evaporation processes. Most of materials were commonly applied in both, OLEDs (Figure 21) 

and OLETs (Figure 22) and their multi-layer stack structures are shown below:  

 

Figure 21. Schematic showing the OLED structure: Al (Anode) - MoO3 (HIL) - NPB (HTL) - Alq3/ F8BT 

(EML) - PEIE (Buffer L.) - ZnO/ ZnO:N (ETL) - ITO (Cathode) - glass (Substrate). 

Figure 22. Schematic showing the OLET structure: Au (Drain) - MoO3 (HIL) - F8BT (EML) - PEIE (Buffer L.) - 

Al (Source) - ZnO:N (ETL) - SiO2 (Dielectric) - Si++ (Substrate) - Gate. 
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This section includes the different experimental methods and tools used for OLEDs and OLETs 

fabrication as well as the devices characterization methods. The main process steps are 

summarized in the flowchart of Figure 23. 

 

4.1 Preparation of solutions 

The different compounds and solvents employed in the solution process were 

provided by Sigma-Aldrich. Solutions were prepared by the appropriate dilution of compounds 

in complementary organic solvents, letting them stirring for a couple of days until homogeneous 

blends were formed. In a multi-layer structure, complementary solvents were used between two 

deposited successive layers, in order to avoid the last coated material damaged the layer 

underneath. Finally, all solutions were filtered before deposition to remove unwanted particles. 

The different solutions prepared are explained below: 

 F8BT powder 8 mg. / 1 ml. p-xylene solvent (Figure 24 (a)). 

 PEIE 0.80 % and 0.40 %: aqueous solution polyethylenimine, 80% ethoxylated (PEI) 

was further diluted with 2-ethoxyethanol to 0.80 % and 0.40 % (Figure 24 (a)). 

 ZnO: zinc acetate dehydrate 99.999 % (Zn(CH3COO)2 2H2O) and potassium 

hydroxide (KOH), first in methanol and then in buthanol (Figure 24 (b)). 

Figure 23. Flowchart summarizing the basic OLEDs and OLETs fabrication steps. 
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The ZnO formula (see Appendix B) used was a variation of the original ZnO 

recipe written by Dianyi Liu and Timothy L. Kelly [59] and it was provided by Afshin 

Hadipour, senior researcher at IMEC OPV department. 

4.2 Substrates cleaning  

Substrates were previously cleaned in order to remove any possible organic 

impurities deposited during substrates fabrication or transportation. The cleaning was 

performed inside the acid bench (Figure 25 (a)) and the solvent bench (Figure 25 (b)), if acid 

(water-based) materials or solvents were used, respectively.  

 

Figure 24. (a) F8BT, PEIE and (b) ZnO solutions coated on glass-ITO and Si++-SiO2 substrates by spin-coating 

solution process. 

(b) (a) 

 

Figure 25. (a) Acid bench and (b) solvent bech used for the preparation of solutions. 

(b) (a) 
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Same cleaning procedure was applied to the glass-ITO (Figure 26 (a)) and Si++-SiO2 

(Figure 26 (b)) substrates. 

 

 

The tools used for the cleaning were:  

 Glass beakers for soap, de-ionized water (DIW), acetone and isopropyl alcohol (IPA). 

 Substrate holders made of Teflon 

 Elmasonic P Ultra Sonic bath, in which were set cleaning time, ultrasonic frequency, 

and water temperature. 

Substrates were placed on the holder and merged into each beaker, following the 

order shown below and left stirring inside the Ultra Sonic bath. 

 Soap+DIW for 5 minutes. 

 DIW for 5 minutes. 

 Acetone for 10 minutes. 

 IPA for 10 minutes. 

After completing the cleaning process, substrates were dried using a nitrogen gun 

and then, placed inside a UV-Ozone oven for 15 minutes to remove all the traces of solvents. 

Next, I proceeded to deposit the inorganic and organic material. NPB (HTL) and Alq3 (EML) 

small molecules were deposited by thermal evaporation process using Lesker. F8BT (EML) 

and PEIE (buffer layer) polymers were coated by spin-coating solution process. MOs (ETL) 

Figure 26. (a) 3Ⅹ3 cm glass-ITO substrate and (b) 2Ⅹ2 cm Si++-SiO2 substrate used for OLEDs and TFTs 

(OLETs) fabrication, respectively. 

(b) (a) 
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ZnO:N and ZnO were deposited by sputtering and by spin-coating, respectively. MoO3 (HIL), 

Au and Al electrodes were thermally evaporated through a shadow mask using Angstrom. 

4.3 Thin film and top metal contacts deposition 

While inorganic semiconductors are relatively stable if exposed to the air, OSCs 

becomes unstable and their performances degrade in presence of oxygen and water. For this 

reason, the whole deposition process is performed inside a glove box (Figure 27 (a), (b) and 

(c)). The glove box is a protected environment where devices suffer a very low degradation, 

thanks to the almost total absence of oxygen and water and the presence of nitrogen, an inert 

gas.  

 

 

(c) 

(b) (a) 

Figure 27. Photos of  the glove box where the spin-coating was processed (a) front view, (b) side view and (c) 

inside the glove box .  
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4.3.1 Spin-coating process 

The spin-coater available inside the glove box was the Karl Suss CT 62 

(Figure 28). After fixing the Si++-SiO2 (glass-ITO) substrate on the chuck, solutions prepared 

in section 4.1 were applied on it using glass pipe dispensers. Then, materials were distributed 

on the whole substrate surface by the rotation of the chuck at the speed rotation, acceleration 

and time selected on the deposition program. Once the spin-coating process finalized, the excess 

material was removed from the substrate edges, using a cotton swab dipped in the same organic 

solvent used for the blend. Thus, the deposition zone was limited to the centre of the substrate, 

with the purpose of reducing potential leakage currents. Finally, the substrate was placed on a 

hot plate and left annealing for a variable time, depending on the thin film deposition process 

carried out.  

The rotation speed as other deposition parameters were setting up in the CT 62 

using the program menu. Here are explained the different deposition procedures I followed 

during my experiments. 

ZnO 

 Speed: 1000 RPM 

 Acceleration: 5000 RPM/s2 

 Time: 60 s 

Annealing at 100 degrees for 5 minutes 

Figure 28. Spin-coater Karl Suss CT 62 used for the solution process. 



Sergio A. Fernández  Surface energy modification of metal oxide to enhance electron injection in light-emitting devices 

 

36 

PEIE 

 Speed: 2000 RPM 

 Acceleration: 5000 RPM/s2 

 Time: 60 s 

Annealing at 100 degrees for 5 minutes 

F8BT  

 Speed: 1000 RPM 

 Acceleration: 5000 RPM/s2 

 Time: 60 s 

Annealing at 130 degrees for 10 minutes 

4.3.2 Thermal evaporation process 

4.3.2.1 Lesker 

NPB and Alq3 small molecules were thermally evaporated using Lesker 

(Figure 29 (a) and (b)) by setting up the different deposition programs, from which is also 

possible to monitor all evaporation steps. The system was always completely sealed under high 

vacuum to ensure keeping out impurities from the deposition chamber. Hence, to place the 

glass-ITO substrates and refill crucibles with NPB and Alq3 powder, the chamber was filled 

with N2 (venting procedure), until the chamber pressure equaled the pressure inside the glove 

box.  

(a) (b) 

Figure 29. (a) Side and (b) frontal view of the Lesker available inside the glove box. 
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Table 2. Thickness values and parameters measured during NPB and Alq3 thin films deposition using Lesker. 

 

Then, after restoring the vacuum, the deposition was carried out by heating up the 

organic material until it reached a relative high evaporation temperature as shown in Table 2. 

In order to reduce the leakage current, the deposition area was confined to the centre of the 

substrate by screening the edges using metal masks. 

4.3.2.2 Angstrom 

Metal contacts (Au and Al) and the transition MO MoO3 were thermally 

evaporated using Angstrom (Figure 30 (a) and (b)) through shadow masks. The evaporation 

procedure was similar to that for Lesker and also in this case, the system allowed to supervise 

all stages of deposition process. 

 

Shadow masks used for deposition are shown in Figure 31 (a), (b) and (c). 

Substrate Material Thickness 

(nm) 
Melting Point 

(ºC) 
P 

(torr) 

glass-ITO NPB 20 279-283 10-6 
10-7 

glass-ITO Alq
3
 150 415.40 10-6 

10-7 

Figure 30. (a) Frontal view of the glove box where the Angstrom is stored. (b) Side view of Karl Suss CT 62, 

Angstrom and Lesker glove boxes. 

(b) (a) 
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Thicknesses and parameters measured during deposition are illustrated below (Table 3). 

Table 3. Table reporting thickness values and parameters measured during MoO3, Al and Au thin films deposition 

using Angstrom. 

Substrate Material Thickness 

(nm) 
Melting 

Point (ºC) 
PWR  
(%) 

P 
(torr) 

Si++-SiO
2
 

glass-ITO 
MoO

3
 5 795 7 - 11 10-6 

10-7 
Si++-SiO

2
 

glass-ITO Al 150 660 42 - 49 10-6 
10-7 

Si++-SiO
2
 Au 60 1064 12 - 16 10-6 

10-7 

Figure 31. Masks used for (a) OLEDs, (b) Multi-channel length TFTs and (c) OLETs. 

(c) 

(b) (a) 
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4.3.3 Sputtering 

N2 doped ZnO is deposited by a reactive sputtering tool, Nimbus 310 (Figure 32). 

The deposition phases consisted of: venting procedure-introduction of substrates into the 

deposition chamber-vacuum procedure-deposition. Substrates sputtered with ZnO:N were fixed 

on 200 mm round wafers and then introduced horizontally inside a stack in order be detected 

and collected by Nimbus 310. 

 

Optimum ZnO:N deposition parameters such as power, Ar-O2-N2 ratios and 

pressure are shown in Table 4.  

Table 4. Thickness values and parameters measured during the reactive sputtering of ZnO:N using Nimbus 310.  

 

4.4 Characterization of devices 

Characterization of devices was carried out inside the glove box and in a 

completely dark environment. The opto-electrical parameters measured for OLEDs were EL, 

luminance and I-V while for the electrical characterization of TFTs and OLETs, output and 

Substrate Material Thickness 
(nm) Target HV PWR 

(W) 
T 

(ºC) 

Q (Ar) 

(sccm) 
Q (N2) 
(sccm) 

Q (O2) 

(sccm) 
P 

(torr) 

Si++-SiO
2
 

glass-ITO ZnO:N 20 Zn 1500 NA 100 100 40 10-6 
10-7 

Figure 32. Sputter Nimbus 310 [60]. 
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transfer curves were measured. In this thesis work, the optical characterization of OLETs have 

not been reported since devices showed a very short lifetime and a rapid degradation of their 

performance under the applied bias, making not possible to measure such parameters. 

4.4.1 OLEDs optical and electrical characterization  

For electrical and optical characterization of OLEDs the following devices were used: 

 16 pins OLED holder available inside the glove box (Figure 33 (a)). 

 KEITHLEY 236 I-V source (Figure 33 (b)). 

 KONICA-MINOLTA CS-2000 spectrometer (Figure 33 (c)). 

 NEWPORT power meter (Figure 33 (d)). 

 Photodiode. 

 

 

 

Figure 33. (a) Frontal view of the glove box where optical and electrical characterization of OLEDs were 

performed. (b) Keithley 236 I-V source. (c)  Konica-Minolta CS-2000 spectrometer. (d) Newport power meter. 

(b) (a) 

(d) (c) 
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Input and output were controlled via PC by the following programs: 

 Labview program for I-V and luminance measurements. 

 KONICA-MINOLTA CS-S10W for EL measurements. 

EL was measured by placing the substrate with the built-in OLEDs inside the 

holder. The emission side of the OLED to be characterized was positioned facing KONICA-

MINOLTA CS-2000 lens, at a distance of 35-40 mm. Then, the negative cathode and the 

positive anode were connected to the ITO and Al contacts, respectively. The EL was measured 

in whole the visible spectrum (380-780 nm), showing a maximum of intensity at ~ 539 nm. 

During the process the OLED was biased using KEITHLEY 236.  

For luminance and I-V measurements, the photodiode was placed on top of the 

emitting area, at a distance of about 8 mm. Maximum luminance was measured by introducing 

in NEWPORT power meter, the wavelength value at which the peak of EL was measured 

(~ 539 nm). The input voltage, in a range of -2 V to 8-10 V with an interval of 0.50 V, was 

supplied by KEITHLEY 236.  

4.4.2 TFTs and OLETs electrical characterization  

TFT and OLETs were electrically characterized using the devices shown below: 

 Agilent 4156C Precision Semiconductor Parameter Analyzer (Figure 34 (a)). 

 Probe station with four probes and HD camera (Figure 34 (a) and (b)). 

 

Figure 34. (a) Overall view of the equipment used for the electrical characterization of TFTs and OLETs. (b) 

Frontal view of the probe station with four probes stored inside the glove box. 

(b) (a) 
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Characterization of TFTs (OLETs) was performed using the Agilent 4156C connected to the 

probe station via PC. Input and output parameters were controlled using the Labview program 

for I-V output and transfer curve measurements. 

The electrical characterization of TFTs and OLETs was made under a dark 

environment as for OLEDs. During measurements, the substrate was placed on the metal socket, 

located at the centre of the probe station, to which the substrate was held tight by the applied 

vacuum. The device was biased with voltage using two needles for source and drain. The metal 

socket provided the gate contact. Source and drain were negative and positive biased 

respectively, while a sweeping voltage was applied to the gate.  
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In the first part of this chapter, the electrical and optical characteristics of inverted 

OLEDs were discussed. All curves were extracted by Origin Lab software: current density vs. 

voltage (J-V), luminance vs. voltage and EQE (%) vs. luminance. In the MOs-based inverted 

OLEDs, the electron injection and transport characteristics are one of the most important 

parameters due to very deep LUMO level of MOs. Hence, two different EMLs and ETLs were 

tested during experiments in order to compare the effect of PEIE; F8BT polymer and Alq3 small 

molecule were used as EML while ZnO and ZnO:N as ETL, with and without the surface energy 

modification layer between them. This buffer layer had the purpose of improving electron 

injection by inducing a strong dipole at ETLs-EMLs interface. PEIE was prepared in different 

concentrations (0.80 %, 0.40 %). Furthermore, NPB, a small molecule layer was applied on 

F8BT and Alq3 layers to enhance the hole transport and injection characteristics in OLEDs. 

Whole fabrication process has been optimized several times. The results showed 

that one of the main drawbacks related to the solution process was the poor layer uniformity 

and reproducibility compared with the thermal evaporation process. Analyzing the morphology 

of each layer with the atomic force microscopy (AFM), measurement clearly showed the 

presence of many particles visible even with the naked eye (Figure 35), maybe due to the 

undissolved material in blends. These particles sometimes were larger, in terms of height, than 

the whole thickness of OLEDs, creating a “tunnel” along whole structure that leads to a leakage 

current.  

Figure 35. Particles visible on OLEDs surface. 
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A way to reduce this unwanted defects in thin films was filtering solutions, using 

syringes and filters. While ZnO required a standard set for filtering (Figure 36 (a)), glass and 

Teflon-based syringes and Teflon filters were used to filter F8BT and PEIE (Figure 36 (b)). 

The reason of increased defects was that the p-xylene and 2-ethoxyethanol solvents contained 

in F8BT and PEIE blends, respectively, reacted with the material of conventional syringes and 

filters, resulted in increasing the number of undesirable particles.  

 

Below are shown the topographies (area 5.0 µm Ⅹ 5.0 µm) obtained by AFM 

from the solution processed thin films. Figure 37, 38 and 39 showed significantly different 

Figure 37. ZnO (a) before and (b) after filtering. 

(b) (a) 

Figure 36. Syringes and filters made of: (a) rubber-plastic, used to filter the ZnO solution, (b) glass-Teflon, used 

to filter the PEIE and F8BT solutions. 

(b) (a) 
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topographies of layers, before the filtering process (Figure 37 (a), 38 (a) and 39 (a)). After the 

filtering process surfaces appeared smoother (Figure 37 (b), 38 (b) and 39 (b)). 

 

 Amplitude parameters are the most important properties analyzed to characterize 

surfaces topography. Particularly, the root means square roughness RMS (Rq) of the measured 

surface is taken into consideration since it is sensitive to large deviations. It describes the RMS 

profile height deviation from the mean line. ZnO, PEIE and F8BT deviations are shown below.  

RMS (Rq) - nm ZnO PEIE F8BT 

No Filtered 3.28 22.70 2.01 

Filtered 2.37 0.67 1.55 

Figure 39. F8BT (a) before and (b) after filtering. 

(a) (b) 

(b) (a) 

Figure 38. PEIE (a) before  and (b) after filtering. 

Table 5. Root mean square roughness deviation of ZnO, PEIE and F8BT before and after the filtering process. 
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Table 5 shows the effectivity of the filtering process for PEIE since the RMS 

roughness of the film was reduced from 22.70 nm to 0.67 nm, meaning that after filtering most 

of defects were removed, obtaining a more uniform layer deposition. The surface roughnesses 

of ZnO and F8BT films was also reduced after filtering but the impact on the final roughness 

measured was not as evident as for the PEIE layer. We should also consider that ZnO and F8BT 

layers were not affected by particles to the same extent as the PEIE layer. After overcoming 

several structural issues, I succeeded in fabricating F8BT and Alq3-based inverted OLEDs. 

Devices emitted a visible green light whose EL spectra had a maximum peak at ~ 539 nm 

(Figure 40). The fabricated structures are shown below (Figure 41 (a) and (b))  with the 

respective HOMO and LUMO diagrams (Figure 42 (a) and (b)). 

Figure 41. EL spectra of Alq3 or F8BT. 

(a) (b) 

Figure 40. Schematics of F8BT and Alq3 OLEDs (a) without and (b) with the PEIE energy modifier layer. 
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Devices were fabricated using both, F8BT and Alq3 as EMLs, with and without 

the 0.80 % PEIE layer. The purpose of this experiment was to confirm that the insertion of the 

buffer layer produces a noticeable enhancement of electron injection from MO to EMLs. 

Unfortunately, from measurements performed on F8BT and Alq3-based OLEDs without PEIE, 

it was not possible to determine which device was better. Due to the high leakage current there 

was a high variation in performance between OLEDs using the same EML. In addition, seems  

 

Figure 43. Current density and luminance graphs of F8BT and Alq3-based OLEDs. In both graphs, a comparison 

between devices with and without PEIE 0.80 % is made. 

(b) (a) 

Evac. 
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(b) (a) 

Figure 42. Energy diagram of F8BT and Alq3 OLEDs, (a) without and (b) with PEIE. 
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that the leakage current affected particularly Alq3-based OLEDs, leading to a high inaccuracy 

in J-V measurements. For this reason, J-V parameter measured on Alq3-based OLEDs without 

PEIE were intentionally omitted. (Figure 43 (a)).  However,  F8BT-based OLEDs without the 

0.80 % PEIE layer showed very poor performance due to the low electron injection from ZnO 

into the F8BT layer.  

Analyzing OLEDs with PEIE 0.80 %,  they showed an enhancement of their opto-

electrical characteristics, higher current density and luminance than devices without PEIE 

(Figure 43 (a) and (b)). Furthermore, OLEDs started emitting light at ~ 5.50 V while devices 

without PEIE started at around 7.40-8 V.  

 EQE showed very low efficiency of devices with and without PEIE 0.80 %, with 

ZnO + (PEIE 0.80 %) + Alq3-based OLEDs and ZnO + F8BT-based OLEDs reporting a 

maximum EQE of ~ 0.11 % (Figure 44 (a)) and ~ 0.002 % (Figure 44 (b)), respectively. In 

addition, EQE of ZnO + (PEIE 0.80 %) + Alq3-based OLEDs reported a ~ 50 times higher 

efficiency than devices without PEIE which demonstrated having poor electron injection.   

 

These results confirmed that the additional PEIE worked as surface energy 

modification layer. However, a further optimization was required to enhance the electron 

injection and consequently luminance by reducing the leakage current. Thus, previous OLED 

structures were reproduced using a PEIE layer with a concentration of 0.40 %.   

Figure 44. (a) EQE comparison between F8BT and Alq3 OLEDs, with and without PEIE 0.80 %. (b) Since the 

EQE measured in the devices without PEIE is too low, results are reported in separated graphs. 

(b) (a) 
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Measurements of devices showed that the new concentration of PEIE (0.40 %) 

contributed significantly to the increment of the opto-electrical characteristics of the inverted 

OLEDs as shown in Figure 45 (a) and (b) in comparison with PEIE 0.80 %. OLEDs with PEIE 

0.40 % had a J-V onset voltage at 3-4 V, ~ 2-3 V lower than in devices with PEIE 0.80% layer. 

The J-V curve showed higher current density in F8BT-based OLEDs (green line) than in 

Alq3-based OLEDs (blue line). In addition, luminance in F8BT-based OLEDs started to 

increase at lower bias than in Alq3 devices, at approximately 3.20 V while in Alq3-based OLEDs 

at around 4.20 V. Although, F8BT devices reported a better response at lower voltage bias than 

Alq3-based OLEDs, at 9.50 V, after a large drop of their perfomance, they showed a luminance 

of 217.62 cd/m2 while Alq3 devices achieved 1105.53 cd/m2  

The highest EQE (Figure 46) value was 0.23 % at 1105.53 cd/m2 achieved by 

Alq3 + 0.40 % PEIE OLED, showing two times higher EQE than Alq3 + PEIE 0.80 % OLED. 

These results were coming from the reduction of the leakage current as well as the enhancement 

of the electron injection compared to previous OLEDs. It can be concluded that the increment 

in performance of new devices was because of the 0.40 % PEIE layer. In addition, the leakage 

current was further reduced by removing most of particles from blends and delimiting the 

deposition area to the centre of substrates. 

Figure 45. (a) Current density and (b) luminance graphs of F8BT and Alq3 OLEDs where a comparison between 

devices using PEIE 0.80 % and PEIE 0.40 % is made. 

(b) (a) 
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However, EQE values were lower compared to previously reported inverted 

OLEDs [8] [61]. The reason could be in a poor hole injection and transport, caused a low hole 

density in EML that could recombine radiatively with electrons. Hence, the hole characteristics 

were enhanced by adding a NPB layer as HTL in-between MoO3 and EML layers. The 

schematic of Alq3 (F8BT)-based OLED with the NPB layer is shown below with the respective 

energy diagram (Figure 47 (a) and (b)).  

 

Figure 46. EQE comparison between F8BT and Alq3 OLEDs made by using PEIE 0.80 % and PEIE 0.40 %. 

Figure 47. (a) Schematic and (b) energy diagram of F8BT and Alq3 OLEDs, after adding the NPB small molecule layer 

in order to enhance the hole mobility in devices. 

(a) (b) 
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The current density (Figure 48 (a)) measured in these OLEDs appeared even 

more stable, without any leakage current, compared to the previous devices. Also in this case, 

Alq3-based OLEDs reported better opto-electric characteristics than F8BT devices. Comparing 

Alq3 devices with and without the NPB layer, blue and black lines, respectively, at 9.50 V, the 

current density in Alq3 + NPB OLEDs was almost double (317.20 mA/cm2) with a luminance 

of 10 841.60 cd/m2 (Figure 48 (b)). This is a luminance, one order of magnitude higher than in 

Alq3 OLEDs without NPB. The outcomes achieved with these Alq3 devices were interesting, 

considered that OLEDs from previous literature usually exhibit a luminance around 

10 000 cd/m2
. As in previous experiment, luminance in F8BT-based OLEDs with NPB grew 

faster than in Alq3-based devices, at around 2 V but then, luminance started to decay, showing 

a maximum of 2148.54 cd/m2, at 9.50 V (Figure 48 (b)).  

 

In Figure 49, Alq3 + NPB OLEDs with an EQE of 1.11 %, showed a noticeable 

efficiency among all devices, having an EQE double than F8BT + NPB OLEDs. This meant 

that the NPB layer improved slightly the efficiency of F8BT devices. However, both of them 

showed an EQE more than four times higher than the respective OLEDs without NPB. After 

analyzing this results it was possible to conclude that the PEIE and NPB layers enhanced the 

electron injection and hole transport, respectively. Probably, a further structural optimization 

could arise an even higher efficiency of devices which should be considered in the future. 

(b) (a) 

Figure 48. Comparison of (a) current density and (b) luminance of F8BT and Alq3 OLEDs, before and after adding 

NPB layer. 
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In the next experiment, I focused on further investigating the interactions between 

PEIE and MOs. The interest of this research was seeing if the buffer layer properties can be 

extended to different MOs. ZnO:N was the MO selected because of its high mobility [21]. If 

PEIE could induce a similar reaction mechanism in ZnO:N than in ZnO, I expected by using a 

MO with higher mobility an electron injection and transport enhancement in OLEDs. In 

addition, charge balance in devices would be increased and consequently their efficiency, in 

particular regarding performance of F8BT-based OLEDs. Measurements of ZnO:N-based 

OLEDs showed that either the current (Figure 50 (a)) that luminance (Figure 50 (b)) measured 

were low with respect to the values reported with ZnO-based OLEDs. The turn-On voltage in  

Figure 49. EQE comparison between Alq3 and F8BT OLEDs, fabricated with and without the NPB layer. 

Figure 50. (a) Current density and (b) luminance comparison between F8BT and Alq3 OLEDs fabricated with ZnO 

and ZnO:N. 

(b) (a) 
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ZnO and ZnO:N devices was around 2-2.50 V and 3-4 V, respectively. However, the current 

absorption seemed more efficient in ZnO:N-based OLEDs and proportional to the supplied 

luminance than in previous ZnO-based OLEDs. Luminance in the F8BT didn’t decay 

drastically in ZnO:N as in ZnO-based devices but it increased gradually showing better stability. 

Furthermore, F8BT + ZnO:N and F8BT + ZnO OLEDs showed a luminance of 465.52 cd/m2 

and 2148.54 cd/m2 at 9.50 V, respectively. At the same voltage, while the former showed a 

current density of 23.28 mA/cm2, in the latter 145.20 mA/cm2 were measured. Important 

differences in performance were observed by comparing Alq3 + ZnO:N and Alq3 + ZnO 

OLEDs. Analyzing both devices at 9.50 V, ZnO-based OLEDs showed a luminance of 

10 841.60 cd/m2 with a current density of 317.20 mA/cm2 while the luminance and current 

density of ZnO:N-based OLEDs were 260.75 cd/m2 and 34.87 mA/cm2, respectively. Although, 

Alq3 + ZnO OLEDs had high current absorption, their luminance was ~ 40 times higher than 

that observed in Alq3 + ZnO:N OLEDs  

The good efficiency of Alq3 + ZnO devices was also visible from the EQE graph. 

The highest EQEs (Figure 51) were reported by the Alq3 (1.11 %) and the F8BT (0.68 %) 

OLEDs using ZnO and ZnO:N, respectively. This confirms what discussed before and even if 

the F8BT + ZnO:N OLEDs didn’t reach the emission power of ZnO-based devices, they were 

the most efficient devices after the Alq3 + ZnO OLEDs. The third in efficiency was the 

F8BT + ZnO OLEDs with an EQE of 0.45 %. This result was reliable since luminance in these 

devices was higher than in F8BT + ZnO:N OLEDs, overcoming 2000 cd/m2. However, while  

 

Figure 51. EQE comparison between F8BT and Alq3 OLEDs fabricated with ZnO and ZnO:N. 
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luminance decayed, current density continued to increase until 145.20 mA/cm2, at 9.50 V. 

Finally, Alq3 + ZnO:N was positioned at the bottom of the graph with the lowest EQE (0.25 %). 

The image below shows the green light emitted from an OLED when a bias 

voltage is applied, positive to the Al-anode and negative to the ITO-cathode (Figure 52 (a)). 

The photo of light-emission was taken with the HD camera available inside the glove box 

(Figure 52 (b)).  

 

 

  

 

 

 

 

 

 

 

Figure 52. (a) Glass substrate with twelve built-in F8BT-based OLEDs and (b) light emitted from one of them, 

captured with the HD camera. 

(b) (a) 
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To facilitate the understanding and clarify the data discussed above, all results 

extracted from OLEDs characterization are following summarized (Table 6). 

 

OLED Voltage  
(V) 

Current 

density 
(mA/m

2
)  

Luminance 
(cd/m

2
) 

EQE 
(%) 

Al-MoO
3
-Alq3-ZnO-ITO- 

glass 9.5 - 0.11 0 

Al-MoO
3
-F8BT-ZnO-ITO- 

glass 9.5 3.43 0.18 0 

Al-MoO
3
-Alq3-PEIE_0.80%-

ZnO-ITO-glass 9.5 3.76 10.61 0.11 

Al-MoO
3
-F8BT-PEIE_0.80%-

ZnO-ITO-glass 9.5 20.00 8.68 0.01 

Al-MoO
3
-Alq3-PEIE_0.40%-

ZnO-ITO-glass 9.5 157.28 1105.53 0.23 

Al-MoO
3
-F8BT-PEIE_0.40%-

ZnO-ITO-glass 9.5 254.06 217.62 0.03 

Al-MoO
3
-NPB-Alq3-

PEIE_0.40%-ZnO-ITO-glass 9.5 317.20 10841.60 1.11 

Al-MoO
3
-NPB-F8BT-

PEIE_0.40%-ZnO-ITO-glass 9.5 145.20 2148.54 0.45 

Al-MoO
3
-NPB-Alq3-

PEIE_0.40%-ZnO:N-ITO-glass 9.5 34.87 260.75 0.25 

Al-MoO
3
-NPB-F8BT-

PEIE_0.40%-ZnO:N-ITO-glass 9.5 23.28 465.52 0.68 

Table 6. Parameter measured from different F8BT and Alq
3
-based OLEDs. The best OLED performance are shown in bold. 
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The results showed in Table 6 demonstrate that PEIE worked efficiently as energy 

modifier layer. Then, OLEDs performance were further enhanced by adding a NPB layer that 

helped to balance charges inside the devices, by providing a good hole transport. Improvements 

at the MOs-PEIE-EMLs interfaces were implemented in the final part of the thesis work related 

to OLETs fabrication. 

In the second and last part of this chapter, output data obtained from the electrical 

characterization of TFTs and OLETs were processed by the software Origin Lab and 

represented by transfer and output curves. Transistor properties of ZnO and ZnO:N such as 

conductivity and electron mobility were tested by fabricating MO-based n-type TFTs before 

proceeding with OLETs. TFTs structures, parameters and results from the electrical 

characterization are shown below.  

The first devices analyzed were ZnO-based TFTs (Figure 53). 

 

ZnO-based TFTs parameters and measurement results are reported in Table 7  

 

 

From the transfer curve of ZnO-based TFTs (Figure 54) was noticeable a high 

gate current (𝐼𝑔). This leakage current was observable even after screening the substrate edges 

Device Structure Ch W 

(nm) 
Ch L 

(nm) 
Mobility  

(cm
2 

V
-1 

s
-1

) 
Vt (V) 

TFT Al-ZnO-SiO
2
-Si++ 2000 100 Too low to 

calculate ~ 11 

Table 7. Channel parameters and measurements performed on ZnO-based TFTs. 

Figure 53. Schematic of  ZnO-based TFTs. 
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from ZnO deposition, preventing current escaped through the gate. However, the real problem 

was the low drain (𝐼𝑑) and source (𝐼𝑠) currents, ~ 0.00001 mA at 𝑉𝑔 = 25 V. Hence, the mobility 

was too low to be measured.  

 

Furthermore, the hysteresis reported was high and there was no a clear transition 

between the ON/OFF states with a gate threshold voltage (𝑉𝑡) ~ 11 V. After several attempts 

that included ZnO patterning, it was determined that ZnO was not a good candidate for OLETs 

fabrication. It seemed that the stoichiometry of this ZnO had only good vertical mobility and 

worked properly for OLEDs but not for TFTs or OLETs.  

The next process consisted on fabrication and testing of ZnO:N-based TFTs. 

Transistor structure (Figure 55) and parameters (Table 8) are shown below. 

 

Figure 54. Transfer curve of ZnO-based TFTs. 

Figure 55. Schematic of ZnO:N-based TFTs. 
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The ZnO:N-based TFTs transfer curve (Figure 56 (a)) showed higher 𝐼𝑑 and 𝐼𝑠 

currents with respect to the ZnO-based TFTs, with a negligible hysteresis and a clear transition 

between ON/OFF states (> 105). The threshold voltage (𝑉𝑡) was around of 6 V. The 𝐼𝑔 was still 

a bit high but acceptable. Output curve (Figure 56 (b)) displayed a maximum 𝐼𝑑 of ~ 0.43 mA 

at 𝑉𝑑 = 𝑉𝑔 = 25 V. Although, the current supplied in output was not high, it was clear that the 

ZnO:N-based TFTs displayed better electrical characteristics compared to the ZnO TFTs, if 

only considering that their mobility was 5.67 +/- 1.10 cm2 V-1 s-1.  

 

All these properties make ZnO:N the proper ETL for OLETs fabrication. OLET 

structure and the respective energy diagram are shown in Figure 57 (a) and (b). 

Device Structure Ch W 

(nm) 
Ch L 

(nm) 
Mobility  

(cm
2 

V
-1 

s
-1

) 
Vt (V) 

TFT Al-ZnO:N-SiO
2
-Si++ 2000 100 5.67 +/- 1.10 ~ 6 

Table 8. Channel parameters and measurements performed on ZnO:N-based TFTs. 

 

Figure 56. (a) Transfer and (b) output curves measured on ZnO:N-based TFTs. 

(b) (a) 
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Table 9 reported the parameters values and measurements from OLETs.  

 

 

The transfer curve (Figure 58 (a)) showed an n-type behavior for OLETs using 

the ambipolar F8BT, which means that electrons were the charge carrier dominant in this type 

of devices. They exhibited a negligible hysteresis with and ON/OFF ratio close to five orders 

of magnitude. The threshold voltage (𝑉𝑡) was ~ 6 V. Gate current was slightly higher than for 

TFTs. By comparing both, OLETs and the ZnO:N-based TFTs transfer and output curves, there 

was a noticeable difference in current between two devices since OLETs showed in output a 5 

mA 𝐼𝑑 at 25 V (Figure 58 (b)). This was a high current increment if considering that OLETs 

were multi-layer structures, where currents will find more difficult to be transported and 

injected through interfaces of different layers. Also, mobility measured was pretty high with 

4.02E +/- 1.47 cm2 V-1 s-1, close to that of ZnO:N TFTs. The increment of performance may be 

Device Structure Ch W 

(nm) 
Ch L 

(nm) 
Mobility  

(cm
2 

V
-1 

s
-1

) 
Vt 

(V) 

OLET 
Au-MoO

3
-F8BT-

PEIE_0.4%-Al-ZnO:N- 

SiO
2
-Si++ 

47600 200 4.02 +/- 1.47 ~ 6 

Table 9. Channel parameters and measurements performed on F8BT-based OLETs. 

Figure 57. (a) Schematic and (b) energy diagram of OLETs. 

(b) (a) 
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due to the channel dimensions of OLETs. While the CH L in OLETs was double (200 nm) than 

that of ZnO:N-based TFTs, their CH W was almost 24 times wider than that of ZnO:N-based 

TFTs, with 47 600 nm and 2000 nm, respectively. 

 

Figure 59 (a) shows a Si++-SiO2 substrate with six built-in OLETs. Under an 

electrical stimulus devices emit a green light. The photo below, taken with the camera 

positioned on top of probe station, shows the light emitted from a partial region of a biased 

OLET (Figure 59 (b)).  

 

Figure 59. (a) Si++-SiO2 substrate with six built-in F8BT-based OLETs. (b) Light emitted from one OLET and captured 

with the HD camera positioned on top of probe station. 

(b) (a) 

Figure 58. (a) Transfer and (b) output curves measured on OLETs. 

 

(b) (a) 
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From the photo is not noticeable but the light is emitted from the F8BT area, close 

to the edge of Au-drain contact, as shown in Figure 60. Previous literature reported a similar 

problem and seems that the main challenge is the difficulty to equilibrate charges in multi-layer 

OLETs with only a gate drive voltage. However, in this case, the problem could be a poor hole 

injection and/or lateral transport since it was demonstrated from ZnO:N-based TFTs and 

OLETs measurements that electron injection and transport in these structures were optimal. 

 

Another aspect that determined an enhancement of electron properties in OLETs 

was the n-type behaviour showed by the ambipolar F8BT. This meant that electrons were the 

charge carrier dominant inside the devices. Therefore, for further optimizations, the hole 

transporting side should be further investigated in detail.  

All values extracted from the electrical characterization of TFTs and OLETs and 

discussed before are reported in Table 10.  

 

 

Figure 60. Schematic of the OLET showing the light emission coming from the edge of drain contact (edge 

effect). 
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Device Structure Ch W 

(nm) 
Ch L 

(nm) 
Mobility  

(cm
2 

V
-1

s
-1

) 
Vt (V) 

TFT Al-ZnO-SiO
2
-Si++ 2000 100 Too low to 

calculate ~ 11 

TFT Al-ZnO:N-SiO
2
-Si++ 2000 100 5.67 +/- 1.10 ~ 6 

OLET 
Au-MoO

3
-F8BT-PEIE-

Al-ZnO:N-SiO
2
-Si++ 47600 200 4.02E +/- 1.47 ~ 6 

Table 10. TFTs and F8BT-based  OLETs channel parameters and measurements results discussed above. 
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During this thesis project, OLEDs were successfully fabricated, based on a 

multi-layer structure with two different types of EML (Alq3 small molecule and F8BT polymer) 

in order to study the effect of PEIE thin layer as a MO surface energy modifier. During OLEDs 

optimization process, I faced several issues, the most important was related to the thin film 

deposition by solution process. After spin-coating solutions, the coated layers showed many 

artifacts on the substrate surface that in many cases were visible with the naked eye. These 

particles, under form of sharp spikes, contributed to degrade the efficiency of devices by 

increasing the leakage current. This problem was partially solved by filtering solutions before 

the deposition process. 

The first experimental process consisted of fabrication of inverted OLEDs as 

reference devices without using the surface energy modifier.  These reference devices showed 

very low electron injection and high current instability due to the large energy gap between the 

inorganic and organic materials. This issue was fulfilled by introducing the PEIE buffer layer 

between ETL and EML, a blend of polyethyleneimine (PEI) and 2-ethoxyethanol solvent that 

has the property to reduce the WF of MO. PEIE in 0.80 % concentration reduced the current 

leakage and instability and improved slightly the electron injection.  Devices with 0.80 % PEIE 

started to show light emission from 5.50 V, which is 2 V lower than in reference devices. 

However, devices with Alq3 showed better performance than F8BT-based OLEDs. They 

exhibited a maximum luminance of 10.61 cd/m2 at 9.50 V with a current density of 

3.76 mA/cm2, around 5 times lower than that of the F8BT-based OLEDs. The maximum EQE 

among all devices was 0.11 %, reported by ZnO + (PEIE 0.80 %) + Alq3-based OLEDs.  

The electron injection was further optimized using a PEIE concentration of 

0.40 %. Also, in this case, the Alq3-based OLEDs showed better performances than the F8BT-

based devices. Under electrical excitation, at 9.50 V, devices with Alq3 showed a luminance of 

1105.53 cd/m2 with a current density of 157.28 mA/cm2, while devices with F8BT reported a 

luminance of 217.62 cd/m2 with a current density of 254.06 mA/cm2. As a result, EQE of 

OLEDs was slightly improved with a 0.23 % (0.03 %) efficiency reported by Alq3 (F8BT)-

based OLEDs. 



Sergio A. Fernández  Surface energy modification of metal oxide to enhance electron injection in light-emitting devices 

 
  

 

64 

From experiments, I confirmed that the electron injection from MO to EMLs was 

enhanced by the PEIE buffer layer. However, devices showed very low luminance and 

efficiency far from previous reported OLEDs [8] [61]. It was realized that probably the lack of 

efficiency in inverted OLEDs was due to the electron-hole charge unbalance, in particular 

related to an inefficient hole injection-transport side. I arrived to this conclusion after evaluating 

the good electron injection properties of PEIE buffer layer and measuring the noticeable 

enhancement of OLEDs performance.  

In order to evaluate the hole transport characteristics of OLEDs, a NPB small 

molecule layer was introduced as HTL in-between EML and HIL layers. Measurements 

executed on devices reported significant improvement of OLEDs performance by adding the 

NPB layer. F8BT-based OLEDs achieved higher luminance at lower current densities 

(2148.54 cd/m2 with 145.20 mA/cm2 at 9.50 V) than OLEDs without the NPB layer 

(217.62 cd/m2 with 254.06 mA/cm2 at 9.50 V). However, the best results were achieved by 

applying a HTL layer on top of Alq3. NPB + Alq3-based OLEDs showed a maximum luminance 

of 10 841.60 cd/m2 with a current density of 317.20 mA/cm2 at 9.50 V. This is around 5 times 

higher luminance than NPB + F8BT-based OLEDs and comparable to those reported in 

previous literature [8] [61]. The Alq3 devices fabricated using the NPB layer, reported a 1.11 % 

of EQE that is a more than 10 times higher value compared to OLEDs without NPB and 100 

times higher than in OLEDs without PEIE. These results showed that PEIE as surface energy 

modifier layer, reduced efficiently the MO-EML energy gap. In addition, the NPB layer 

increased the hole-electron current balance by enhancing the hole carrier transport. Probably, a 

further structural optimization could arise an even higher efficiency of devices. This should be 

considered in the future since the main purpose of this thesis work was the investigation of 

PEIE properties.  

In the next step, I studied if PEIE properties could be extended over different 

MOs.  Hence, I focused on further evaluating the interaction between PEIE and MOs. ZnO:N 

was the MO selected to substitute ZnO because of its high mobility [21]. If PEIE could induce 

a similar reaction mechanism in ZnO:N than in ZnO, I expected by using a MO with higher 

mobility an electron injection and transport enhancement in OLEDs. In addition, charge balance 

in devices would be increased and consequently their efficiency, in particular regarding 

performance of F8BT-based OLEDs.  
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For the ZnO:N-based OLEDs, a concentration of 0.40 % PEIE was used to 

demonstrate the effect of the energy modifier layer on ZnO:N as well as the effect of NPB as 

hole transport. Although, it was widely demonstrated that ZnO:N has higher electron mobility 

than ZnO, OLEDs based on ZnO:N showed lower performances than the ZnO-based OLEDs. 

An explanation to this result could be a nonlinear PEIE reaction when the buffer layer interacted 

with a different MO surface. However, I observed that among devices using ZnO:N, F8BT-

based OLEDs showed better performance with luminance and current density of 465.52 cd/m2 

and 23.28 mA/cm2, respectively, compared to Alq3-based OLEDs that had a luminance of 

260.75 cd/m2 and a current density of 34.87 mA/cm2. Even if ZnO:N devices showed lower 

luminance than ZnO-based OLEDs using NPB, ZnO:N OLEDs were more efficient regarding 

to the current absorption and luminance stability. This efficiency was reported in the EQE 

calculation since F8BT-based OLEDs with ZnO:N showed a 0.23 % higher efficiency than 

F8BT devices using NPB and ZnO but with a current density and luminance around 6 and 4 

times lower, respectively. 

The last part of this thesis focused on OLETs investigation through applying 

optimized materials obtained during OLEDs fabrication to OLETs. This included the 

achievements in the WF reduction of ZnO and ZnO:N layer using PEIE. Contrarily to the results 

obtained in OLEDs, ZnO:N provided better transistor characteristics with higher lateral 

mobility than ZnO. ZnO:N-based TFTs showed an average output current (𝐼𝑑 ~ 0.43 mA at 

25 V)  and a high electron mobility (5.67 +/- 1.10 cm2 V-1 s-1) while the output current and the 

mobility of ZnO-based TFTs were too low to be considered. Under the external bias, the F8BT-

based OLETs showed a green light from the F8BT layer, however, the light was coming from 

the edge of drain contact (edge effect), increasing photon losses, exciton quenching as well as 

reducing the power of the emitted light. A similar problem was reported in previous literature, 

considering the difficulty to equilibrate charges in multi-layer OLETs as the main cause since 

it was difficult to drive both charge carriers using a single gate drive voltage. However, in this 

OLET structure the cause may lie in a poor hole injection and/or lateral transport since it was 

demonstrated from ZnO:N-based TFTs and OLETs measurements that electron injection and 

transport in these structures were optimal. Although F8BT is an ambipolar material, devices 

showed electron-dominant characteristics due to tremendous electron injection from the ZnO:N  

to F8BT layer through the PEIE thin layer. 
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The results achieved with this thesis showed that the PEIE thin layer enhanced 

efficiently the electron injection from MOs into EMLs of OLEDs by inducing a strong dipole 

moment on the ZnO surface. The dipole moment caused a vacuum level shift and consequently 

reduced the WF of ZnO with respect to the organic material. This effect was reinforced using a 

concentration of PEIE of 0.40 % instead of 0.80 %. Hence, after the OLEDs structure 

optimization by adding a 0.40 % PEIE and a further NPB layer to enhance the hole mobility, 

OLEDs showed the highest performance. The most promising devices were Alq3-based OLEDs 

that reported a luminance over 10 000 cd/m2. 

From experiments, I observed different reactions when the PEIE layer interacts 

with the ZnO and ZnO:N surfaces, giving a diverse surface condition to EMLs which 

significantly influenced the efficiency of devices. This was demonstrated by OLEDs behavior 

since ZnO devices based on Alq3 showed better performances with respect to the F8BT-based 

OLEDs. The situation reversed when ZnO:N was used as MO with Alq3-based OLEDs showing 

less performance than F8BT devices. Unfortunately, I was not able to find the mechanism of 

these reactions due to the time limitation. In the future, a quantitative energy level analysis of 

MO surfaces with and without PEIE could give us an explanation about the reaction mechanism 

at  MOs-PEIE interfaces and determine how PEIE changes their energy levels. 

Regarding OLETs using ZnO:N and the PEIE layers, I realized that under bias 

devices emitted light from the edge of drain contact instead of the center of the channel. Though, 

PEIE increased the charge balance inside the devices and improved the electron injection from 

ZnO:N to F8BT layer properly. Further optimizations are necessary on the hole transporting 

side in order to realize high-performance solution based OLETs. However, this thesis work 

confirmed that PEIE with ZnO:N is one of the best candidates to achieve efficient electron 

injection and transport in solution based OLETs. The key to balance charges in OLETs and a 

future solution could be the implementation of a second gate. This second gate can provide a 

way to not only control both hole and electron currents individually, but also adjust the 

recombination zone from the middle of the channel. This will reduce the exciton quenching and 

photon losses, leading to an increase of efficiency in OLETs.  
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A1 

For the 𝐸𝑄𝐸 calculation, the OLED area is considered as a Lambertian surface, 

where the total emitting area is divided into infinitesimal small regions denoted as 𝑑𝐴1 [62]. 

They can be considered equivalent to emission points, so the light emitted from OLEDs can be 

modelled as geometrical rays which propagate at an angle 𝜃  from the surface normal. 

Lambertian assumption considers that light has equal irradiance, independent from which angle 

𝜃 is coming [62]. This means if we look at the source from different directions, the projected 

area can change but the brightness will remain constant. The source is positioned at the circle 

origin (Figure 61).  

Luminous flux is the total amount of power emitted from a source, which 

sensitivity to receive it by human eye varies depending on light wavelengths. The human eye 

is a nonlinear detector of electromagnetic radiation with wavelengths ranging from 380 to 780 

nanometers (nm), known as the visible spectrum. Light is detected at different wavelengths as 

a different colour range, through the whole visible spectrum. The main colours, red green and 

blue are visible at 650, 540 and 450 nm, respectively [62]. The International Commission on 

Figure 61. Radiance of a Lambertian surface on a sphere of  radius r. The total luminous flux is the total power 

radiated within the area dA2 ,in the sphere above source. 
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A2 

Illumination (CIE) released the human eye response (𝐸𝑅) curve that is the luminous efficiency 

normalized curve of human vision as a function of wavelengths. It has a sensitivity peak at 555 

nm (683 lm/W) [62].  

The luminous flux is weighted by the 𝐸𝑅 curve to references the human light 

sensitivity at different spectral components of measured light [62]. For the 𝐸𝑄𝐸 calculation, it 

is necessary to determine the total luminous flux projected on the hemisphere surface.  

Luminous flux (𝛷) is calculated as follow:  

Luminance 𝐿(𝜃, 𝜑) in area 𝑑𝐴2 (Figure 62) is determined by equation A-1 [63]: 

𝐿(𝜃, 𝜑) =
𝑑2𝛷

𝑑𝐴1𝑐𝑜𝑠(𝜃)𝑑𝛺
 

 

(A-1) 
 

Where: 

 𝐿(𝜃, 𝜑) is the luminance measured by the detector (cd/m2) 

 𝑑2𝛷 is the differential square of luminous flux.  

 𝑑𝐴1 is the light source and 𝑐𝑜𝑠(𝜃) is the direction of light propagation. 𝜃 is the viewing 

angle and there is a maximum along the normal of the device when 𝜃 = 0°. 

 𝑑𝛺 is the differential solid angle in steradian [sr] [64] and it is calculated using equation 

A-2. 

  

r 

Figure 62. The projected area  dA2 is enclosed between dh and dv. 
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A3 

𝑑𝛺 =
𝑑𝐴2

𝑟2
=

𝑑𝑣 𝑑ℎ

𝑟2
 

 

(A-2) 

Where: 

 𝑑𝑣 and 𝑑ℎ are the differentials that enclosed the area of 𝑑𝐴2. 𝑑𝐴2 is the projected light 

area of 𝑑𝐴1 onto the sphere of radius 𝑟. 

 𝑟2 is the square distance between area 𝑑𝐴1 and 𝑑𝐴2.     

Looking at the sphere cross-section (Figure 63 and 64), 𝑑𝑣 and 𝑑ℎ are calculated by equation 

A-3 and A-4 [64]: 

 

𝑑𝑣 = 𝑟 𝑑𝜃 
 

(A-3) 

 

𝑑ℎ = 𝑟 𝑠𝑖𝑛(𝜃) 𝑑𝜑 
 

(A-4) 

Equation A-5 is obtained by combining equation A-2, A-3 and A-4 [64]: 

Figure 64. dh is calculated from distance r and sin of angle 𝜃. 

Figure 63. Calculation of dv from distance r and differential of angle 𝜃. 
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𝑑𝛺 =
𝑟2 𝑠𝑖𝑛(𝜃) 𝑑𝜃 𝑑𝜑

𝑟2
= 𝑠𝑖𝑛(𝜃) 𝑑𝜃𝑑𝜑 (A-5) 

Then, 𝑑2𝛷 is calculated from equation A-6 [63]: 

𝑑2𝛷 = 𝐿(𝜃, 𝜑)𝑑𝐴1𝑐𝑜𝑠(𝜃) 𝑠𝑖𝑛(𝜃) 𝑑𝜃𝑑𝜑 
 

(A-6) 

 

The equation A-7 returns the integration of the total luminous flux (𝛷) in the hemisphere above 

the source, in lumen (lm) [63]: 

𝛷 = 𝑑𝐴1 ∫ 𝑑𝜑
2𝜋

0

∫ 𝐿(𝜃, 𝜑)
𝜋/2

0

𝑐𝑜𝑠(𝜃) 𝑠𝑖𝑛(𝜃) 𝑑𝜃 (A-7) 

Assuming a Lambertian surface the luminance will be constant along all 

hemisphere as shown in equation A-8. Hence, the total flux integral becomes (equation A-9) 

[63]: 

𝐿(𝜃, 𝜑) = 𝐿 (A-8) 

𝛷 = 𝑑𝐴1 𝐿 ∫ 𝑑𝜑
2𝜋

0

∫ 𝑐𝑜𝑠(𝜃) 𝑠𝑖𝑛(𝜃) 𝑑𝜃
𝜋/2

0

 (A-9) 

Therefore, the integral is solved as shown in equation A-10 and A-11 [63]: 

𝛷 = 𝑑𝐴12𝜋 𝐿 = [
𝑠𝑖𝑛(𝜃)2

2
] (

𝜋

2
− 0) (A-10) 

𝛷 = 𝜋 𝐿 𝑑𝐴1 (A-11) 

 Where 𝑑𝐴1 =  AOLED  
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Then, the power (W) needed is calculated as follows (equation A-12) [65]: 

𝑃𝑜𝑤𝑒𝑟 =  
𝛷

683
∗

∫ 𝐸𝑙(
780

380
𝜆) 𝑑𝜆

∫ 𝐸𝑙(𝜆)𝐸𝑅(𝜆)𝑑𝜆
780

380

 

 

 

(A-12) 

The integration is performed in whole the visible spectrum. 

Where [65]: 

 𝐸𝑙(𝜆) is the normalized electroluminescence curve. 

 𝐸𝑙(𝜆)𝐸𝑅(𝜆) is the normalized electroluminescence curve weighted by the eye response 

curve.  

 𝛷 is the luminous flux calculated before. 

 683 lm/W is the sensitivity peak of ER curve at 555 nm. 

 The device is measured in a range of wavelengths which centroid wavelength 

(𝜆𝑐𝑒𝑛𝑡𝑟) is determined by equation A-13 [65]: 

𝜆𝑐𝑒𝑛𝑡𝑟 =
∫ 𝐸𝑙 (𝜆) 𝜆 𝑑𝜆

780

380

∫ 𝐸𝑙 (𝜆) 𝑑𝜆
780

380

 

 

(A-13) 

Where 𝜆𝑐𝑒𝑛𝑡𝑟 divide the spectrum integral into two equivalent parts. 

Therefore, the number of photons emitted per second (𝛷𝑣) and the number of 

electrons injected per second (𝑛𝑒) are calculated using equation A-14 and A-15, respectively 

[65]: 

𝛷𝑣 =
𝑃𝑜𝑤𝑒𝑟 𝜆𝑐𝑒𝑛𝑡𝑟

ℎ 𝑐
 (A-14) 

𝑛𝑒 =
𝐼

𝑞
 (A-15) 
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A6 

Where: 

 ℎ is the Plank constant = 6.63E-34 (J/S) 

 𝑐 is the speed of light in the vacuum = 3.00E+08 (m/s) 

 𝐼 is the current in amperes (A) 

 𝑞 is the fundamental electron charge = 1.60E-19 (C) 

Finally, the 𝐸𝑄𝐸 is obtained as follows from equation A-16 [65]: 

𝐸𝑄𝐸 (%) =
𝛷𝑣 

𝑛𝑒
100 (A-16) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Sergio A. Fernández Surface energy modification of metal oxide to enhance electron injection in light-emitting devices 

 

B1 

Preparation of ZnO solution: 

 

1. Prepare in a first bottle, 0.295 gr. zinc acetate dehydrate in 12.50 ml of methanol and 

label it as Solution A. 

2. Prepare in a second bottle, 0.148 gr. of potassium hydroxide (KOH) in 6.50 ml. of 

methanol and label it as Solution (B). 

3. Place solution (A) and (B) at 65 degrees and let them stirring at 700-800 rpm for 15 

minutes until both solutions are completely dissolved. 

4. After 15 minutes, add drop by drop 6.50 ml. of Solution (B) into Solution (A) and let 

it stirring for further 15 minutes. At this point, Solution (A) should get a completely 

white colour. 

5. Split Solution (A) among two plastic tubes of 9 ml. each. 

6. Place two 9 ml. tubes into the centrifuge and let them mix at 5000 rpm for 2 minutes. 

7. Drain out methanol from both tubes and add 2 ml. of 1-butanol into each tube. 

8. Place tubes in a beaker and lets them stirring inside the ultrasonic bath for 1 hour until 

particles disperse very well and the solution became almost transparent. This should 

happen after about 35-45 minutes. 

9. Put all solutions in one single bottle and add 0.50 µl. of ethanolamine 

10. Wrap the bottle with an Al foil and let it on the stirring plate overnight at room 

temperature. 

11. Filter the solution before use it. 

 

 




