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                                     ABSTRACT 
 

Throughout the past three decades, the most widely used, appealing, and constantly evolving 

electroluminescent display and solid-state lighting technologies have been small molecules Alq₃ 

[8-hydroxy quinolinato)aluminium(III)] and Alq₃-derivative-based organic light-emitting 

diodes, or OLEDs. These technologies operate on the electroluminescence principle. Since its 

discovery in 1987 by Tang and Van Slyke, organic electroluminescent n-type semiconducting 

tris (8-hydroxyquinoline) aluminium (Alq₃) powder, a metal chelated complex, has been the 

most popular OLED material selected for OLED applications. Alq3's exceptional blue-green 

bright luminescence, low cost, simple fabrication method, low operating voltage, and ability to 

fine-tune the emission wavelength have all contributed to its immense popularity. Alq3 serves 

as both an OLED's emissive layer and electron transport layer (ETL). Alq3 has experienced 

significant operational limitations, including lower-span durability and steep declines in 

photoluminescence (PL) and electroluminescence (EL) efficiency, despite its multifaceted 

applicability. This is primarily due to corrosion, joule heating-induced thermal instability, 

device deterioration from direct exposure to moisture, air, oxygen, and splashes of water, and 

the lack of an encapsulated protective shield. 

In this study, pure mer-Alq₃ was first created in a lab. After that, the following procedures were 

carried out: purification, collection, characterization, and analysis; thin film deposition, 

characterization, and analysis; and annealing in a hot-air oven, characterization, and analysis. 

Distinct from other published works, we discovered the cause of Alq₃'s chemical degradation 

and its subsequent chemical fate. We discovered that after heating Alq₃ from 50 to 200 degrees 

Celsius with an equivalent 50-degrees celsius temperature step in the ambient air, 8-Hq (8- 

hydroxyquinoline) recrystallizes and once more begins to fluoresce, even more intensely than 

it did at the annealing temperature of 150 to 200 degrees Celsius. We examined the surface 

morphology and thermal optical characteristics of the annealed Alq₃ and contrasted the 

outcomes with those of the pristine Alq₃.Developing a flexible, low-voltage-driven, full- colour, 

high-definition OLED with an Alq₃ or Alq₃ derivative emitter was my second objective. I also 

wanted to adjust the optical and electrical characteristics using different wavelengths and 

voltages to improve the device's performance, such as PL and EL efficiency and excellent EQE 



and IQE. We created an OLED with a polymeric PEDOT: PSS(polyethylene 

oxythiophene) as the hole transport layer (HTL) and Alq₃ as the electron transport layer (ETL). 

Additionally, Alq3 acts on the emissive layers (EML) of the previously mentioned OLED. We 

employ a metallic silver paste layer for our opaque cathode, and a transparent ITO- coated PET 

(polyethylene terephthalate) layer serves as both a high work function transparent anode and a 

flexible rollable transparent substrate. Our HBL was the V2O5 layer, which also served as a 

buffer layer to keep PEDOT: PSS from oxidizing. Additionally, I focused my attention on 

creating OLEDs with a longer lifespan, greater stability, and reduced susceptibility to chemical 

and atmospheric deterioration. Third and fourth, I wanted to dope transitional metal oxide ZnO 

(zinc oxide) nanoparticles and rare earth metals europium nitrate and neodymium nitrate onto 

the Alq₃ host matrix. I wanted to see how the recombination rate, structural characteristics, 

electrical properties, and optical properties changed in comparison to pure Alq₃ emitters at three 

different concentrations: 0.1:1 wt%, 0.2:1 wt%, and 0.3:1 wt%. Additionally, we looked into 

the EL and PL efficiencies of the manufactured OLED using the three metal- Alq₃ 

nanocomposites as the principal emitters, with the best-performing concentration being 0.3:1 

weight percent. In comparison to 0.3 weight percent Nd/Alq₃ nanocomposites, which are three 

and two times better than pristine Alq₃ emitter-based OLED devices, we discovered that the 

EL and PL intensities and device performances of 0.3 weight percent/Alq₃ nanocomposites are 

the highest. These findings undoubtedly have the potential to expand the new research area in 

the areas of OLED materials, OLED applications and SSL(solid-state lighting) applications. 
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Chapter 1: INTRODUCTION 

 
1.1 Organic Electroluminescence (EL): 

The electrical and optical phenomenon known as electroluminescence (EL) occurs when a 

substance or sample of interest is subjected to a strong electric field or to a strong electric 

current. When an electrical excitation bias (such as current or voltage) passes through a 

solid, light is released. This phenomenon is known as electroluminescence. In organic 

electroluminescence, light is produced only by organic molecules that contain hydrogen 

and carbon, along with other elements like nitrogen (N), sulphur (S), and oxygen (O). One 

noteworthy aspect of organic EL is that, unlike incandescence, which emits light from a 

hot filament in an incandescent lightbulb, organic EL does not cause the solid to change 

from ambient temperature [1-5]. 

1.2 An OLED is used as an EL device: 

OLED (Organic Light Emitting Diode) is a contemporary opto-electronic 

electroluminescent device consisting of an organic emissive layer sandwiched between a 

high-function transparent anode (typically ITO) and a low-function metallic cathode. This 

technology is used in flat-panel displays found in Android smartphones, laptops, tablets 

and smartwatches. OLED displays have a full colour gamut, are lightweight, and consume 

little power or energy. OLEDs have a simpler structure than LCDs (liquid crystal displays). 

It can contain more than one organic layer to accelerate the flow of free charge carriers. 

The cathode and anode inject charge carriers, i.e., electrons and holes, when an electric 

current is applied, and these particles flow into the organic emissive layers before 

recombining to form extremely unstable neutral Frenkel excitons. This unstable exciton 

jumps to the ground energy state, releasing photon energy as light. Lights are thus emitted 

by the emissive layer. The emission of light energy subject to an electric field is known as 

Electroluminescence (EL) [1-3, 7, 9-10, 12]. 

 

1.3 Architectural difference between OLED and LED: 

Although OLED refers to LED, their architecture fundamentally differs from each other. 
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A p-n junction diode structure serves as the foundation for LED formation. Trivalent or 

pentavalent atoms must be doped to alter the conductivity of the charge carrier in the host 

intrinsic semiconductor (germanium, silicon) in order to create n- and p-regions. OLEDs, 

however, do not adhere to the p-n junction diode structure of LEDs. In OLEDs, doping is 

used to change how quickly electrons and holes combine, which helps improve both their 

recombination rate and how efficiently they emit light. Furthermore, the wavelength of the 

released photon can be ascertained through doping. [7, 13, 14] 

1.4 Alq3 as EL emitters in OLED: 

In this research study, we focused on creating flexible OLEDs made from Alq₃ and its 

derivatives that are efficient in light emission and photoluminescence, require low voltage, 

and are cost-effective, while also examining the electro-optical properties of the new Alq₃ 

material, particularly the emission layer, electron transport layer, and hole transport layer, 

in normal conditions. OLED material, especially EML, ETL, and HTL, under ambient 

conditions. Alq3 is an octahedral coordinated organometallic chelated compound, also 

known as Tris(8-hydroxyquinolinato) aluminium [Al(C9H6NO)3]. Using bidentate 

bonding, three 8-hydroxyquinoline ligands (Hq or HQ) stay linked to the core metal atom, 

aluminium, in Alq₃, a chelated salt of Al³⁺ cation and three 8-HQ[(C₉H₆NO-1)] anion. In 

Alq₃ each hydroxyquinoline ligand has two aromatic functional groups: phenoxide and 

pyridyl groups. When we substitute the C-4, -5, -6, and -7 corners of the pyridine or 

phenoxide rings (benzene rings) with the right functional groups, like alkyl, aryl, amino, 

or any metal or radical (i.e., substituents), 8-hydroxyquinoline (or 8-HQ) ligands play a 

crucial role in the emission of different coloured lights in this scenario. In this case these 

type substitutions can tune the HOMO energy level as well as the emission wavelength of 

the emission spectrum. Alq3 possesses a conventional bidentate [M(NO)₃] structure of 

chelated octahedral coordination complex salt in which M stands for metallic trivalent atom 

of the quinoline ring, N represents the nitrogen atom of the quinoline rings, and O is the 

oxygen atom of the quinoline ring [2, 3, 4, 5, 14]. 

 

1.5 OLED application in flat and flexible full- color displays and as 

coloring lights: 
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The development of OLED, or organic light-emitting diode, or organic electroluminescent 

diode-based displays have been able to bring the whole world to our fingertips. We can 

witness any event happening anywhere in the world being known in real time by pressing 

and scrolling on the OLED display screen of any electronic gadget, like a smartphone, 

tablet, laptop, or smart flat or curved OLED TV. All the electronic devices or technology 

used by people in their daily life, from waking up in the morning to going to bed at night, 

are unthinkable without any OLED display unit or OLED lighting. Flat full-colour- 

producing OLED displays are widely used in smartwatches, smart OLED TVs, smart 

Android phones, and smart windows. OLED base small displays have a variety of 

applications in our daily appliances, such as electronic digital display screens and 

indicators or sensors used in induction cookers in kitchens, geysers in bathrooms, modular 

switch indicators, music system indicators or party lights, indicators or sensors used in 

Bluetooth devices, displays and indicators used in cellphones, neckband Bluetooth 

headphones, earbuds, headphones, displays used in digital watches, thermometers, 

glucometers, oximeters, oscilloscopes, and treadmills for medical purposes, etc. OLED 

lights are used in architectural design lighting, car lighting, decorative lighting, space- 

saving lighting, etc. OLEDs nowadays have achieved enormous popularity, leaving LCD, 

LED and other display counterparts of OLED for crispy pictures, perfect black and full- 

colour high-definition images, quick refresh times, less voltage-driven operation, 

flexibility, less heat production, cost-saving fabrication and excellent EQE (external 

quantum efficiency) along with improved internal quantum efficiency (IQE) of the device. 

Constant research has been conducted to enhance the performance of QLED and micro- 

LED technologies. But still far away from reaching the benchmark set by the OLED 

market. But when OLED is used as a light source, it drives the incandescent bulb, CFL and 

halogen bulb but still could not beat the commercial market of LED light because of the 

lower cost. LEDs produce brighter, glare-free cool light. While OLED lights are limited 

to high-end automotive lighting, car or residential or commercial building’s decorative 

light applications have higher manufacturing costs. The top OLED manufacturing 

company has been clinging to lowering the manufacturing cost by applying new organic 

emitters and new low-cost manufacturing techniques. Hence, undoubtedly, we can say that 

OLED will be the best choice for solid-state lighting for general purposes and also high- 
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end multi-dimensional applications. In the next section of this chapter 2 discuss the 

comparison or difference of OLED with their display as well as lighting counterparts [14- 

25]. 

1.6 History of organic electroluminescence: 

In 1960, Martin Pope and his team witnessed the first injection of a dark hole into an 

anthracene crystal (organic compound). This groundbreaking discovery also described the 

energy requirements for injecting electron-hole connections [3]. The primary direct current 

electroluminescence (EL) of both single crystal and impurity-doped anthracene was 

detected by the same group three years later. The devices produced visible emissions over 

400 volts and had a thickness of 10–20 μm [3]. The 10-20 μm thick EL devices were 

produced to emit visible emissions of more than 400 volts [3]. The history of organic light- 

emitting diodes (OLEDs) began in 1977, when Prof. Shirakawa and a colleague 

successfully synthesized the first semiconducting polymer by adjusting its chemical doping 

[2]. Prof. Shirakawa received the 2000 Nobel Prize in Chemistry for this discovery. 

Following this, Helfrich and Schneider successfully produced EL in the case of single 

organic anthracene crystals via doubly injected recombination utilizing electron- and hole- 

injecting electrodes, i.e., cathode and anode correspondingly. To obtain noticeable 

emission, the operating voltage was dramatically lowered to around 60 V. According to 

Child's law, the estimated electron mobility is about 0.4 cm²/(V.s). The device's thickness 

of 1-5 mm limited the current to 10 A at 100 volts [3]. In 1982, Vincent and his associates 

used vacuum-deposition techniques to achieve EL using a 0.6 μm organic thin film. The 

operating voltage was substantially lowered to less than 100 V, accompanied by a low EQE 

(external quantum efficiency) of 0.05% [4]. Tang and his associates developed a new 

structure for electron and hole transport in the 1980s that consisted of two thin organic film 

layers (with a total thickness of approximately 135 nm). As amorphous and crystal organic- 

based EL systems advanced in the mid-1970s, researchers started studying polymers, 

probably because of their increased processability. Poly(vinylcarbazole) (PVCz) film was 

used in the UK's National Physical Lab's first successful attempt to produce polymer LEDs 

[6]. In 1990, Friend and associates reported a green electroluminescent, highly efficient 

poly(p-phenylene vinylene) (PPV) thin film (100 nm). via spin-coating When injected 
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electrons and injected holes were recombined mutually and underwent a radiative decay 

of singlet excitons, which was known as the EL of the EL device. A significant current 

injection threshold of 14 V with an EQE of 0.05% was reached [7]. Using platinum 

octaethylporphine (PtOEP), a phosphorescent dopant material, Baldo harvested triplet 

excitons, surpassing the 25% limitation of its internal quantum efficiency (IQE) limit [8]. 

A maximum EQE of 4% was achieved in 1998. This was yet another crucial turning point 

following Tang's revelation. Following that, using a phosphorescent dopant in a high- 

bandgap host, Adachi et al. increased the EQE to roughly 22%, or nearly 100% IQE 

[9]. The small molecules, polymers, and dendrimers used in OLED materials have gained 

a lot of attention over the last ten years. Usually, a dendrimer consists of dendrons, surface 

groups and the core. It is possible to independently optimize the electrical and processing 

properties of surface groups and cores. The intermolecular interactions necessary for the 

device's operation are controlled by the number of dendrons. Furthermore, the cores make 

it easy to access fluorescence and phosphorescence. Lo et al. used phosphorescent 

conjugated dendrimers in 2002 [1-3] to achieve device performance comparable to 

evaporated molecules at the time and five times that of polymers [10]. In 1987, C.W. Tang 

et al. [4] described a bi-layered OLED thin film made of organic ETL layer Alq₃ [Tris(8- 

hydroxyquinolinato)aluminium(III)] and aromatic hole transport layer (HTL) layer 

diamine. Alq3 has grown in popularity due to its exceptional blue-green dazzling 

luminosity, low production costs, simple manufacturing process, low operating voltage, 

and ability to fine-tune emission wavelength. Despite its versatility, Alq₃ has significant 

operational limitations, including shorter lifespans and a sharp decline in 

photoluminescence (PL) and electroluminescence (EL) efficiency over time. The new 

OLED was impressive with an EQE of 1% photon/electron, a high luminous efficiency of 

1.5 lm /W, and a luminance of over 1000 cd/m². 

Over the last few decades, numerous intriguing discoveries have been made as a result of 

ongoing efforts to improve the efficiency of Alq₃-based OLEDs. Tang et al. [1, 3] also 

demonstrated that incorporating fluorescent organic dyes into the host organic Alq₃ matrix 

can significantly increase an OLED's efficiency by improving energy transfer from the host 

layer to organic dye layers, resulting in higher EL and PL quantum efficiency. At the C-5 
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position of the benzene (phenoxide ring), -SONR₂, a powerful electron-donating group in 

Alq₃, was described by Armstrong and his colleagues as having a higher blue shift of green 

luminescence at 580 nm than at 514 nm of parent Alq₃.,Al(Meq)₃[tris(4-methyl-8- 

hydroxyquinoline)aluminum],Al(Cl₂q)₃[(tris(5,7-dichloro-8-hydroxyquinolinato) 

aluminium)],andB(Alq)2[bis-(2-methyl-8-hydroxyquinolinato)-4-(phenylphenolato)  

aluminium(III)], and showed current densities of 4.3 cd/A, 8.7 cd/A, and 6.8 cd/A, and 

maximum luminance of 31839 cd/m², 35256 cd/m², and 33714 cd/m², respectively. 

In 2011, the 11H-indolo[3,4]quinolin-4-ol complex, the Alq₃ derivative, was synthesized 

by J.P. Heiskanen et al. [19]. Its photoluminescence is 3.5 times better than that of parent 

Alq3.. Paez-Sierra, B.A. et al. in 2016. Investigated the PL efficiency of MEH-PPV 

(poly(2-methoxy-5-(2'-ethylhexyloxy)-(p-henylenevinylene)) doped Alq₃ 

nanocomposites by varying concentrations of MEH PPV dopant where the work function 

is 2.19 eV and energy band gap is nearly equal to 2.33 eV. A hetero junctionOLED based 

on Alq₃, NPB(N,N'-di(naphthalene-1-yl)-N,N'-diphenyl benzidine)), and MoO₃ 

(molybdenum oxide) was reported by Jiayi Song et al. in 2023. It had a brightness of 46040 

cd/m2. [12–14]. The reasons behind the decline and limitations of quantum efficiency are 

still up for debate, notwithstanding the reports mentioned above. 

Furthermore, researchers have complicated and increased the cost of the synthesis process 

in an attempt to improve PL and EL efficiency. After 1987, researchers began using RE 

complex-dependent or RE coordination compound-based OLEDs in large numbers. [26- 

37]. Salah et al. [28-30] documented the integration of Alq₃ thin-film nanostructures with 

various metals from 2013 to 2020, including silver (Ag), europium (Eu), copper (Cu), 

dysprosium (Dy), and terbium (Tb). To be more specific, the PL intensity of the lanthanides 

dye-incorporated Alq₃ (Dy/Alq₃) thin film was four times that of the pure Alq₃ thin film. 

[27:28]. In 2002, Reyes, R. et al. [32] synthesized the complex of samarium, i.e., 

[Sm(TTA)₃(TPPO)₂] [tris(thenoyl trifluoro acetonate) bis(triphenyl phosphine oxide) 

samarium] to determine whether the samarium complex could be utilized as both an ETL 

(electron transporting layer) and EML (emissive layer) and then built the two devices. and 

used the following architecture to demonstrate how their EL performance varied. Here, 

Device 1 represents [Sm(TTA)₃(TPPO)₂] /ITO/MTCD/Alq₃/Al, and Device 2 represents 
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Sm(TTA)₃(TPPO)₂]/[ITO/MTCD/Al. In 2002, they once again revealed the vacuum 

deposition approach for fabricating europium complex [Eu(TTA)₃(TPPO)₂]. OLED based 

on the, and they investigated the electroluminescence (EL) performance of the Eu³⁺ cation- 

doped Alq₃.source. In 2010.the introduction of a luminous silver(I) chalcogenide 

nanocluster that emits red light was demonstrated. The year “2011” saw the discovery of a 

hybrid material based on copper iodide that emits green light, also known as green- 

electroluminescence. [18]. According to a 2011 study conducted by Muhammad Saleh Al 

Salhi et al., the electroluminescent conjugated polymer emits light when an electric current 

passes through it. It is a luminescent polymer. This posed a significant challenge for light- 

emitting diodes, polymer laser systems, and inorganic semiconductor materials [1]. Highly 

emissive hybrid white light emitters based on II-VI semiconductors were introduced in 

2012. C.K. Pandey et al. (2018) investigated the impact of n-type doping on the electron 

transport of polyfluorenes and achieved trap-free electron transport for PFO-based diodes 

by deactivating the exponentially distributed deep energy traps [18]. In 2023, Myrid Ali 

Siddiq [31] developed two devices using the tris-(8-hydroxyquinoline)aluminium/yttrium 

oxide (Alq₃/Y₂O₃) nanocomposite and Alq₃.. These devices displayed the designs 

Ag/Alq₃/p-Si/Al and Ag/Alq₃:Y₂O₃/p-Si/Al. They then investigated these devices' 

electrical properties in both light and dark environments. Still, researchers from all over 

the world are looking for new OLED materials, such as organic semiconductors, emissive 

layers, metal-organic layer interfaces, conductive polymers, and various metal complexes 

of Alq₃ [1-8, 14-18, 25–37]. 

1.7. The architectural design of an OLED: 

Basically, an ideal OLED is a stack of six successive layers. The topmost layer is a metallic 

cathode, and the bottom layer is a transparent substrate. Apart from these organic emitting 

material-based emissive layers (EML) or host layers, it lies in between two conducting 

layers: the electron transport layer (ETL) and the hole transport layer (HTL). The metallic 

cathode is a low work function metal, and the transparent anode is made up of indium tin 

oxide compound (ITO). The cathode and anode are directly connected to the battery for 

passage of current through the OLED circuit. 

An ideal OLED possesses the following six successive stacked layers from top to bottom 
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1)Cathode layer: when electricity flows through an OLED device, the cathode layer (the 

top layer of the OLED) sends electrons into the host/emissive layer (EML) through the 

electron transport layer (ETL) and the blocking layer (BL). Depending on the kind and 

variation of OLED we need to manufacture, this layer can be either transparent or opaque. 

Typically, an OLED's opaque cathode layer is made of four metals with low work 

functions: 

2)Electron transport layer (ETL): This layer aids in moving the cathode-injected 

electrons from the OLED's cathode layer to the blocking layer, which is the next layer. 

Stereotypical ETL uses both TPBI (1,3,5-tris(N-phenylbenzimidizol-2-yl)benzene and 

BCP (bathocuprene), PBD (2-(4-biphenyl)-5-(4-t-butylphenyl)-1,3,4-oxadiazole), and 

Alq3 (tris(8-hydroxyquinoline) aluminium). In this case, NPB or Alq₃ might be used.[18] 

3)Emissive layer (Host and PHOLED Emitter): The emissive layer of OLED drives 

electrons out of the anode layers. The core or heart of an OLED device is thought to be this 

layer. Light emission and the direct conversion of electrical energy to light energy occur 

only in this layer. Different colour-producing emitters that have been doped into the host 

layer make up this layer. These emitters are often phosphorescent and fluorescent dyes in 

terms of chemistry. Organic plastic and polymer molecules can emit light with a broad 

spectrum of wavelengths, intensities, and colours, depending on the processing factors and 

emissive materials utilized. We used Alq₃ as our emissive material for the EML of our fabricated 

OLED in our research work. [18,19] 

4)Hole transporting layer (HTL): This layer moves the holes that are injected from the 

anode layer from the HIL layer to the OLED's emissive layer. Organic compounds based 

on triphenylamine functional groups are typically employed as hole transporting layers 

(HTLs) because of their exquisite optoelectronic characteristics, such as greater hole 

mobility and increased electron donating capacity. We used PEDOT: PSS as our HTL. It's 

an organic fluorescent dye. [35, 37-44] 

            5)Transparent anode layer: This OLED layer is referred to as the active layer. This layer 

is composed of indium tin oxide (ITO), a material with a high work function that is 

optically transparent and conductive. This layer removes electrons and injects holes into  
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                                   Figure 1.1: Basic Architecture of OLED 

 

            the emissive layer (EML) of the organic semiconducting layer at the highest occupied 

molecular orbital (HOMO) energy level. This layer removes electrons, which are then 

replaced by electron holes in response to electric current. The bottom layer of the anode 

isa transparent thin coating of ITO (indium tin oxide) that is applied to the substrate's surface, 

often a glass layer. These days, an organic conductive layer functions similarly to an 

optically transparent electrode that is transparent to visible light. The traditional ITO 

electrode, which uses conductive polymeric organic dyes PEDOT: PSS [poly(3,4- 

ethylene dioxy thiophene)poly(styrene sulphonate)], sulphonate)], by this transparent ITO 

electrode. This substance PEDOT: PSS energy level falls between the ITO's work function 

and the HOMO of other typical polymers. During the hole injection process, the polymer 

material's HOMO energy level aids in lowering the energy barriers. [35-44] 

6)Substrate layer: This layer is composed of materials such as plastic, metallic foil, and 

glass (SiO₂) For OLED (synthesis and characterization of conductive polymers with 

increased solubility), this layer serves as a base, a supporting layer, or a foundation. The 

OLED device is referred to as a bottom emission device when the light it emits passes 

through its see-through substrate layer. In our research work we use transparent ITO-coated 

PET (poly tri ethylene terephthalate) sheet as substrate. In order to enhance the EL and PL 

efficiency of an OLED, two additional layers can be introduced: 
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In order to enhance the EL and PL efficiency of an OLED, two additional layers can be 

introduced: 

7)Blocking Layer (BL): There are two types of blocking layers: EBL (electro- blocking 

layer) and HBL (hole-blocking layer). s layer confines injected electrons and holes within 

the EML and prevent them from returning back to ETL and HTL, respectively, and 

similarly confines injected holes from HTL into the host layer along with preventing them 

from backward flow to ETL and HTL, respectively. and thus, advancing OLED 

technology. Generally, EBL lies in between ETL and EML, and HBL lies in between HTL 

and EML. In our OLED we use Alq3 as EBL and V₂O₅ as HBL layer          

8)Injection layer (IL): There are two types of injection layer: electron injection layer (EIL) 

and hole injection layer (HIL). The HIL lies in between the transparent anode and the HTL. 

When an anode-injected hole reaches this layer, the holes take it in and then inject it again  

into the HTL layer. Similarly, the EIL layer lies in the middle of the cathode and ETL and 

helps to inject cathode-injected electrons into the ETL layer again. Your HIL was PEDOT: 

PSS, and the EIL layer was Alq3.[18-25]. 

1.8 The important materials or factors for organic electroluminescence: 

Basically, OLEDs are of two types: (1) small molecule-based OLEDs and (2) polymer- 

based OLEDs. Conductive polymers (or intrinsically conductive polymers, i.e., ICPs) are 

basically organic polymers which can be distinguished from other polymers for their lower 

mechanical properties but higher electrical conductivity due to the presence of a 𝜋- 

conjugated bond. Conductive polymers exhibit metallic conductivity, semiconducting 

characteristics, and processability through dispersion. Conductive polymers do not possess 

thermoformability properties like thermoplastics. Unlike other polymers, by using 

innovative dispersion techniques and organic synthesis, the electrical properties of organic 

conductive polymers can be finely tuned. [41] 

1) Organic semiconductors: Organic semiconductors are the materials, which can be 

anything from tiny molecules to polymers, that have the ability to transfer charge. 

However, unlike conductors, which have free-flowing electrons, organic semiconductors 

depend on a structure mainly made up of hydrogen and carbon atoms and occasionally 

heteroatoms such as nitrogen (N), sulphur (S), and oxygen (O). For example, pentacene, 
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polythiophene, and polyacetylene. The polymeric molecular backbone chains of organic 

semiconducting materials exhibit π (pi)-conjugated bonding, which alternates between 

single and double bonds or single bonds. sp² hybridization is the process that creates these 

bonds. Three hybridized orbitals are created by the carbon atoms’ two p-orbitals and one 

s-orbital during bond formation. Only one of the three hybridized orbitals can form a strong 

sigma (σ) bond with the polymerics’ neighboring carbon atoms. In order to hold the entire 

polymeric backbone arrangement, the hybridized orbitals form a plane. The remaining Pz 

orbitals that are not hybridized stay perpendicular to the plane of the polymer molecular 

chain formed by those hybridized orbitals [35-44, 45, 46, 47]. 

Role of organic semiconductor in an OLED: The polymer chain's un- hybridized Pz 

orbitals of two neighboring carbon atoms overlap sidewise to form a weak 𝛑 (pi) bond, 

which causes the electrons to delocalize and flow freely inside the molecule along the 

polymeric backbone chain. In organic semiconductors, the unrestricted flow of electrons 

encourages semi-conducting characteristics. In our study, we employ PEDOT: PSS as a 

conjugated polymeric p-type polymeric semiconductor and Alq3 as a small molecule n- 

type semiconductor [28, 44, 48-54]. 

2) Conjugated polymers: Conjugated polymers are organic macromolecular materials 

comprising alternating single and double bonds (or other types of pi (𝛑) bonds) along their 

backbone chain, which results in delocalized pi (𝛑) electrons for charge transport similar 

to that of semiconductors or even conductors. e.g., PVV, PEDOT: PSS, etc. Our study 

made use of poly(alkyl thiophene) (PEDOT) [14, 45, 54-60]. 

3) Conjugate bonding or conjugation: In organic conjugate polymers, there are 

alternating single and double bonds, along with each atom providing a p-orbital 

perpendicular to the molecular plane, which is known as conjugate bonding, and the   

process of bonding is known as conjugation (Figure: 1.2). Conjugation refers to the 

overlapping of one p-orbital with another across an adjacent sigma (σ) bond (d-orbitals are 

involved in transition elements). An organic molecule with conjugate bonding has a set of 

delocalized phenoxide rings (benzene rings) with the right functional groups, like alkyl, 

aryl, amino, or any metal or radical (i.e., substituents), 8-hydroxyquinoline (or 8-HQ) 

ligands play a crucial role in the emission of different coloured lights in this scenario. In 
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Figure 1.2: (A) Conjugate Bonding (B) energy diagram of 𝛑 - 𝛑* molecular orbitals 

(C) and (D) 𝛑-conjugate system for conductive polymer 
 

this case these type substitutions can tune the HOMO energy level as well as the emission 
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wavelength of the emission spectrum. Alq3 possesses a conventional bidentate [M(NO)₃] 

structure of chelated octahedral coordination complex salt in which M stands for metallic 

trivalent atom of the quinoline ring, N represents the nitrogen atom of the quinoline rings, 

and O is the oxygen atom of the quinoline ring [2, 3, 4, 5, 14]. 

In conjugate molecules the 4 valence electrons of the carbon (C) atom along the molecular 

backbone chain undergo sp-hybridization, which form delocalized orbitals. Here, sp² 

hybridization means mixing 1 s electron with 2 p-electrons to form 3 sp² atomic orbitals. 

Three sp² electrons form a sigma bond with the other atoms to form the molecular structure, 

and the rest of the Pz is positioned in dumbbell-shaped molecular orbitals perpendicular to 

the plane of the three sp² orbitals. Here, according to the Pauli exclusion principle, these 

overlapping of Pz orbitals with the adjacent other Pz orbitals results in delocalization in the 

𝛑 - 𝛑 * molecular orbitals (depicted in figure 12). The sigma bonds are the strongest 

covalent bonds within the material. Generally, hybrid orbitals form sigma bonds and 

nonhybrid orbitals form pi bonds. These carbon atoms have three sp² atomic orbitals which 

are used to form sigma bonds (a strong covalent bond formed within the molecules) which 

hold the backbone of the organic polymer molecules. A carbon atom has four valence 

electrons in its outermost shell. Only one electron that is not attached with covalent bonding 

can form a dumbbell-shaped Pz molecular orbital whose orientation is perpendicular to the 

plane of the chain molecules. According to the rules of quantum mechanics, specifically 

Pauli’s exclusion principle, when the Pz orbital overlaps with a nearby Pz orbital, the energy 

levels of the electrons split into a sequence like 2, 4, 6, and so on. These two sets of split 

energies create two groups of energy levels that are very close together: one group at the 

top called 𝛑* molecular orbitals (LUMO) and another group at the bottom called 𝛑 

molecular orbitals. These two distributed split energies form two sets of very densely 

spaced energy levels: on the top, 𝛑* molecular orbitals (LUMO) and another at the bottom, 

𝛑 - molecular orbitals (HOMO) (according to the 𝛑–convention), and there is a HOMO- 

LUMO energy gap in between these two densely spaced energy levels. The HOMO– 

LUMO gap has no energy levels, which exhibits semiconductor behavior in organic 

conjugate polymers. In crystalline solid semiconductors, the valence band is similar to the 

𝛑- molecular orbitals. (HOMO) and conduction band are also similar to the 𝛑* molecular 
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orbitals (LUMO) [4, 14, 28, 45, 46, 56-58]. 

4) Conductive polymers: The term "conductive polymers" refers to a subclass of polymers 

or a particular kind of conjugated polymer that has the ability to conduct electricity either 

naturally or through doping or reduction/oxidation of conjugated polymers because of 

overlapping pi-orbitals in their chemical structure and pi-bonds in their backbones. The 

conjugated backbone's delocalized pi electrons facilitate the flow of charge carriers, such 

as holes and electrons, which permits electrical conductivity. Doping is the process of 

introducing impurities or dopants into the structure of a polymer to adjust its electrical 

characteristics and boost conductivity. For instance, polythiophene, polypyrrole, and polyaniline 

(PANI). All conducting polymers are organic semiconductors, but not all organic semiconductors 

are conducting polymers. Although not all conjugated polymers are naturally conducting, doping 

or the reduction/oxidation of impurities called dopants can enable charge-carrier transport along 

the conjugated polymer's backbone. [58] 

5) Spin pairing: Both holes and electrons have their spin, and the spin of the electron- hole 

pair is definite in nature. If in an electron-hole pair one electron is spin up (↑), the hole 

associated with that electron-hole pair should definitely be spin down (↓). For this reason, 

they unify. Another factor is momentum conservation. As both holes and electrons are 

mobile, they must have momentum. The conservation of their combined momentum during 

recombination can prevent certain electron-hole recombination. It is a complex 

phenomenon because it occurs in a condensed matter environment where there are many 

influences on such processes, such as lattice vibrations and various other types of quasi- 

particles. That’s nothing; it can drive a specific electron to combine with specific holes. 

[25, 29, 31, 35-39] 

6) Pauli Exclusion Principle: It states that two electrons in an atom cannot have the same 

four quantum numbers (n, l, ml, ms), and only two electrons can occupy each orbital where 

they must have opposite spin states. These opposite spin states are called spin pairing. 

[29,35-39] 

7) Singlet and triplet state: There are three electronic spin states for the exciton or 

electron-hole pair: singlet, doublet, and triplet states (figure 2.3). When in a molecular 

electronic state, all the spins of its electrons are spin-paired, and their energy level does not 

get split by exposure to a magnetic field. A doublet state is formed when a spin-unpaired 
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electron splits into two feasible orientations with two different energy levels during 

exposure to a direct magnetic field. In a triplet molecular electronic state, there are two 

unpaired electrons that have the same and parallel spins (↑↑). When one ground state or 

lower energy state electron excites to a higher energy level, a singlet excited or triplet 

excited state. In the excited state, singlet-paired electrons retain the same spin-pair 

orientation as in their ground state (↑↓) [35-39, 56-63]. 

 

 

Figure 1.3: The schematic representation of the spin pairing of singlet ground energy 

state, singlet excited state and triplet excited state 

8) Effect of spin pairing in organic materials: Due to spin pairing, most of the molecules 

are diamagnetic and do not get influenced with the application of a magnetic field, whereas 

free radicals are paramagnetic in character, meaning they respond accordingly to the 

influence of an external magnetic field due to the magnetic moment experienced by their 

unpaired electron. To calculate whether the spin multiplicity of the electron under 

investigation is a singlet state, doublet state, or triplet state, that can be ascertained using 

the spin multiplicity formula 2S + 1. In this case, S denotes the total spin angular 

momentum, and S = +1/2 represents the spin up, and S = -1/2 represents the spin down. 

For the singlet excited state, the value of the spin multiplicity will be 2S + 1 = 2. [(+1/2) + 

(-1/2)] +1=2(0) +1=1 That means only one excited spin multiplicity exists. For the triplet 

excited state, the spin multiplicity will be 2[(+1/2) + (+1/2)] +1=2(1) +1=3 That means 

three possible spin orientations can be obtained. Due to this, when molecular electrons 

exist in a singlet ground state (So) or in a singlet excited state (S1), the molecular electrons 

behave like a diamagnetic, while the molecular electrons that exist in a triplet ground state 

(To) or triplet excited state (T1) are paramagnetic in nature. The existence of triplet to 

singlet (T ‒> S) transitions or singlet to triplet transitions (S ‒> T) is invariably less likely  
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Figure 1.4: Jablonski diagram 

 

due to this spin disparity of molecular energy states than singlet to singlet (S ‒> S) 

transitions. Using the Jablonski diagram, the transition that took place during a 

photoluminescence can be explained by singlet state, excited singlet state and excited triplet 

state the spin multiplicities of the excited state and ground states. The duration of the triplet 

state is therefore 104 seconds bigger than that of the singlet state. The spin-electronic states 

are caused by singlet-to-triplet (S‒>T) or triplet-to-singlet (T‒>S) state transitions. 

Generally, singlet-to-singlet transition frequencies are probably more than transition 

frequencies from ground state to excited triplet state transitions. This occurs when induced 

radiation is applied. We get intense and sharp absorbance peaks when a ground-state to 

triplet excited-state transition occurs. When energy transition occurs from singlet excited 

state to triplet excited state, phosphorescence takes place. The transition that took place 

during a photoluminescence can be explained by the Jablonski diagram(figure:2.4) using 
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the spin multiplicities of the excited state and ground states. [8, 35-39]. When one ground 

state or lower energy state electron excites to a higher energy level, a singlet excited or 

triplet excited state. In the excited state, singlet- paired electrons retain the same spin-pair 

orientation as in their ground state (↑↓) [35- 39,56-61]. 

Luminescence, fluorescence and phosphorescence, electroluminescence: When a 

molecule absorbs energy as high-frequency radiation and that high-frequency radiation is 

re-emitted as visible light, then this phenomenon or property of that molecule is known as 

luminescence of that molecule. Luminescence is the reverse effect of absorption. If the 

molecule absorbs high-frequency radiation and, at the same time, emits light energy 

simultaneously, then the process is known as fluorescence. If after the absorption of high 

frequency radiation, the molecule emits light energy after 10⁻⁷ seconds or a longer time 

after the absorption, then the process is called phosphorescence, and the molecule 

of that substance is known as a phosphor. The phenomenon by which a molecule absorbs 

a photon of higher energy (higher frequency radiation or shorter wavelength) and 

simultaneously that molecules re-emit a photon of having a lower frequency or longer 

wavelength, i.e., lower frequency, is known as fluorescence. Photoluminescence (PL) is a 

phenomenon in which light energy is emitted from any form of matter after the matter 

absorbs electromagnetic radiation or photons. Electroluminescence (EL) is an electrical 

phenomenon as well as an optical phenomenon where a sample of interest or material emits 

light energy whenever it is exposed to a strong electric field or strong electric current 

passage. [2, 4, 14, 35-39,56.63]- 

9)Conductivity doping: At room temperature, organic semiconductors contain very few inherent 

thermally produced charge carriers (less than 1011 cm⁻³ in number) [23, 34]. For this reason, 

organic semiconductors exhibit higher resistance, and thus it needs more plentiful operating 

voltage to emit photons than normal conditions. This problem can be sorted out by the 

conductivity doping method. For an OLED, HTL is being doped with strong electron-

accepting molecules and ETL with electron-donating materials, which causes less 

operating voltage and minimum driving voltage [55, 57]. By doping conductive material into 

the organic semiconductor matrix, increasing the thickness of the doped devices is easily possible 

while maintaining a constant voltage drop. This process reduces the parasite-aided shorts of the 

electrodes for undoped, thinner devices used in large commercial displays. Due to photo-excitons, 
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𝑜 

electrons jump to the higher electronic states’ vibration level vertically with the unchanged nuclear 

configuration. Then the electrons again jumped into the lowest multiple of excited energy state 

before jumping into the ground energy state with a new nuclear symmetric position (equilibrium 

position). Due to vertical photon emission, the spectrum will become red-shifted. This 

phenomenon is known as the Frank-Condon shift, which generates transparent emissions of 1 eV 

for some molecules. According to the Fermi-Golden rule, this electronic transition of molecules is 

directly proportional to the dipole moment acting between the initial states and the final states. 

Spin or symmetry between the adjacent transition states are the required conditions for allowing 

this type of transition [35-39]. become red-shifted. This phenomenon is known as transitions of 

molecules. According to the Fermi-Golden rule, this electronic transition of molecules is directly 

proportional to the dipole moment acting between the initial states and the final states. Spin or 

symmetry between the as the Frank-Condon shift, which generates transparent emission of 1 eV 

for some adjacent transition states are the required conditions for allowing this type of transition 

[35-39]. 

10)Enhancement of outcoupling efficiency or extract efficiency: Modern OLEDs are 

flat plane multilayered structures with different refractive indexes which play an important 

role for emission of photon and transmission of that photon through the transparent 

substrate (usually glass). The distribution of emitting dipoles of the small molecule –based 

OLEDs are isotropic which is not influenced by optical interference.                         

 

                              Integration of the intensity over the                                                                                                                                                                          

Outcoupling efficiency, ξ = surface−escape  cone                                                           (1.1) 
 

                                   hemispherical emission 
 

The outcoupling efficiency can be calculated by the following equation also: 

 

 

𝜉 = ∫
𝜃𝑐 

𝑠𝑖𝑛θdθ = 1 − 𝑐𝑜𝑠θc = 1 − √{1 − (1/𝑛2) ≈ 1/2𝑛2                  (1.2) 

Where the value of n is large. 

 

where n is the R.I. (refractive index) of the OLED’s organic layers. Kim et al. [58] predicted 

that for the highest rate of emission from the emissive surface in isotropic emitters, the out- 

coupling efficiency, 𝜉 (ηextract) = 3/4(1/n²) = 0.75(1/n²), whereas 𝜉 (ηextract) varies as 

1/(2n²) for the flat even surface where the emitting dipoles are optimally placed. On the 



19  

basis of the above analysis, it can be concluded that out of 100% of the total number of 

photons that generate internally, only ~20% are able to come out from the front (anterior) 

viewing hemisphere [9], ~40-60% are confined within organic layers and the ITO anode, 

and at the same time they are wave-guided, and ~20-40% are lost due to total internal 

reflection occurring at the glass/air contact (or interface ). 

 

 

Figure 1.5: Diagrammatic representation of outcoupling efficiency 

 

This is the reason for the low efficiency of OLED, where researchers worldwide are trying 

to optimize. Sun et al. [61] fabricated a micro-lens on the glass substrate through imprint 

lithography, which increased front emission by ~50% (Figure 1.5). This endeavor was the 

forerunner for the fabrication of a state-of-the- art white color–emitting OLED having the 

highest EQE of 34% with power efficiency as high as 68 lm/W. [39-49]. 

9) Four important factors to determine device performance: To determine device 

characteristics, amount of, light emitted from device, power output, light output these four 

terms are extremely important: 

                                                                                              (𝐿𝑢𝑚𝑖𝑛𝑎𝑛𝑐𝑒 𝑜𝑓 𝑂𝐿𝐸𝐷) (𝐿)(cd/m2)  
(𝑎) Current efficiency=  

(𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑂𝐿𝐸𝐷) (𝐽)(𝐴/𝑚2) 
 

 

(b) Power efficiency = (𝑅𝑎𝑑𝑖𝑎𝑛𝑡 𝑝𝑜𝑤𝑒𝑟) (𝐿𝑢𝑚𝑒𝑛) 

(𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑝𝑜𝑤𝑒𝑟)(𝑊𝑎𝑡𝑡) 
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(c) External quantum efficiency (EQE) =
 (No. of photons escaped out/s)  

No.of electron−hole pair 
 

injected /s 

 

𝑁𝑜. 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑒𝑚𝑖𝑡𝑡𝑒𝑑 

                 (d) Internal quantum efficiency (IQE)  = 𝑤𝑖𝑡within an OLED /s 

No of electron−hole pair 
injected/s 

 
No. of photons emitted within 

(e) Internal quantum efficiency (IQE)    =   an OLED /s 
No of electron−hole pair 

injected/s 
 

(f)Extraction efficiency(ηextraction) =
No of photons extracted/s

No of electron−hole pair injected/s
  =1/2n2 

=1/(2x1.45x1.45)  

=0.2378=≈0.24(approx.) 

              (g)ηexternal   =  ηextraction X ηexternal 

 

where n=refractive index of the Alq3 (host) is 1.45 (from published experimental data) 

Internal quantum efficiency (IQE) (η𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙)= (device characteristics of an OLED) 

            

            1.9. Reliability of OLEDs: 

The small molecular- or polymer-based OLED suffers different kinds of operational  

Instability and storage instability, which results in efficiency reduction and performance  

degradation in OLEDs. which raises questions on the reliability of OLED operation.  

Principally, there are two types of operational degradation: 

▪ Decay in luminance intensity over prolonged time. 

▪ Gradual increase in operational voltage in response to constant current. 

▪ Degradation of OLED materials is generally caused by chemical degradation of 

emissive material due to oxidation, water splash, moisture, impurities, etc. 

Chemical degradation also occurs due to the direct exposure of OLED material to 

ambient atmospheric conditions, excessive heat generation, absence of proper 

encapsulation and change in chemical properties of the emitter material due to 

ageing. Atmospheric nitrogen does not affect OLED [44-49] 

▪  OLED can be short-circuited when excessive current passes through it damaging 
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                       it’s hot and transport layers. 

1.10. Operation/Function of an OLED: 
 

Electrons travel away from the cathode, and holes from the anode follow in the opposite 

direction of the anode when an electric current flows through this circuitry. The photon 

produced by the recombination of electrons and holes has a frequency equal to the energy 

band gap (E = hv), or the difference between the HOMO and LUMO energy levels. In 

organic emitter molecules, the HOMO and LUMO stand for the highest occupied molecule 

orbital energy level and the lowest unoccupied molecule orbital energy level, respectively, 

of the photon or light energy that is released. The cathode's and anode's electrical power, 

also known as electrical energy, is thus transformed into light energy. The range of 

materials and dopants can yield a variety of light emission hues, and when these colours  

are combined, a white light source can be created. An OLED device's recombination rate 

and brightness are controlled by the physical and chemical characteristics of the EML layer 

and related additional effective layers. The anode and cathode can regulate the rate of 

electron and hole recombination by injecting carriers into the organic emissive layer. It 

is possible to enhance the rate of metallic cathode recombination by introducing an Alq3- 

transformed into light energy. The range of materials and dopants can yield a variety of 

light emission hues, and when these colours are combined, a white light source can be 

created. An OLED device's recombination rate and brightness are controlled by the 

physical and chemical characteristics of the EML layer and related additional effective 

layers. The anode and cathode can regulate the rate of electron and hole recombination 

by injecting carriers into the organic emissions. It is possible to enhance the rate of 

metallic cathode recombination by introducing an Alq3-doped layer between the active 

EML layer and the latter. The construction of the Alq3-doped OLED depends critically on 

the influence of the necessary parameters, including mobility, band gap, and lifetime. 

1.11. Operating mechanism and device physics of an OLED: 

Inside an OLED, there is an organic material-based emitting layer, i.e., an organic layer. 

Basically, in this organic layer of OLED, there are few numbers of charged carriers, as these 

organic layers are not doped. That’s why they cannot conduct current easily through
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.it. To overcome this difficulty, the organic electroluminescence must perform those 

abovementioned six stages properly to emit light in response to current, i.e., organic 

electroluminescence (EL). We can summarize all the above-mentioned operating mechanisms of 

an OLED (Figure 1.5) in the following four ways: 

1.Charge carrier injection (hole injection & electron injection): The first stage of the 

organic electroluminescence is to bring charge carriers into the OLED device. The charge 

carriers are negatively charged electrons and positively charged holes. These two charge 

carriers are injected into the organic layer with the application of electric current or voltage 

bias applied at the electrodes (cathode and anode of the correct polarity). We can inject 

electrons through metallic high work function cathodes like silver (Ag), magnesium (Mg), 

copper (Cu), Al, LiF/Al, etc. The holes can be injected by using low- function transparent 

Indium Tin Oxide (ITO). FTO, etc. By application of an electric field these charge carriers 

are injected into the organic layers. 

Barrier lowering by image charge: when any electron is placed at an x distance from the 

surface of a metal electrode, an induced (+) or positive charge is produced on the opposite 

side at –x distance. This induced image charge lowers the potential barrier with the applied 

barrier as follows: 

ɸB=ɸm−q/(E𝑥𝑚)  −q2/(16𝛑𝜖𝑥𝑚)                                         (1.3)  

where Δɸ=√(q3E/4𝛑𝜖𝑥𝑚) 

When electricity is applied, some electrons from the metallic surface transfer to the 

emissive or charge carrier transporting organic materials (maybe to the trap states) through 

diffusion only if the metal/organic layer contacts are energetically compatible for electron 

transfer. [20]. At room temperature, in an undoped intrinsic organic semiconductor, there 

are small numbers of thermally generated charge carriers. Electrons are confined within 

the molecules. and the extremities (tails) of the different energy states get widened due to 

disorders or structural imperfections formed. The widened, densely spaced (band-state) 

metallic electrode injects charge carriers into the organic molecule’s localized polaronic 

energy state. [23]. On the basis of behavior, the carrier injection can be classified into two 

theoretical models, i.e., field-assisted tunnelling and thermionic emission. These two 

models are out of context with our research project. [20-24] 
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                                           Figure 1.6: Schematic workings of an OLED 

 

 

2.Charge carrier drift transport (hole drift transport & electron drift transport): 

When these charge carriers reach the organic emitting layer, they experience an electric field 

(previously illustrated in the energy diagram of Figure). In organic layers electrons and 

holes undergo “drift transport. As the electrons and holes carry opposite nature of charges, 

i.e., they are pulled along by an electric field. The charge carrier drift diffusion equation is 

used to illustrate the behaviors of charged particles in an OLED. This equation is the sum 

of drift and diffusion, which is formulated by: 

                                       𝑱𝒏,𝒑
⃗⃗ ⃗⃗ ⃗⃗    =qn(𝒐𝒓 𝒑)𝝁𝒏,𝒑𝑬⃗⃗  ±q𝑫𝒏,𝒑𝛁𝒏,𝒑

⃗⃗ ⃗⃗ ⃗⃗  ⃗                                      (4)  
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 Where  𝐃𝐧,𝐩=𝛍𝐧,𝐩
𝐓𝐊𝐁

𝐪
=Einstein’s law for diffusion constant for electron or proton, 

q=charge, 𝛍𝐧,𝐩 = mobility of electron or hole, 𝐄⃗ = electric field, 𝛁𝐧,𝐩 =

nabla operator , T = absolute temperature and KB = Boltzmann constant 

n=electron and p=hole. 

There are three types of charge transport methods: multiple trapping and release theory, 

band-like transport, and hopping transport. In highly structurally imperfect or disordered 

amorphous or polycrystalline organic semiconductors or polymer-based semiconductors, 

such as polyaniline (PANI), poly(3,4-ethylenedioxythiophene) polystyrene sulphonate 

(PEDOT: PSS), etc., charge transport takes place by the hopping method or tunnelling 

through two consecutive localized sites or states due to its energetic and spatial disorder. 

The hopping method is a charge transport process where localized charge carriers are 

continuously transported for jumping from one localized site to another. Tunnelling 

between two adjacent localized sites occurs due to wave-function overlapping of two 

localized states or sites. 

3.Recombination (electrons and holes combine with each other to form neutral 

Frenkel excitons): when independent electrons and holes, the free charge carriers with 

opposite charges, are statistically injected from the electrode (cathode and anode), they 

combine with each other at the emissive layer, which is known as the recombination 

process. This is a random process which can be explained through Langevin formalism. [38]. 

For electron-hole pair recombination, the Coulomb attractive forces should be greater 

than their thermal energy. 

𝑞2  
    4𝜋𝗌𝑟𝑒 

 > 𝑘𝑇                                                                             (1.5) 

 

 

Where rc = Onsager radius=maximum distance of separation for electron hole pair 

capturing for exciton formation= ~ 17 nm at RT (room temperature). Within Onsager 

radius, electron –hole pair recombines and generate excitons. During this bimolecular 

process of capturing any one of the two charge carriers remain static and the other charge 

carrier moves towards the former one with resultant mobility, µm= µh + µe 
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 with where rc = Onsager radius=recombination efficiency, R=((𝑒𝑝𝑛)
µ𝑚

𝜖
)  [where 

n and p=concentration of the electrons and holes]. In the Langevin model, the process 

of recombination depends on the spin of the singlet and triplet. The probability of 

triplet exciton generation from a triplet excited state is the same as the probability of 

singlet formation from a singlet excited state. The ratio of generated triplet and singlet 

excitons is 3:1 (75%:25%), which lowers t h e  IQE (internal quantum efficiency) 

of OLEDs. The maximum IQE has been achieved at 25%, which could be improved 

to a higher magnitude than 25%. By converting triplet excitons into singlet excitons, 

thus raising he numbers of emissive singlet exciton generation [8, 27, 38-42, 56-61] 

4.Radiative decay of singlet Frenkel exciton and photon (light) generation: The 

electrons and holes eventually encounter each other, forming neutral excited states 

called Frenkel excitons. Frenkel excitons are one of three types of excitons. In organic 

materials we observe the generation of small-sized Frenkel excitons only, which is 

represented by S1 in figure 2.3. S1 represents two subcategories of Frenkel exciton: 

singlet-type and triplet- type Frenkel excitons. The generation of singlet Frenkel 

excitons is very significant, as they are emissive in nature, thus helping OLEDs to emit 

light in response to electricity. These singlet excitons are designated by S1 in the 

diagram. Below the S1. state there is another state. So, the ground state is shown by an 

arrow in the diagram. This stage is the last stage of the organic electroluminescence 

process. The neutral excited Frenkel excitons are very unstable in nature. After some 

time of its generation, it undergoes radiative decay of   its higher energy and transit 

to the ground energy state, releasing its energy, which is then emitted as photon energy 

in the form of light emission. The energy of the released photon or emitted light is 

equal to the energy gap value between the HOMO and LUMO energy bands (E=hυ). 

[1, 2, 42-46, 56-61]. state there is another state. So, the ground state is shown by an 

arrow in the diagram. This stage is the last stage of the organic electroluminescence 

process. The neutral excited Frenkel excitons are very unstable in nature. After some 

time of its generation, it undergoes radiative decay of   its higher energy and transit 

to the ground energy state, releasing its energy, which is then emitted as photon energy 



26  

in the form of light emission. The energy of the released photon or emitted light is 

equal to the energy gap value between the HOMO and LUMO energy bands (E=hυ). 

[1, 2, 42-46, 56-62] 

  

 

Figure 1.7: Chemical structure of small molecule Alq3 and a polymer PEDOT: PSS 

1.12. Role of organic semiconductor in an OLED:  

Organic semiconducting materials possess π-conjugated bonding, i.e., alternating 

single and double bonds or single or triple bonds throughout their polymeric molecular 

backbone chains. These bonds are formed through sp² hybridization. During bond 

formation, two p- orbitals and one s-orbital of carbon atoms develop three hybridized 

orbitals. Out of three hybridized orbitals, only one orbital can create a strong sigma (σ) 

bonding with the adjacent carbon atoms of the polymeric backbone chain. The 

hybridized orbitals form a plane which holds the whole polymeric backbone 

arrangement. The rest of the unhybridized Pz orbitals remain perpendicular to the plane 

of the polymer molecular chain created by the hybridized orbitals. The unhybridized 

Pz orbitals of two adjacent carbon atoms of the polymer chain overlap sidewise to 

generate a feeble 𝛑 (pi) -bond, resulting in the delocalization of the electrons, causing 
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those electrons to move spontaneously inside the molecule. This free movement of 

electrons promotes semi-conducting properties in organic semiconductors. In our 

research we use Alq₃ as a small molecule n-type semiconductor and PEDOT: PSS as 

a polymeric p-type organic semiconductor. (Figure2.6) [35-39,45,46.] 

1.13. Why are organic semiconductors preferred over inorganic 

semiconductors for OLED construction? 

Usually, organic semiconducting materials used in OLEDs are found in amorphous 

forms. The organic polymers or small molecules used in OLEDs interact with each 

other by means of weak Van der Waals forces. Whereas for inorganic semiconductors, 

the constituent molecules are attracted by strong covalent bonding. In consequence, 

the free charge carriers are being transported through polymer segments or molecules 

by using the place- to-place hopping method in place of bank-type transport in 

inorganic semiconductors, causing lower mobility of ~10⁻⁶ to 10⁻³ cm²/(V.s) [46] 

compared to the high mobility of 102-103 cm²/(V.s) in the case of inorganic 

semiconductors. The HOMO (highest occupied molecular orbital) and LUMO (lowest 

unoccupied molecular orbital) for organic semiconductors are analogous to the 

valence and conduction energy bands of the inorganic semiconductors. The dielectric 

constant of organic semiconductors is near about 3, while it's 10 for inorganic 

counterparts. In organic semiconductors, the magnitude of dielectric constant 

influence in dielectric screening for exciton binding which moderately ascertains the 

binding energy of excitons. In organic semiconductors Frenkel excitons are formed 

with exciton binding energy within 0.2 to 1 eV, whereas in organic semiconductors 

support Mott-Wannier excitons have an exciton binding energy of about ~10 meV. 

[21, 27-29,] 

 

1.14. Classification of OLED: 

OLEDs are principally classified into seven types based on their manufacturing types 

and nature of usage: On the basis of material characteristics and size, OLED can be 
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divided into the following categories: 

1.Small molecules OLED (SM-OLED): The term “OLED “specifically and 

technically refers to SM-OLED. In 1987, Ching W. Tang and Van Slyke of Eastman 

Kodak Company for the first time developed an efficient OLED utilizing small molecules 

(SM- OLED). To fabricate an OLED, generally four kinds of molecules are used: fluorescent 

dyes (e.g., perylene, quinacridone derivatives and rubrene), phosphorescent dyes, 

organometallic chelates (e.g., Alq₃) and conjugated dendrimers. Various kinds of 

fluorochromes, anthracene, coumarin derivatives, aluminium complexes and biphenyl 

acetylene aryl derivatives are the common examples of small molecule electroluminescent 

organic materials. Electroluminescent organic small-molecule materials are chosen for their 

easy purification procedure, robust chemical modification method and extensive variety. 

Unsaturated groups or chromophores as luminescent materials (e.g., benzene rings or alkene 

bonds) are usually incorporated in the design of the molecular structure to alter and engineer 

the conjugation range size of the material in such a way that the material’s photophysical 

properties change. Generally, for the larger 𝛑- electron conjugation range, the materials emit 

light of longer wavelength. The more benzene rings in benzene, anthracene, butyl and 

naphthalene, the more gradual the red shift of emission peaks occurs within the range of 283-

480 nm. Charge transport materials such as Alq₃ are popular electron transport materials which  

also act as green emitters and hosts of red and yellow- coloured light-illuminating dyes. 

Triphenylamine and its derivative are the most common hole transport materials 

Some key properties of small-molecule OLED materials: 

• As electroluminescent small-molecule OLED materials have morphological 

flexibility, their thin film can be made using an expensive vacuum-vapor 

deposition method which restricts their use for larger-area or big-size devices. 

Instead, the vacuum-coating system is skillfully used in fully operational 

ambience for getting stable and uniform thin film which uplifts the OLED’s 

device performance greatly. 

• In solid form, organic small molecular dyes are susceptible to quenching in 

their fluorescence, which lowers the OLED’s luminescence rate and device 

efficiency. 

• The doped small molecule organic OLED material often crystallizes, thus 



29  

lowering the luminescence value and device-efficiency. 

• The application of small-molecule organic OLED material in device formation 

is limited due to its shorter life span, higher manufacturing cost, and lower 

stability. 

2.Polymer or plastic light emitting diodes (P-OLED or PLED) or light–emitting 

polymers (LEP): P-OLED is an OLED composed of electroluminescent organic 

conductive polymer, which emits light when electricity is being passed through the P- 

OLED and that conductive polymer.” Polymer” or “Polymer Group” represents that 

material which has long repetitive chain of same specified group of molecules having 

molecular weight greater than 10.000gm/mol. POLED uses plastic or polymer 

substrates. Polymers are more complex in structure heavier than small molecules. In 

1990, POLED was discovered by researchers at Cambridge University, and P-OLEDs 

are used to form thin films for full-colour OLED-based displays. P-OLED can emit light 

even while consuming comparatively less power; thus, PLEDs are highly efficient. 

Usually side-chain substitution, by using the ring-opening metathesis-polymerization 

technique, onto the backbone of polymeric PPV [poly(p-phenylene vinylene)], PF 

[polyfluorene], and their derivatives are used in P-OLED to tune the colour of the 

illuminated light, level of solubility in water or organic solvent, processability, and 

device performance, as well as efficiency. These conjugated poly electrolytes (CPEs) or 

water- soluble polymers can be utilized as HIL (hole injection    

layer) of P-OLED alone or blending with different nanoparticles such as grapheme. The 

vacuum vapour-deposition method is not suitable for thin film formation of conductive 

polymeric materials, as it cuts off the chain elements, resulting in degradation in its 

photophysical properties. As conjugate polymers are processible in solution, so spin 

coating (without vacuum) is the appropriate method for thin film formation, even for 

large-area deposition of polymeric thin films.  

Applying the inkjet printing method, these emissive materials can be deposited over the 

substrate. During multi-subsequent layer deposition, spin coating or inkjet printing 

techniques using solvents of the different substrate strata are more acceptable techniques, 
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which again are prone to dissolve the preceding deposited layers, so metal cathodes are 

deposited using the vacuum thermal evaporation method. Another solution is the vacuum- 

free Langmuir-Blodgett film deposition technique. 

Apart from these, on the basis of characteristics of emitter materials used in OLED, OLED 

can be classified as follows: 

1.Active-matrix OLED (AMOLED): Basically, AMOLED consists of three layers: 

anode, organic molecules made up of either small molecules or polymer or both, and 

cathode. It uses glass substrates, unlike POLEDs. The anode layer contains a parallel thin 

film transistor (TFT) layer array which acts as a matrix and circuitry. This TFT layer governs 

which pixel will be turned “ON” or “OFF” to produce an image on an AMOLED TFT screen. 

AMOLED creates a black image when pixels are “OFF” and a bright image on TFT-based 

displays when pixels are “ON”. Thus, AMOLED has a longer battery life. AMOLED exhibits a 

faster refresh rate and the lowest power consumption ability, which is suitable for brighter and  

crisp images as well as video. As TFT array consumes less power than its external circuitry, 

AMOLED is more effective for large-display units. AMOLEDs are mostly used in Android 

smartphones, large-screen TVs, smart TVs, computer monitors, electronic billboards and 

electronic advertising signs. 

2.Passive-matrix OLED (PMOLED): PMOLEDs consist of organic molecular layers 

and a mutually perpendicular array of cathode strips and anode strips. Light-emitting 

pixels are formed at the intersecting point of each pair of cathode strips and anode strips. 

The applied current will be passed through which selected pair of anode strips and 

cathode strips are mainly determined by external circuitry, and thus PMOLED can 

illuminate specific pixels through external circuitry. PMOLED consumes the highest 

amount of battery power for its external circuitry compared to other counterparts but less 

than an LED and an LCD, which currently powers a PMOLED. PMOLED’s fabrication 

is a cost- effective and easy process. The more lines appear on the TFT screen of a 

PMOLED, the more voltage will be needed; thus, the size and resolution of a PMOLED 

are restricted. Generally, PMOLEDs are the best choice for small 2-3 inch wide (diagonally) 

small screen displays where text, small icons, small symbols, and character data are displayed, 

like in PDAs, cell phone sub-displays, MP3 players, etc. 
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3.Quantum Dot OLED (QD-OLED): Quantum dot OLED, or QD-OLED, uses an 

analogous stacked configuration of WOLED with an important difference. In QD-OLED, 

one inkjet-printed conversion layer is made up of quantum OLED. All stacked layers 

jointly produce blue light to excite green quantum dots and red quantum dots to illuminate 

green and red light, and the rest of the blue light passes across the blue colour sub-pixels. 

During this excitation of green and red QD by blue light, no intensity loss along with 

 

Figure 1.8: Upper row: Images of AMOLED (first left corner), PMOLED (top row middle), 

architectural difference between WOLED and QD -OLED (right most corner) & lower row: 

images of difference between QD OLED and LCD (lower left), architecture of a QD-OLED 

display 

quantum efficiency loss occurs. In QD-OLED, a white sub-pixel is not required to improve 

its brightness. QD-OLED display exhibits exquisite efficiency, wide colour volume and 



32  

high brightness within the range of near-black regions of illumination. 

 

4.Phosphorescence OLED (PHOLED): Phosphorescence OLEDs have 

phosphorescent green and phosphorescent red emitter along with fluorescent blue-

emitters. PHOLED emits light because of electroluminescence occurring in the organic 

emissive semiconductor layer on application of electric current. Electrons and holes 

recombine in the organic EML layers, thus forming excitons which emit photons after 

losing their energy during their movement from excited energy state to the ground state. 

PHOLED is a kind of OLED which shows internal quantum efficiency higher than 

fluorescent OLED following the theory of phosphorescence. This is a developing 

technology. In phosphorescent OLED organometallic complex compounds are doping 

into the host organic semiconductor molecules. PHOLED generates both singlet and 

triplet excitons to emit light, resulting in ~100% internal quantum efficiency in it. In the 

organometallic complex there is a heavy metallic atom at the center of the organic molecule (like 

iridium in Ir(mppy)₃). This central atom of heavy metal experiences a strong spin-orbit interaction 

with the adjacent molecules leading to the mixing of the singlet and triplet excited states 

(intersystem crossing), and thus the reduction of the triplet state lifespan happens. For this reason, 

phosphorescence is seen at once. 

5.Foldable OLED (FOLEDs): FOLEDs possess a flexible thin plastic substrate or 

metallic foil substrate. Because of this flexible substrate, FOLEDs are thin, flexible, 

durable and light in weight but stronger in stability. That’s why FOLED is used in those 

appliances which are very precious, delicate and fragile in nature. FOLED display offers 

higher contrast, higher resolution images, quicker refresh time and crispy pictures. Thus, 

FOLEDs are a prime choice for cell phones, GPS gadgets, curved large TV screens, etc. 

Smart outdoor clothing, which incorporates FOLED displays into fabrics, is the most 

remarkable application of FOLED technology. 

 6.White OLED (WLED): White OLED is the essential tool for large-screen or large- 

area AMOLED displays. WOLED is a potential candidate for futuristic solid-state 

lighting. In WOLED is successfully applied in OLED TV panels where phosphorescent 

green units, phosphorescent red, yellow and fluorescent blue emitter layers are fabricated one 
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after another and sandwiched between transparent ITO anodes (adjacent to the substrate) and 

cathodes (Al or Ag, LiF/Al, etc.), and the whole systems are encapsulated. White OLED was 

reported for the first time by J. Kido et al. from Yamagata University of Japan in the year 1995. 

They commercialized the OLED-based lighting and backlit displays. Generally, cool white OLED 

structures mainly can be divided into two types: single stacked structure and three-stacked tandem 

structure. The three-stacked configuration is mostly used for display usage for its longer 

durability and higher efficiency. In this three-stacked configuration, two blue-emitting layers are 

used as emissive layers (EML), leading to longer device durability, high-intensity blue 

fluorescence emission and emission of cool, higher-efficiency white light. The white OLED can 

be (i) top-emitting, (ii) bottom- emitting, (iii) vertically stacked, (iv) pixelated monochrome-

based, (v) single-emitter- based, (vi) single-layer OLED having sub-layers within the EML layer, 

or (vii) blue OLED having a down-conversion layer. 

We can witness white OLED displays in OLED televisions. Generally, white OLEDs 

possess four coloured sub-pixels: red, green, blue and white. Any three subpixels remain 

active for any specified time interval. White OLEDs have no separate emitters for each 

subpixel, unlike OLED displays used in our Android phones or tablets. In WOLED, 

stacked emissive layers were utilized to emit white light through each and every pixel. 

These emissive layers make RGB sub-pixels using a colour filter. LG Displays 

manufactured tandem stacks for WOLEDs which have two emissive layers containing 

blue, green, yellow-green and red. These emissive colours produce white light unitedly, 

which must pass through a colour-filter layer for producing blue-green-red-white sub-

pixels. The 3rd generation cutting-edge WOLED displays are known as MLA OLEDs 

(micro lens array OLED) as they use a micro-lens array along with meta-booster 

technology from LG for improving the brightness by 60% and increasing the viewing 

angle by 30%. 

       1.15. Advantages of OLEDs: 

OLEDs are the most popular display technology in commercial display markets. OLEDs 

are now used in different large-area displays as well as in small-area displays such as flat 

full-colour displays, flexible or rollable displays, curved displays, transparent displays, 

touch screens and even low-information displays used for smartphones, MP3 players, 
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laptops, PDAs, digital cameras, etc. The reasons for OLED’s extensive applicability are 

only because of these different advantages mentioned below: 

 

• Self-luminescent OLED is self-luminous, and it does not need any backlight, 

polarizer or diffuser to illuminate its screen. Each pixel and sub-pixel itself illuminate 

and is turned ON or OFF to form a desirable, brighter, higher-resolution picture on 

the screen. 

• Low voltage driven: The turn-on voltage of an OLED is very low. It can be driven 

within 2-10 DC volts. 

• Easy and low-cost fabrication procedure: The fabrication and manufacturing cost 

of an OLED (especially polymer-OLED) is very low, and it can be easily fabricated 

using a low-cost fabrication method, e.g., spin coating, inkjet printing, screen printing, 

or roll-to-roll technique. 

• Desirable colour emission: There are plenty of organic materials available in the 

market to emit the full gamut of visible coloured light. 

• Thin, lightweight and compact form factors: Usually OLEDs are thin and have a 

compact form factor, which causes their lightweight 

• Flexible, transparent rollable displays: Nowadays transparent flexible transparent 

rollable OLEDs have attracted viewers’ extreme attention, and these OLEDs can be 

fabricated easily on plastic or fiber substrates with a cost-saving fabrication 

procedure and open up the new research avenue of flexible electronics. 

• Forms brighter, high-resolution images: OLEDs can form brighter, crispy, full- 

black, high-resolution images at low operating voltages. OLED, e.g., WOLED, can 

produce bright images of ~150000 cd/m² brightness. 

• Supports wide viewing angle: The OLED supports Lambertian emission; that’s why 

it allows a wide viewing angle of 160°. 

• Fast response time: OLED screens have an extremely fast response time of less than 

1 µs (=10⁻⁶ S) which causes fast electroluminescence decay in OLED. 
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1.16. Ecological and societal impact/benefits: 

• OLEDs need less power and can be recyclable; hence, they are energy efficient. 

• OLEDs have a great impact on the environment by the following means: 

• It emits a lesser amount of greenhouse gas. 

• It consumes less electricity, resulting in energy savings and lesser use of 

nonrenewable sources of energy. 

• It causes less air pollution. 

• It is recyclable and biodegradable. 

• OLED has a long battery life. 

• OLED displays exhibit excellent visibility and readability. 

• OLED SSL lighting technology helps in decorative lighting, automobile 

lighting, space-saving lighting, corner critical angular lighting, and 

architectural designs. 

• OLED displays produce excellent images, videos, and graphics with pure black 

and full colour, high resolution, and fast refresh rates. 

• OLED technology is a continuously developing technology which yields 

variations of products according to market demand and viewers’ choices. 

• OLED growing industry creates opportunities for multi-dimensional employment. 

1.17. Disadvantages: 

      The following are the existing disadvantages which lower its application efficiency: 

• Prone to atmospheric degradation: OLED materials are made up of organic small 

molecules or polymers, which are extremely susceptible to atmospheric moisture 

(H₂O or water molecules) and atmospheric oxygen. In consequence, the OLED 

devices undergo chemical degradation or chemical failure, which results in gradual 

degradation in device performance and efficiency and shortens the life span of the 

OLEDs. 

• Low operating temperature: As the small molecule-based OLED has low glass 

transition temperature (Tg) less than 70oC, it cannot be operation more than its Tg 

• Low electron and hole mobility: Amorphous organic molecules possess low 
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electron mobility and low hole mobility, which is a big problem for increasing the 

recombination rate. 

• Instability due to high brightness: when OLED is forced to produce a higher 

brightness image, it loses its stability. This is a significant problem with OLED 

technology. 

• Complexity of OLED devices: The complexity of OLED devices results in high 

manufacturing and fabrication costs. 

• Fabrication difficulties for uniform and large-area lighting resources: 

Inconveniences occurred to fabricate large-area-based uniform lighting panels, and 

lighting sources are another big issue for solid-state lighting. 

1.18. Comparison among the Incandescent bulb, CFL, LED, and 

OLED lights: 

We have highlighted the fundamental differences between incandescent bulbs in this  

  section. LED (light-emitting diode), OLED (organic light-emitting diode), and CFL 

(fluorescent bulb). We can quickly learn about the features of those four lights from  

 

 

Figure 1.9 : Comparison among incandescent bulb, CFL bulb, LED bulb and OLED 

light 
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this tabular comparison, and we can also see how OLED technology has advanced to 

its current state after leaving all its competitors far behind. Because of its versatility, 

flicker-free brilliant light generation, cool touch, ability to be utilized in any acute 

angle, increased brightness, low voltage driven, etc. There are distinct tables for the 

displays and light to help 

 

 

Figure 1.10: Comparisons among the characteristics of TFT /LCD, LED, OLED, 

QLED & µLED displays 

 

with comprehension. OLED screens are listed in table 1.2 and light in table 1.1. For 

displays, we have contrasted the features of OLED with those of LCD, TFT, micro -

LED, and LED. In the field of display units used in smartphones, tablets, Android 

phones, mobile phones, daily-used devices, and electrical or electronic appliances, 

OLED has achieved breakthrough optimization.
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1.19. Comparison among the Incandescent bulb, CFL, LED and ED light character wisely  

                                Table1.1: Comparison among the Incandescent bulb, CFL, LED and OLED lights 

Sr. 

No. 

Comparative 

characteristics 

Incandescent 

light 
CFL LED OLED 

1. Average life 1000-1,200 hours 8,000 hours 25,000-50,000 
hours 

100,000 hours 

2. Mercury used as gas No Yes No No 

3. Electric power needed 

for operation (On 

the basis of 60 W 

incandescent bulb) 

60 Watts 13-15 watts 6-8 watts 6 watts 

4. Energy Efficiency 

( % Loss of energy ) 

90% energy is 

lost due to heat 

It uses 75% less 

energy 

It uses 84% less 

energy 

It consumes 40% less energy 

compared to 
other displays 

5. Annual cost ~$ 11.00 (916.98 
INR) 

~$ 2.50 (208.41 
INR) 

~$ 1.80 (150.05 
INR) 

For panel 
$300-500 /klm 

6. Bulbs needed for 50,000 

hours of use 

50 5 1 1 

7. Existence of filaments Yes No No No 

8. Current passes through The current 

passes through 

wire filament and 
results in heating 

of filament until 

Tube containing 

argon gas and a 

little amount of 
mercury 
vapour. So no 

filament is there 

The forward biased 

current passes 

through the 
inorganic 

semiconducting 

The forward biased current passes 

through the organic 
semiconducting layers (ETL and 

HTL) 
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  the filament 

glows 

 layers of p-n junction 

diode and causing 

electron- hole 

recombination 
to emit light 

of p- n junction diode 

and causing electron- 

hole recombination 

in EML to emit light 

9. Burnt out due to 

passage of current and 

voltage fluctuation 

Yes Generally, no but 

excessive current 

and extreme 

voltage variation 
can cause burntout 
issues in CFL 

No No 

10. Heat generation during 

light emission 

Yes higher 

amount of heat 

generation 

Yes, but less heat 

generation than 
incandescent bulb 

No No 

11. Realignment and 

dissembling of electron 

due to starting and 

stopping 

of current passage 

No No Yes Yes 

12. Decaying of filaments Yes No No No 

13. High Versatility Bigger in size as 

compared to 

solid state 

lighting 

resulting in less 

Bigger in size as 

compared to solid 

state lighting 

resulting in less 

versatility 

A single LED is 

very small in size – 

It can form any 

desired size and 

shape grouping 

An OLED is 

thinner than and 

smaller in size 

compared to LED 

. Many OLED can 
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  versatility  with many of its 

prototypes 

including clusters, 

Bigger in size as 

compared to solid 

state lighting 

resulting in less 

versatility bars , 

dots, ropes and 

many 

be incorporated in 

a flat surface to 

form OLED panel 

as LED 

is flexible and 
rollable 

14. Multiple color option Need different 

colour lamps for 

multi colour 

emission apartly 

Need different 

CFL 

Only single RGB 

LED can produce 

with varying 

voltage 

Only single OLED 

can produce with 

varying voltage and 

passing current 

through different 

organic layers 
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1.20. Comparison among the characteristics of TFT /LCD, LED, OLED, QLED & µLED displays 

and television and monitors. 

Table1.2: Comparisons among the characteristics of TFT /LCD, LED, OLED, QLED & µLED displays 
 

Sl. 

No. 

Parameters TFT/LCD LED OLED QLED µLED 

1. Technology LCD 

Backlight+ 

Colour filter 

LED /OLED 

Backlight 

Self- Emissive Trans- missive Self- Emissive 

2. Contrast and Black levels Low Good Great (Perfectly 

Black and 

dark) 

Light bleeding 

occurs 

Perfect 

3. Colours Good Fantastic Fantastic Excellent Good 

4. Refresh rate, Response 

time 

Low (ms) Low(ms) High (µs) 2-8 ms Very High (ns) 

5. Life time Long Long Moderate Long Long 

6. Screen burn- in No No Can occur Not susceptible 

t o  

burn -in 

High 
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7. Price low High but less 

than OLED 

Highly 

expensive 

Less expensive 

compared to 

OLED 

Average 

8. Power consumption High More Less (60%- 

80% 

of LCD) 

More More (30%- 

40% 

of LCD) 

9. Brightness Low Higher but 

less than OLED 

Low- medium Separate 

Backlight 

High 

10. Efficiency Low High Medium High High 

11. Flexibility Low Low High Low Medium 

12. Operating 

temperature 

-20 to 80oC -20 to 80oC -30 to 70oC -20 to 

100oC 

-100 to 

120 oC 

13. Luminous 

Efficacy 

Low High Medium High High 

14. Luminance 

(cd/m2) 

> 3000 8000-10000 >500 <3000 >100,000 

15 Encapsulation 

Needed 

No No YES No No 
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1.21. Practical applications of OLEDs: 

The applications of the OLEDs mainly can be categorized into two types: 

(1) as full color high resolution high-definition displays and (2) as full colored brighter 

solid-state lighting (SSL) 

(1) As high resolution full- color display: OLED is as thin as less than 0.4 μm (apart from 

its substrate) and attuned with flexible or rollable substrates. OLED fabrication is a very 

cost- effective solution-dependent procedure which leads to roll-to-roll processing and 

efficient bulk production. OLED displays are self–luminous, low power consuming, self 

- responsive at the same time they have fast refresh rate, wide viewing angle as large as 

160o large contrast-ratio. The flat OLED screen supports Lambertian emission which 

maintains 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.11: Applications of OLED as full color displays and coloring l i gh t s  

constant brightness irrespective of viewing angle. The full range of colour of OLED 

displays can be possible varying the emissive organic material These advantages widen the 

dimension of OLED application as follows: 
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In mobile phones or smart phones: From 2016 all leading mobile companies like Apple, 

Samsung, Gionee, Xiomi, LG, OPPO began to Active matrix (AMOLED) displays in their 

mobile phones e.g., iPhone X, Samsung A8+, Google pixel 2, Gionee S11S, etc. 

In digital cameras or viewfinders: OLED displays are widely used in digital cameras as 

well as in viewfinders. In 2003, Kodak introduced world’s first digital camera Kodak 

LS633.each and every leading digital camera producing company use OLED displays for 

SLR, DSLR or different prototype of these cameras e.g. Sony A99 Mark II, Canon 

PowerShot G1 X Mark III, Fuji film GFX 50S Panasonic DMC- FZ2500, Nikon DL24-85, 

etc. 

In smart watches or wearable devices: Generally Wearable devices or smart watches 

utilize curved, flat and flexible OLED displays. They generally contain multi-functional 

advanced sensing tools which can recognize voice- command, face-gesture, fingerprint, 

systole and diastole pressure, blood-oxygen amount, BMR rate, step counting, amount of 

calorie burn Diesel used OLED displays in their smart watch of model DZ-7086 and Fossil 

used OLED displays in JR-965 Model, LG, AU optronics and many more manufacturers use 

OLED displays for their watch production Some wearable devices are Xioami Mi Band 2 

 In car stereo and car dashboards-OLEDs are used in car dashboard displays, car –music 

system car-radios, GPS devices (to see the traffic situation, to detect the right path or 

accurate direction and to see the destination map and locations of the car) etc. Pioneer 

Electronic Corporation first produced car stereos by using monochrome OLED. The 

world’s first automotive OLED display was incorporated in 2004 .by Aston Martin DB9, 

produced by Yazaki. Then Jeep. Chevrolet followed its path. In 2015, Hyundai and Kia 

used 3.5’ wide PMOLED display in their vehicle. Nowadays Audi Marcedes, Volvo, 

B.M.W. Maruti-Suzuki and the rest of all automobile manufacturers incorporated use of 

OLED displays in their vehicles. 

In kitchen appliances: OLED displays are used in micro-oven, induction cooker Air- 

frier, turn on “on”, “off” switches and other dedicated workwise individual buttons fry 

cooker, electric kettles, geysers, water-purifiers where OLED display panels are used to 

regulate temperature. 

Illuminated clothing in fashion technology: In the fashion world OLEDS are 



45  

incorporated into textiles such as fibers, fabrics and cotton wears are amazing innovations. 

They open a new spectrum of fashion to illuminate inert things like textiles with lights. The 

idea behind this is to combine low energy consuming cool light emitting property of OLED 

with the low-cost comfortable properties of textiles. The illuminating clothes and photonic 

textiles are the developing research fields. 

In Transparent OLED panels: Transparent OLED panels are widely used in Smart 

Window replacing glasses. TOLED can be used in the car-windscreen and back rear screen. 

Transparent OLED is used in transparent OLED smart TVs 

Foldable Screen displays: FOLED is widely used in foldable display devices like foldable 

mobile phones, laptop, display unit, curved displays here two flexible or foldable OLED 

are used. Comparatively thick and sturdy one gives compactness while the softer on is 

used for foldable display. Harder OLEDs are connected to a hinge which helps it to bend. 

In medical instruments, surgery instruments: OLEDs have multipurpose application in 

oscilloscope, surgery–monitors, glucometer, oximeter, flexible fiber optics cameras, 

sphygmomanometer (blood pressure measuring instrument), thermometer etc. 

In sports instruments: OLED displays are incorporated into all sports or gym equipment 

like treadmills, different pressing machines, acrobatics machines, etc. Recently in tennis, 

cricket football, there are wide applications of OLED displays for big display panels, third 

referee monitoring, TVs, high density telescopic cameras, OLED TV used for VAR 

technology in footballs to detect offside, foul in football and baseline call in lawn- tennis 

and badminton. table tennis etc. 

In security devices: OLED displays are used in CCTV, CC camera, display monitor, 

computers used in traffic control room or different security surveillance services 

In computers, Laptops tablets, PDAs: Nowadays OLED displays are top choice to 

produce the monitor or screen of laptop, desktop, tablet, personal digital assistance (PDA) 

devices etc. 

In communicatory devices: OLED displays are widely utilized in telecommunication 

devices and monitors, computers, In satellite communication, the observatory and the 

surveillance all remote sensing monitors are made up of OLED displays. 

(2) As full colored brighter solid-state lighting (SSL): 
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1. OLED light provides homogeneity in colour and brightness which eases obtuse- 

angular visibility. OLED light can be customized easily. 

2. As OLED light can be recycled and sustained easily it has become an automatic 

selection for eco-friendly light sources for the automobile industry 

3. As OLED is ultra-thin, roll-able and flexible, it allows convex or concave bending and 

hence can be used for various curved designs and shape in exterior or interior decoration 

of car, car headlight and taillight etc. 

4. An OLED light has a longer lifespan. It is a light weight and higher energy-efficient 

light. 

5. An OLED possesses higher resistance of temperature, so it does not get heated much. 

6. OLED light does not emit harmful blue light. 

7. As an OLED has defined segmentation with glare free, flicker-free properties and 

needs marginal finish for cars’ interior decoration and hence, it also can be used for 

desirable dimming and focusing of OLED. 

1.22. Conclusion 

In this research work our principal aim was to fabricate Alq3 derivative-based OLED 

devices with novel annealed emitting materials which remain functional even at higher 

temperature as well as low voltage without compromising its EL and PL performances. 

The other challenges were to fabricate all the stacked layers one upon another at ambient 

condition and on ITO coated PET sheet substrate as transparent anode and substrate. Which 

is novel as we did in-depth study of chemically degraded Alq3 and found that after 

oxidation Alq3 gives more fluorescence. This finding motivated us to create device with 

this annealed oxide of Alq3 In order to tune the annealed emitting material we doped ZnO 

nano particles and rare earth nitrate of europium and neodymium for investigating the 

possible changes occurred after doping compared to pristine Alq3. We also tried to 

investigate our device for prospective SSL applications such as automotive dashboard 

lighting, high-end cars backlight and indicators, sensor lights, sharp angular lighting 

applications along with its flat, full color display applications. We will discuss it in detail 

in our next chapters sequentially. In this project our central aim were to find out oxidative 
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derivatives of a thermally annealed Alq3 at,150oC, a degraded non emissive polymeric bye 

product, Al(q-N-O)3 [tris (8-hydroxyquinoline -N-oxide)] which is our novel finding. This 

emissive polymer can exhibit higher photoluminescence (PL) and electroluminescence 

(EL) compared to bulk Alq3 powder. Which is also a novel finding. In addition to this if 

we doped rare earth ion (Eu(III), Nd(III) it will escalate its PL and EL 3 to 4 times 

compared to our novel non emissive polymer. Our principal aim was to form a flexible 

transparent rollable low-cost high EL and PL exhibiting, low turn on voltages, higher 

EQE% performing WOLED and green or yellow OLED. I have explained all the 

sequential procedures, a characterization technique, and device formation clearly to 

achieve our research goal in my forthcoming chapters. I have designed low cost flexible  

high EL and PL emitting OLED successfully through this research product which can open  

different avenues of new prospects in this field. 
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Chapter2: Literature review, Research gap and 

Research objective 

 
2.1 . Literature review till date 

• Martin Pope et al. (1960) witnessed the first injection of a dark hole into an 

anthracene crystal (organic compound). This groundbreaking discovery also 

described the energy requirements for injecting electron-hole connections. The 

primary direct current electroluminescence (EL) of both single crystal and 

impurity-doped anthracene was detected by the same group. The devices 

produced visible emissions over 400 volts and had a thickness of 10–20 μm. 

These 10-20 μm thick EL devices were produced to emit visible emissions of 

more than 400 volts [1] 

• Helfrich and Schneider (1965) successfully produced EL in the case of single 

organic anthracene crystals via doubly injected recombination utilizing electron- 

and hole-injecting electrodes, i.e., cathode and anode correspondingly. To obtain 

noticeable emissions, the operating voltage was dramatically lowered to around 

60V. According to Child's law, the estimated electron mobility is about 0.4 

cm²/(V.s). The device's thickness of 1-5 mm limited the current to 10 A at 100 

volts [2]. 

•  Hideki Shirakawa and colleagues (1977) synthesized electrically conductive 

organic polymers, specifically halogen derivatives of polyacetylene [(CH)x]. 

Upon exposure to chlorine, bromine, or iodine vapours, silvery films of the 

semiconducting polymer trans‘polyacetylene’ (CH)x undergo halogen uptake, 

resulting in a significant increase in conductivity (exceeding seven orders of 

magnitude with iodine). The degree of halogenation yields silvery or silvery-

black films, some exhibiting exceptionally high conductivity at ambient 

temperature.[3] 
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• C.W. Tang et al. (1987) described a bi-layered OLED thin film made of organic 

ETL layer Alq₃ [Tris(8-hydroxyquinolinato)aluminium(III)] and aromatic hole 

transport layer (HTL) layer diamine. Alq3 has grown in popularity due to its 

exceptional blue-green dazzling luminosity, low production costs, simple 

manufacturing process, low operating voltage, and ability to fine-tune emission 

wavelength. Despite its versatility, Alq₃ has significant operational limitations, 

including shorter life-spans and a sharp decline in photoluminescence (PL) and 

electroluminescence (EL) efficiency over time. The new OLED was impressive 

with a luminance of over 1000 cd/m².an EQE of 1% photon/electron, and a high 

luminous efficiency of 1.5 lm/W. [4] 

• Tang et al. (1989) also demonstrated that incorporating fluorescent organic dyes 

into the host organic Alq₃ matrix can significantly increase an OLED's efficiency 

by improving energy transfer from the host layer to organic dye layers, resulting 

in higher EL and PL quantum efficiency.[5] 

• Friend and associates (1990) reported a green electroluminescent, highly 

efficient poly(p-phenylene vinylene) (PPV) thin film (100 nm). via spin-coating 

When injected electrons and injected holes were recombined mutually and 

underwent a radiative decay of singlet excitons, which was known as the EL of the 

EL device. A significant current injection threshold of 14 V with an EQE of 

0.05% was reached [6] 

• Keith A. Higginson et al. (1998) examined the thermal and morphological 

influences on the hydrolytic stability of Alq3.A study was conducted on the 

physical and chemical properties of Alq3 as both potent ETL materials and EML 

materials for small-molecule organic light-emitting diodes (OLEDs), The 

thermal stability of Alq3 in the presence of atmospheric moisture was examined 

by tracking the release of volatile 8-hydroxy quinoline (8-Hq), employing TGA( 

thermogravimetric analysis) along with GC/MS(gas chromatography/mass 

spectrometry).The stability of more crystalline annealed Alq3 sample was shown 

to be significantly influenced by sample morphology. Annealed samples, which 
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are more crystalline, demonstrated enhanced stability to hydrolysis compared to 

freshly sublimed films, albeit with a reduction in photoluminescence efficiency. 

The potential ramifications of these phenomena are examined concerning the 

failure mechanisms of Alq3-based OLEDs.[7] 

• Reyes. R. et al. (2002) synthesized the complex of samarium, i.e., 

[Sm(TTA)₃(TPPO)₂][tris(thenoyltrifluoroacetonate)bis(triphenylphosphine 

oxide) samarium] to determine whether the samarium complex could be utilized 

as both an ETL (electron transporting layer) and EML (emissive layer) and then 

built the two devices. and used the following architecture to demonstrate how 

their EL performance varied. Here, Device1represents [Sm(TTA)₃(TPPO)₂]/ 

ITO/MTCD/Alq₃/Al, and Device2 represents Sm(TTA)₃(TPPO)₂]/ 

ITO/MTCD/Al. In 2002, they once again revealed the vacuum deposition 

approach for fabricating europium complex [Eu(TTA)₃(TPPO)₂]. OLED based 

on the, and they investigated the electroluminescence (EL) performance of the 

Eu³⁺ cation-doped Alq₃.source.[8] 

• M. Colle et al. (2005) presented the initial findings regarding the electronically 

excited triplet state in Alq3. They examined the ISC (intersystem crossing) 

behavior of it. They recorded phosphorescence spectrum. They also found that 

in δ-Alq3 the diminished population of triplet states is attributable to intersystem 

crossing. It is a distinctive feature of the facial isomer. Additionally, they 

discovered that intersystem crossing is responsible for the decreased number of 

triplet states in δ- Alq3. This was shown for a variety of morphologies, including 

diluted material in a frozen glass matrix, crystalline phases, and amorphous 

films. They observed two separate bands in the delayed luminescence phases of 

Alq3: (1) delayed fluorescence (for crystalline phases), and (2) phosphorescence 

(for amorphous thin films). They discovered that the energy levels of the triplet 

vibrations changed from 2.16 eV to 0.1 eV in the case of facial isomer (or 𝛿- 

Alq₃) and from 2.11 eV to 0.1 eV on the case of meridional isomer (α-Alq₃). 

They also observed a phosphorescence band in the case of temperature- 
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dependent delayed luminescence between 6K and 150K. For yellowish green 

Alq₃, the temperature-dependent triplet lifespans, varying from about 17 ms (@ 

6 K) to 4 ms (@ 120 K), were also confirmed. Additionally, they showed that 

Alq3 underwent a phase transition at about 50 K. [9] 

• Knox et al. (2005) utilized Alq3 as an electron transport layer (ETL) and an 

emissive layer (EML) in their organic light-emitting diodes (OLEDs). One 

important mechanism of failure for Alq3-based OLEDs has been found to be the 

reaction between Alq3 and trace H2O. They used hybrid DFT (density functional 

theory) calculations to outline the hydrolysis process of Alq3. For the neutral and 

oxidized Alq3/Alq3
+ systems, they offered extensive information on atomistic 

and thermochemical reactions. Neutral hydrolysis reaction pathway is a 

thermally activated process with a conventional barrier width of 24.2 kcal mol-1. 

Alq3 and its hydrolysis product, Alq2OH, are further characterized by comparing 

electronic absorption infrared and spectra obtained from first principles. The 

activation energy of the neutral reaction is 8.5 kcal mol⁻¹ higher than that of the 

cationic Alq3 hydrolysis pathway, indicating that charge imbalance may play a 

role in the chemical failure modes of OLED devices.[10] 

• Norlida Kamarulzaman et al (2011) synthesized Poly[2-methoxy-5-(2’- 

ethylhexyloxy)-(p -phenylenevinylene)] (MEH-PPV) using three consequential 

(3) steps of modified Gilch route. The 19.5% polymer was yielded where the 

transition temperature of glass (Tg) is 85 oC, melting point of the polymer is 330 

oC and on- set temperature of decomposition is 720 oC.[11] 

• César Pérez‐Bolívar et al. (2011) reported a study to tune Alq3-complexes’ 

electroluminescence (EL) and the emission ranging from green light region to 

blue light region. They found that on C4 and C6, the electron –donating 

substituents exist in combined forms, beginning with the compounds 1 to 

compound 6, They observed that emission tuning ranges in between 478 nm to 

526 nm whereas quantum of fluorescence ranging 0.15 to 0.57. they used 

https://chemistry-europe.onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=P%C3%A9rez-Bol%C3%ADvar%2C%2BC%C3%A9sar
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Compound 2 to compound 6 as OLED’s hosts and emitters. They used compound 

3 to compound 5 for the host of red phosphorescent dopants of WOLEDs (white 

OLEDs) having 19% EQE (higher external quantum efficiency) and higher 

purity of white colour with colour rendering index was near about 85, Whereas 

the highest EQE for compounds 2 to 6 was 4.6 %.[12] 

• Zubair Ahmad et. al (2013) reported MEH-PPV /Alq3 –based organic bulk 

heterojunction photodiode (BHJ) and they characterized its optical properties for 

different illumination intensities and got a fair amount of Photo-current 

responsivity at 3V which is ~ 8 mA/W and value of IPhoto/IDark ratio is 1.24. By 

using UV-Vis spectroscopy and Photo-luminescence (PL) they studied optical 

properties of blended thin films of MEH_PPV and Alq3 thin films. For 

fabrication MEH- PPV/Alq3/PEDOT: PSS (40 nm thickness)/LiF/Al. At first, 

they spun coated PEDOT: PSS(poly(3,4-ethylendioxythiophene):poly(styrene 

sulfonate) on an ITO coated glass substrate and then fabricated MEH-PPV and 

Alq3 photosensitive blending part by spin coating method. After that LiF 

(Lithium Fluoride) and Al cathode thin-films are deposited using thermal- 

evaporation method.[13] 

• Salah et al. [2013] documented the integration of Alq₃ thin-film nanostructures 

with various metals, including silver (Ag), europium (Eu), copper (Cu), 

dysprosium (Dy), and terbium (Tb). To be more specific, the PL intensity of the 

lanthanides dye-incorporated Alq₃ (Dy/Alq₃) thin film was four times that of the 

pure Alq₃ thin film. [14] 

• Cuba et al. (2014) synthesized pure tris-(8-hydroxyquinoline)aluminum (Alq3) 

and Alq3/ZnO nanocomposites with varying weight percentages (5 wt%, 10 

wt%, 20 wt%, 30 wt%, 40 wt%, and 50 wt%) of ZnO in Alq3, which were 

subsequently coated onto a glass substrate via the dip coating method. In Alq3 

films, they found that the highest luminescence yield was obtained at the ideal 

ZnO concentration. The amorphous nature of the pure Alq3 film is revealed by 
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the XRD pattern. There is crystalline ZnO in the Alq3/ZnO nano composite thin 

films of Alq3 films with different wt% of ZnO. Quinoline's synthesis is 

confirmed by the FTIR spectrum, which showed absorption between 600 and 800 

cm−1. Both the corresponding Alq3 band and a Zn−O vibration band are present 

in the Alq3/ZnO nano composite thin films. The band gap (HOMO– LUMO) of 

Alq3 film was determined from absorption spectra, yielding a value of 2.87 eV 

for pristine films, while composite films with 5–50 wt% of ZnO exhibited band 

gaps of 3.26 -3.20 eV. When Alq3 films are excited at 390 nm, their 

photoluminescence (PL) spectra show a peak PL intensity at 514 nm. The ZnO-

containing composite films (Alq3/ZnO) exhibit emissions at 485 and 514 nm. 

The composite films with 30 wt% ZnO demonstrate the highest luminescence 

yield.[15] 

• Cuba et al. (2014) synthesized Tris-(8-hydroxyquinoline)aluminum (Alq3) and 

applied it onto a glass substrate utilizing the dip coating technique. When the 

Alq3 thin film was thermally annealed from 50°C to 300°C, they investigated its 

optical and surface morphological characteristics. They fabricated Alq3 thin 

films consisting of 2 to 16 layers (42 nm to 324 nm in thickness) to achieve the 

maximum luminescence intensity. The quinoline anion's presence and formation 

during absorption in the 700–500 cm-1 range were verified by the FTIR 

spectrum. Alq3 films, when subjected to annealing at 300°C, exhibited 

decomposition and partial sublimation of the quinoline anion. The amorphous 

nature of the Alq3 thin films annealed between 50°C and 150°C was determined 

using X-ray diffraction patterns. The Alq3 film annealed at temperatures 

exceeding 150°C exhibited a crystalline structure. After being annealed at 

temperatures higher than 150°C, the Alq3 film showed a crystalline structure. 

When energized at 390 nm, film annealed at 150°C exhibits a photoluminescence 

intensity peak at 512 nm. The Alq3 thin film, which was deposited at 150°C and 

consisted of 10 layers (each about 220 nm), showed the best luminescence 
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yield.[16] 

• Po- Ching Kao et al.,(2015) demonstrated that when MoO3 or CS2CO3 and, a 

high work function p-type dopant are doped with host Alq3 and ITO coated glass 

substrate and with Al cathode to make an monolayered hybrid OLED device 

with p-i-n homojunction their hole mobility becomes 9.76 x10-6 cm2/Vs and their 

electron mobility becomes 1.26 x10-4cm2/Vs respectively with turn on voltage is 

about 4.3 volt at 1 cd/m2, and at 11.4 volt maximum luminance is 5860 cd/m2 

and at 100 mA/ cm2 maximum luminous efficiency is 2.53 cd/A which is more 

higher than bi-layered hetero-junctional OLEDs and exhibit extraordinary 

electroluminescence.[17]. 

• B.A. Paez-Sierraa et al.(2016) formulated toluene soluble MEH-PPV (hole 

transport polymer and Alq3 (electron transport polymer) blended 

semiconducting ink by doping intentionally at room temperature resulting in 

lower switch–on voltages required OLED display as well as additional state of 

bandgap occurred for MEH-PPV. For 30% Alq3 doping concentration the 

emission occurs for band of 565 nm with work function 2.19 eV and for 60% 

concentration Alq3 emissions are observed at 530 nm with work function of 2.33 

eV (blue shifted) and as a result charge transfers from LUMO of Alq3 to HOMO of 

MEH-PPV.[18] 

• Derkowska and Zielinska(2017) reported that Alq3 has two absorbance bands, 

band-A and band-B, which results in ligand oriented electronic shift. A-band is 

seen in the 350–450 nm spectral range when charges are transferred from the 

oxygen- containing quinolinolate ring to the nitrogen-containing pyridyl ring, 

resulting in a π–π* transition of the qH2.+, or when electronic transitions originate 

from the ground energy state to the excited energy state. However, within the 

spectral range of 210 nm to 280 nm we can observe band-B. This begins when 

electrons are moved from electronic orbitals to π* molecular orbitals and strong 

p–π* transitions are facilitated by the central metal-containing p-band of 

aluminium (Al) [19]. 
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• C.K. Pandey et al. (2018) investigated the impact of n-type doping on the 

electron transport characteristics of polyfluorenes and electroluminescence (EL) 

in conjugating polymer polyfluorene. They also deactivated exponentially 

spread deep energy traps by doping of a n-type dopant, 

DMC(decamethylcobaltocene) which results trap free electron transport for PFO 

based diodes [20]. 

• I. M. Ibrahim et al. (2019) demonstrated that if in an OLED if MEH- PPV/TiO2 

nanocomposites materials are used as an emissive layer (amounts of TiO2 

incorporation onto MEH-PPV are 0.002 g/ml and 0.008 g/ml) higher value of 

current about 7430 μA/m2 and higher value of electroluminescence are found 

at the same time the TiO2 anatase phase is observed, They also do 

characterization and gave different application of TiO2 thin films. They also 

compared these results with the pristine Alq3.[21] 

• Wei Liu et al. (2019) explained that developing a high performance giving 

luminescent material for solid state lighting (SSL) technology and its application 

in LED and especially OLED has become a great interest for researchers. These 

luminescent materials can be developed by two methods: first by phosphors and 

second by emissive layers. These two methods are used to make light emitting 

diodes and organic light emitting diodes.[22] 

• HemlataBisht et al. (2020) reported that the excitation energy, between the 

donor Alq3(donor) and MEH-PPV (acceptor), can be transferred using time- 

domain and steady state operating fluorescence-techniques. This transferred 

excitation energies are non-radiative, Long-ranging Förster- resonance and also 

occurred because of dipole−dipole coupling. This causes fluorescence intensity 

and decay time to increase and decrease for the acceptor and donor, respectively, 

depending on the higher acceptor concentration that is given. Strong donor- 

acceptor interactions are more important than donor-donor interactions.[23] 
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• Liangfei Duan et al. (2021) prepared nano films of green OLED material 

Tris(8- hydroquinoline) on glass substrates applying vapor deposition method 

for variable surface-states and the luminescent properties of the green OLED The 

structural and surface-morphologies of Alq3 nanofilms were investigated using 

XRD and SEM They created Alq3, emitters -based green OLED devices 

containing architecture: Mo/2-TNATA(20 nm)/NPB(10 nm)/Alq3(25 

nm):Ir(ppy)3 (5%)/Bphen (10 nm)/LiF (5 nm)/Mg:Ag (10%) (10 nm). They 

characterized the photoelectric properties of the green OLED device employing 

Photo Research PR655 spectrometer. The observed that the during physical 

vapor deposition method Alq3 forms nanotubes, nanowire, nanospheres and also 

nanosphere containing chains due inter-molecular weak van-der-waals force and 

mutual weak interaction π–π bond resulting in molecular self-assembling of Alq3 

molecules. The vapor deposition temperature regulates the surface control of 

Alq3 thin film. Enhancing the green OLED’s performance. They found that Alq3 

nanotubes made OLED, among all the different morphologies created, was the 

best green-OLED device, which exhibited CIE coordinate (3358, 0.6302) i.e., 

chromaticity,20.24 cd/A current efficiency, and 11,490 cd/m2 brightness at 5V. 

[24] 

• Gunjan Sharma et al. (2022) optimized the energy-band structure of an OLED 

having architecture: Alq3/TAZ:Ir(ppy)3-BCP/HMTPD to study the mechanism 

of light generation via electron hole pairs (EHPs) recombination in the OLED. 

They studied J-V characteristics plot and I–V characteristics plot of the OLED 

following the Langevin model. They evaluated the threshold voltage of the 

OLED was ~ 3.25 Volt. They also investigated the changes in the and transmitted 

and from OLED reflected lights for different thickness of the ETL layer of 

developed OLED. They also observed recombination pre-factor for EML and 

ETL layers and found photon- emission at wavelength ~560 nm [25] 

• Ritu et al. (2023) explained about the structure-development of an 

ITO/NPD/Alq3/TPBi/Bphen/LiF/Al based OLED. They investigated I-V 

https://sid.onlinelibrary.wiley.com/authored-by/Duan/Liangfei
https://link.springer.com/article/10.1007/s11082-023-05000-7#auth--Ritu-Aff1
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characteristics, J-V characteristics, charge density for the electrical properties 

and recombination rate following the Richardson Shockley –Hall formula drift 

and diffusion equations, Poisson equations and carrier continuity equation. Their 

OLED showed ~3.5 operating (threshold) voltage with highest e–h 

recombination rate of ~ 4.5 × 1028/m3) within the wavelength range of ~ 260 

nm–275 nm. maximum intensity wavelength of ~ 475 nm (visible region) of in 

emissive (EML) region of Alq3.They also studied IQE at different voltages, 

efficiency drop at particular voltage and recombination pre-factors θ1 and θ2 for 

different voltages.[26]. 

• Małgorzata Sypniewska et al. (2024) utilized Tris(8-hydroxyquinoline) 

aluminium integrated into polymeric matrices, specifically poly(N- 

vinylcarbazole) (Alq3: PVK) and polystyrene sulfonate (Alq3: PSS), as the active 

layer for green- colored OLEDs, which were accumulated via spin-coating 

method on silicon- and glass-substrates. Employing SEM plot they discovered 

that comparatively thin Alq3: PSS and Alq3: PVK thin films were produced. They 

verified the samples' composition via FTIR spectrum. They studied optical 

characteristics of these three thin films utilizing UV-VIS absorbance 

spectroscopy & spectroscopic ellipsometry. They found 4(four) absorption 

bands and three absorption bands within the absorption spectrum of Alq3: PVK 

and Alq3: PSS nano composites respectively. The peak intense light emission of 

the examined thin layers was seen at approximately 500 nm wavelength. Cyclic 

voltammetry of Alq3 and two other nanocomposites were also presented. Their 

theoretical DFT (density functional theory) calculations were investigated to 

elucidate the interactions and characteristics of the excited states of Alq3: 

PVK and Alq3: PSS. They also constructed OLED (organic light-emitting 

diode) structure utilizing Alq3: PVK which exhibited a robust 

electroluminescence with a green emission at 520 nm wavelength. The EL 

and PL efficiency of the device indicate that the 
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ITO/PEDOT: PSS/Alq3: PVK/Ca/Al configuration is advantageous for the 

fabrication of economical OLEDs, utilizing Alq3: PVK as the active layer for 

prospective lighting applications.[27] 

• Yukang Zhao et al. (2025) incorporated a MoO3 layer onto N,N'-diphenyl- 

N,N'- bis(1-naphthyl)(1,1'-biphenyl)-4,4'-diamine or NPB (HTL) to improve the 

performance of Alq3-based OLEDs, Despite an improvement in the J-V 

characteristics, the addition of MoO3 to the NPB layer causes a noticeable 

electroluminescence quenching effect in their OLED device. At a current density 

of 20 mA/cm2, the MoO3-blended NPB (50 weight percent) OLED device shows 

5.83 V driving voltage while the device without MoO3 shows a 6.6 driving 

voltage The latter's brightness (735 cd/m²) or current efficiency (3.68 cd/A) is 

much higher than former's brightness (54.3 cd/m²) and current efficiency (0.27 

cd/A) This was caused due to charge-transfer occurred between MoO3 and NPB 

or Alq3 followed by formation of energy gap states among them. [28] 

2.2 Research gap: 

There are huge research gap prevails in the case of Alq3 and Alq3 derivative -based 

OLED device regarding device performances, stability, chemical degradation due to 

moistures, temperature, oxidation, reductions etc., PL and EL efficiency’s degradation, 

emitter material’s degradation, variable architecture, higher manufacturing cost, 

operation life-span, turn- on voltage, driving voltage, charge transport, charge injection, 

doping concentration of different materials. Different substrate materials, synthetic 

procedures, metallic organic interface, and different factors that can tune the emission 

colour and characteristics of light etc. Here all afore- mentioned research gaps can be 

categorized into four principal classes as follows: 

1. Stability and Degradation: Over time, Alq3-based OLEDs are susceptible to 

deterioration, particularly when exposed to environmental conditions or operated at high 

brightness for extended periods of time i.e., on account of ageing effect. 
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Common causes of this deterioration include: 

 

 

• Hole- accumulation and oxidative degradation: As Alq3 has comparatively 

low electron mobility in comparison to many materials that transport holes, holes 

can accumulate at the Alq3 interface, which can result in oxidative degradation. 

• Photo-oxidation: Alq3's electronic structure and luminescence efficiency may 

alter as a result of photooxidation. 

• Hydrolysis: Breaking down of Alq3 through chemicals reaction with water or 

moisture is known as hydrolysis of Alq3, and it can have detrimental effect on 

the stability and functionality of the OLED device. As the emitters and other 

materials undergo chemical hydrolysis, those materials are degraded which 

negatively affects its PL and EL efficiency of OLEDs 

• Self-luminous-quenching and charge trapping: Due to production of non- 

radiative triplet excitons compared to less radiative singlet exciton production 

(3:1), Alq3-based OLED usually lose their energy and encounter self- luminous-

quenching and charge trapping. These result in reduction of brightness of 

emitted light along with its PL-& EL- efficiency. 

 

2. Enhancing Performance: The main goals of research are: 

 

 

• Constructing new derivatives of Alq3: Degradation and mobility problems can be 

resolved by investigating altered Alq3 molecules with better stability or electron 

transport characteristics. 

• Optimizing device architecture: To reduce hole accumulation and enhance charge 

transport, including additional materials, such as MoO3, V2O5 in hole-transporting 

layers (HTL) or use charge-balancing copolymers. 

 

• Analyzing new materials: Examining substitutes like different functional groups 
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such as alkyl, amine, aryl, benzyl, addition of different metals such as rare earth 

element such as neodymium(Nd), europium(Eu) etc. transitional elements, Zn, 

different alkali metal like lithium(Li),sodium(Na),potassium(K) etc or 

combinations of materials, polymers, co-polymers that can be used with different 

corners and side chains of benzene and pyridile rings of Alq3 to improve OLED 

performance and stability. Relentless research is still a ongoing process to 

incorporate new materials with new characteristics into Alq3 matrix. 

3. Particular Topics of Research: Creating different Alq3 derivatives broadens various 

arenas of specific fields of research. We can summarize those arenas into the following 

principal classes: 

• Molecular engineering: Developing Alq3 derivatives with specific electronic 

configurations to improve their electron transport and/or stability characteristics. 

• Interface engineering: Improving charge injection and transport efficiency by 

optimizing the interfaces between the OLED device's various layers such as HTL 

and ETL. It also minimizes energy loss occurred inside an OLED. 

• Tuning of colors, PL and EL efficiency by doping and co-doping: In order to 

improve the material's qualities, color-tuning ability, PL- & EL-efficiency and 

boost device performance of an Alq3 -based OLED device, doping and co-doping 

are introduced into Alq3 matrices. E.g., ZnO/Alq3 nanocomposites can tune the 

green emission of pristine Alq3into yellow emission. 

• Solvent -free synthesis: Using techniques for Alq3 synthesis without the use of 

organic solvents, or solvent-free synthesis, can help lower contamination and 

increase stability 

4. Research gap of semiconducting conductive polymers: From the available 

literature the following shortcomings are detected: when conductive polymers are used 

as semi- conducting OLED materials then the following drawbacks are prevalent: 

• Conductive polymers possess poor processibility which limits their large –scale 

applications. 

• The manufacturing cost of conductive polymer is very high 
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• The conductive polymers suffer material inconsistencies 

• The conductive polymers are toxic in nature 

• The Conductive Polymer shows poor solubility in solvents. 

• The conductive polymer cannot be melted by direct melting processes. 

• OLED displays last for very short time 

 

 

Apart from these Alq3 based OLED materials and devices encounter different 

shortcomings as follows: 

• In the early forms of OLEDs were suffering four times rapidly wearing out 

problems while compared to conventional LEDs Or LCD displays. 

• Organic molecules are highly hydro sensitive which could be detrimental when 

it is exposed to water molecules, splashing water, rainwater, moisture etc. 

• p-type doped semiconducting OLED materials and devices have a numerous 

number of published papers, but n-type doped polymeric semiconductor OLED 

material is few as it is difficult to synthesis and double doping also a difficult to 

produce. 

• When insulators like polymers are doped or administered by organometallic 

material; or metallic material its electrical and thermal conductivity increases 

but mechanical property of it gets decreased. The conversion from insulator to 

metallic or semiconducting properties is a very time-consuming method. 

• Although significant progress has been made in raising OLED’s internal 

quantum efficiency to almost 100%, optical losses continue to cause the external 

quantum efficiency to lag. 

• One common substance that emits light is tris-(8-hydroxyquinoline)aluminum 

(Alq3). In organic light-emitting devices (OLEDs), it also serves as an electron- 

transporting layer. However, one of these devices' biggest issues is degradation. 

Factors like air, moisture, and light exposure have an impact on the device's 
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performance [1,2]. 

• Alq3 has very poor levels of processibility 

 

The main area of research for Alq3-based OLEDs is addressing the limitations of Alq3, 

specifically its low electron mobility, photooxidation susceptibility, and degradation 

vulnerability. Realizing the full potential of Alq3-based OLEDs in solid state lighting 

and display applications requires more research in these areas. 

 

2.3 Research Objective: 

1) To develop voltage tunable OLEDs with wide wavelength of emission spectrum. 

 

2) Tuning the bandgap of emissive layers to improve the recombination rate. 

 

3) To investigate the role of rare earth ions in electronic and optical properties. 

 

4) To find possible application in solid state lighting industry. 
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Chapter 3: Materials and method of synthesis and 

fabrication techniques 

3.1. Materials used for characterization of surface morphology, optical 

properties and electrical properties: 

In this research project my principal aim was to fabricate a transparent flexible low turn on 

voltage driven low cost unoptimized OLED which will exhibit excellent 

photoluminescence (PL) and electroluminescence (EL). For this purpose, I chose PEDOT: 

PSS as HTL, Alq3 as ETL and EML. V2O5 as HIL, ITO coated PET sheet as transparent 

anode as well as transparent flexible substrate, and metallic high work function metallic 

silver as cathode. In this research work, I have followed ten basic stages to achieve our goal: 

(1) synthesis of mer-Alq3,(2) annealing this pristine Alq3 from RT to 200oC under ambient 

condition and made its thin film and amorphous powder(3) Synthesis of ZnO nano-particle 

and synthesis of ZnO/Alq3 nanocomposites with three different concentrations of ZnO 

nanoparticle into Alq3 matrix i.e., 0.1wt% ZnO NP/Alq3, 0.2 wt% ZnO NP/Alq3 and 0.3 

wt% ZnO NP/Alq3 nanocomposite powder and solutions,(4)synthesis of homogeneous 

PEDOT:PSS solution from its coloring dye sample,(5) synthesis of V2O5 solution from 

V2O5 powder sample.(6) synthesis of europium nitrate solution from europium 

oxide;[Eu2O3] powder,(7) synthesis of neodymium nitrate solution from neodymium 

nitrate[Nd(NO3)3] crystalline powder(8) synthesis of 0.1wt% Eu/Alq3 nano composite,0.2 

wt% Eu/Alq3 nano composites, and 0.3 wt% Eu/Alq3 nanocomposites powder and 

solutions, and(9) 0.1wt% Nd/Alq3, 0.2 wt% Nd/Alq3 and 0.3 wt% Nd/Alq3 nanocomposite 

powders and solutions.(10) fabrication of EML. ETL, HTL layer on ITO- coated flexible 

substrate employing spin coating techniques with all aqueous samples. I have characterized 

all the samples under investigation to investigate the structural, thermal, optical and 

electrical properties of them. Alq3 is a n-type semiconductor that can be used both as an 

electron transporting layer and emissive, and PEDOT:PSS is a popular fluorescent dye 



73  

used as a layer hole transporting layer for OLED,ITO (Indium tin oxide) is a transparent 

high work function anode and metallic silver as low work function cathode PET or poly 

tri ethylene terapthalate is polymeric transparent rollable substrate. V2O5 is used as a hole 

blocking layer. In this chapter, the structure of these materials and its characteristics and 

role in OLED functionality are given in the following sections alongside a brief explanation 

of their function in charge transport, OLED application, solid stat lighting application.We 

will discuss all the measurement, required materials for synthesis in this chapter and its 

subsequent chapter clearly. 

The following are important materials that we used for different purposes relating to our 

research goals from time to time. We also have described shortly why these materials 

were utmost important for achieving goal and their physical and chemical properties. 

We also have discussed in this section how many materials we bought directly from the 

local market and how many chemicals we synthesized during our entire research project. 

The required materials are described as follows: 

A. Material selected for OLED stacked layers of flexible transparent 

OLED preparation: 

1. Alq3 (tris (8-hydroxyquinoline) aluminum): 

Organic electroluminescent n-type semiconducting tris (8-hydroxyquinoline) aluminum 

(Alq3) powder, a metal chelated complex has been the prime-picked OLED material chosen 

for OLED applications since its discovery in 1987 by Tang and Van Slyke [1,3]. Alq3 has 

achieved enormous popularity for its excellent blue-green bright luminescence, low cost, 

easy fabrication technique, less operational voltage, and fine-tuning ability of emission 

wavelength (Figure 3.1). Hence, metal quinolates Alq3 has proved itself as a promising 

organic light emitting diode (OLED) material where Alq3 plays a dual role of electron 

transport layer (ETL) and emissive layer of an OLED. Despite its multi-dimensional 

applicability, Alq3 has encountered serious shortcomings in their operations such as 

smaller-span durability and severe deterioration in photoluminescence (PL) and 

electroluminescence (EL) efficiency. This is mainly because of corrosion, thermal 
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instability because of joule heating, device degradation on direct exposure to moisture, air, 

oxygen, water splash, and the absence of an encapsulated protection shield. Besides, the 

electrical conductivities of Alq3, luminescence performances of OLED are also 

characterized by the existing percentage of the highly conductive thermodynamic 

crystalline phase [1-13]. 

2.PEDOT: PSS [poly(3,4-ethylenedioxythiophene), polystyrene 

sulphonate)]: 

PEDOT: PSS (poly(3,4-ethylenedioxy thiophene), polystyrene sulphonate) is a p-type 

conjugate polymeric organic dye [6,7,8,9,10]. It is the combination of two different kinds 

of polymers: PEDOT (poly(3,4-ethylenedioxy thiophene) and PSS (polystyrene 

 

 

Figure 3.1: Chemical structure of Alq3 and PEDOT: PSS 

 

 

sulphonate). PEDOT is a conductive conjugated polymer consisting of poly(3,4- 

ethylenedioxy thiophene) monomer at 2,5 positions of each thiophene whereas PSS is a 

non-conductive polymeric stabilizing surfactant having styrene as the backbone and 

pending unit of sulphonate group (-SO3H) (Figure 3.1). PSS is doped into PEDOT to 

stabilize and disperse PEDOT into water and other solvent. Thus, insoluble PEDOT forms 

stable colloidal dispersion i.e., solution processing is possible for PEDOT. PEDOT: PSS 
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is popularly used due to its higher mechanical stability, easy thin film production method, 

coarseness, higher optical transparency, lower surface, higher work function, higher hole 

injection, low processing cost, and high conductivity (10- 4 to 10-3 S/cm) [14-19]. 

 

 

Figure 3.1A: molecular structure of vanadium pentoxide(left) and Zinc 

oxide nanoparticle (right) 

2. Zinc Oxide Nanoparticles (ZnO NP): 

Zinc oxide (ZnO) is a transition metal oxide with n-type semiconductor characteristics, bio- 

degradability, excellent optical properties, spintronic properties and electrical properties. 

ZnO is a non-toxic material (Figure 3.1A) having direct wide band gap as high as ~3.37 eV 

and exciton binding energy of~ 60 MeV, high electron mobility and an excellent optical 

transmittance. Though Alq3 has multi-dimensional advantages still it suffers many 

disadvantages like low chemical and physical stability over time, often suffers photo- 

oxidation, chemical degradation and performance degradation due to exposure to 
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atmospheric oxygen gas, nitrogen gas hydrogen gas and water splash or moisture leading 

to reduction in prolonged life-span of Alq3 and its derivative aided devices like OLED, 

photodiodes, OLETs, Solar OPV cells etc. [18,19,20,21,22,23] .To overcome this our 

target was in this to tune the photoluminescence(PL) and electroluminescence(EL) 

property of Alq3 by using organometallic /inorganic hybrid nanocomposites(Alq3/ZnO) 

with varying concentrations where ZnO:Alq3= 0.1:1, 0.2:1, 0.3:1 and 0.4:1 respectively, to 

overcome the above-mentioned limitations thereby improving efficiency , longevity, 

stability of chemical and physical property etc.[20-26]. 

3. Vanadium pentoxide (V2O5): 

The yellow to red orthorhombic crystalline powder known as vanadium pentoxide (V2O5) 

(Figure 3.1A) has a density of 3.35 g/cm3, which is higher than that of water, and it 

dissolves somewhat in it. It decomposes at 1750°C, while its melting point is 690°C. 

Because of its strong chemical and thermal stability, broad band gap (2.3 eV), and 

electrochromic characteristics, it has a wide range of applications. V2O5 is typically 

regarded as an n-type semiconductor. Its primary characteristic is that of an n-type material, 

though it can also display p-type behavior in certain specific situations or under specific 

conditions. The material's fluorescent and transparent qualities are also well known. 

Vanadium is in the (+5) oxidation state (V5+). It can act as an oxidizing agent as well as 

an amphoteric oxide. Under typical storage circumstances, it is stable. Because it reacts 

with a variety of gases, it is used in gas sensors. Because of its high crystallinity, 

affordability, and resistance to photo-corrosion, it is used as a photocatalyst for 

photocatalytic degradation. Transitional metal oxides, such as MoOx, V2O5, ReO3, and 

WO3, are frequently employed as HTL and HIL for stack layered OLEDs to improve 

device performance. These transitional metal oxides significantly enhance the 

performance of OLEDs by acting as buffer layers between HTL and EML and as HTL or 

HIL (or electron acceptor) dopants for the creation of p-doped devices. To prevent holes 

from backtracking towards PEDOT: PSS (HTL) of our manufactured OLEDs, we 

employed V2O5 as both our HIL and buffer layer. Additionally, V2O5 guards against 

chemical deterioration, etching or corrosion of the ITO anode layer through oxidation by 
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acidic PEDOT: PSS layer. In comparison to the device performance of OLEDs without a 

V2O5 layer, we obtained a notable improvement in EL and PL characteristics when 

employing V2O5 as HIL, which is consistent with other published results. In this case, we 

spin-coated the V2O5 layer over the PEDOT: PSS layer rather than doping it to improve its 

hole injection and electron blocking properties, which are essential for our OLED [27- 30]. 

4. Lithium fluoride (LiF): 

LiF is an inorganic solid that is colourless and mildly insoluble in water; when the crystal 

size decreases, it turns white. It resembles sodium chloride in structure. from the elements 

releasing one of the highest energies per mass of reactants, second only to BeO. Despite 

not being the main cathode material in OLEDs, LiF is frequently utilized as a buffer layer 

an OLED’s organic layer and a metal cathode (such as silver or aluminium).to improve 

electron injection at the cathode interface. LiF contributes to improved electron injections 

by reducing the energy barrier that prevents electrons from moving from the cathode into 

the organic layers of the OLED. LiF may also serve as a barrier, preventing organic layers 

from being harmed during the cathode deposition procedure.  LiF can help OLEDs have 

higher luminance and current efficiency by enabling better electron injections. LiF has the 

ability to alter the cathode material's work function, improving its suitability for electron 

injection. [27-35] 

6.Metallic Silver Paste (Ag-Paste): To improve certain qualities, conductive silver paste 

is usually made by mixing 60 weight percent silver powder, 10 weight percent(wt%) lead-

free glass powder, and 30 weight percent(wt%) organic carrier (which contains terpineol, 

ethyl cellulose, and organic additives like polyamide wax, KH-570 silane coupling agent, 

and soy lecithin). To create a uniform paste with the required viscosity and conductivity, 

these ingredients are mixed, occasionally with ultrasonic treatment and grinding. Because 

of its low cost, high conductivity and efficient electron injection in the visible zone of 

spectrum of light, reflectivity, minimum resistive loss, improved power efficiency and 

suitability for solution processing—especially in top-emitting devices—metallic Ag paste 

is utilized as the cathode in certain OLEDs. By modifying the surface of the Ag cathode, 

researchers can enhance hole injections from the cathode while maintaining high 

reflectivity. Using Ag as a cathode, particularly when combined with an alkali-metal 
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doped electron transport layer, can lead to a reduction in the driving voltage of the OLED, 

improving its power efficiency. [27-35]  

7. Neodymium Nitrate hexahydrate [Nd(NO3)3·6H2O]: 

Neodymium nitrate hexahydrate(Figure 3.2 (a)) is a purple, crystalline powder that 

dissolves in both alcohol and water. It is hygroscopic, meaning it easily takes in moisture 

from the atmosphere. With a molecular weight of 438.35 g/mol, the compound has a 

melting point of 69 °C. When it comes into contact with combustible materials, this 

oxidizing agent has the potential to cause fire. Both optical and electrical characteristics 

are present in neodymium nitrate hexahydrate [Nd(NO3)3·6H2O]. It is well-known for its 

optical characteristics, especially the way it absorbs visible light. Furthermore, neodymium 

nitrate is well-known for its electrical characteristics, which include the ability to behave 

like a semiconductor, particularly when doped with other elements. Neodymium nitrate is 

not a transparent substance. The 10% neodymium nitrate aqueous solution is purple in 

colour but clear, meaning it doesn't scatter light. When added to glass, neodymium nitrate 

can produce a range of colors. This type of glass absorbs light at very specific wavelengths, 

resulting in unusual absorption-bands in the light transmitted through it. Neodymium 

doping can be used to adjust a material's optical band gap, which will increase its absorption 

of light in the visible spectrum. Low activation energies found in studies on neodymium- 

doped materials suggest that charge carrier mobility is comparatively simple. [31-40] 

      8. Europium nitrate hexahydrate [Eu(NO3)3·6H2O] : 

Europium nitrate hexahydrate [Eu(NO3)3·6H2O](Figure 3.2(b)) is a white, transparent 

crystalline solid that exhibits luminescent qualities. It dissolves very easily in water. The 

compound is utilized as a precursor in the production of different nanomaterials and in 

applications such as white light-emitting diodes and bioimaging. The electronic structure of 

the Eu3+ ion and its interaction with the environment is what gives europium nitrate 

[Eu(NO3)3] its distinct electrical and optical characteristics. Eu3+ ions are particularly 

helpful in optoelectronic applications because they show distinct, narrow fluorescence lines 

in the red portion of the spectrum. Furthermore, materials' semiconducting behavior and 

electrical conductivity can be affected by europium doping. By raising the concentration of 
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free charge carriers, doping materials with Eu3+ can improve electrical conductivity. This 

is so that electron transport can be facilitated, and the electronic structure changed by 

substituting Eu3+ ions for other metal ions in the lattice. Semiconducting material's bandgap 

and electron transport characteristics can be altered by Eu3+ doping. While carrier 

concentration and hopping conduction processes can affect electrical conductivity, Eu3+ 

doping can also affect a material's dielectric characteristics. Because of their strong and 

sharp red-region luminescence, Eu3+ ions are useful for a variety of applications, such as 

displays, LEDs, and phosphors. In materials such as ZnS and SnO2, Eu3+ doping can 

increase photoluminescence, which can be advantageous for sensors and optoelectronic 

devices. Eu3+ doping can alter a material's absorption characteristics. For instance, the 

transmittance and absorption index of Eu-doped PEO- PVA blends are dependent on the 

amount of Eu present. The photoconductivity of materials can also be affected by Eu3+ 

doping. Eu- doped ZnS, for instance, has enhanced photoconductivity, which qualifies it 

for use in photo detectors. As a result of their special electrical and optical characteristics, 

europium nitrate [Eu(NO3)3] and its derivatives are useful for a wide range of applications, 

particularly in optoelectronics and semiconducting devices. [38-45] conditions of chemical 

reactions to produce a desired product are called wet chemical synthesis. By providing a 

flexible and regulated method of producing materials with particular qualities, this 

technique is extensively employed in materials science, especially for the synthesis of 

nanoparticles and functional materials. Using chemical reactions in solutions, wet-

chemical synthesis techniques create target materials from specific precursors. The wet 

chemical synthesis to create nanoscale materials like nanoparticles, quantum dots, and 2D 

materials. The final product's size, composition, and shape can be customized using this 

method by adjusting the temperature, PH, pressure, and type of additives or surfactants.   

method uses a bottom-up approach, meaning that smaller molecules or atoms are used. Wet 

chemical methods are frequently superior to other synthesis techniques because they are 

more affordable, simpler to use, and can yield materials with particular qualities. Metal 

oxide nanoparticles, semiconductors, OLED materials, catalysts, sensors, and energy 

storage devices are just a few examples of the materials that can be created using these 

techniques. [41-46] 
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Figure 3.2: Amorphous powder forms of (a) neodymium nitrate hexahydrate, (b) 

europium nitrate hexahydrate, and (c) vanadium pentoxide (d) lithium fluoride 

(e)metallic silver paste 

3.2. Synthesis of powders and their aqueous solutions, and thin film 

fabrications: 

A. Synthesis of materials in powder form:  

In this section we have illustrated how our synthesized materials are synthesized in the 

laboratory and also demonstrated the route of synthesis, purification, collection, 

annealing, grinding, thin film preparation 

1. Synthesis of bulk polycrystalline mer-Alq3 and its oxide in powder form: 

(a) (b) (c) 

(d) (e) 
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Electroluminescent material Alq3 is synthesized through a wet-synthesis method using the 

procedure reported by J.G. Mahakhode, et al. [35] where we deviated some steps keeping  

 

Figure 3.3. Schematic diagram of mer-Alq3 nano-particle synthesis (top picture) and 

Figure 3.4: Conversion-mechanism of tris(8-hydroxyquinoline- N-oxide 

aluminium(III)[Al(q-N-oxide)3],a non-emissive polymer (NEP) from tris(8- 

hydroxyquinoline)aluminium [Alq3]the original synthetic procedure intact on the basis of 

experimental needs (Figure 3.3 and 3.4). At first 5 gm 8-hydroxyquinoline(8- HQ) was 

dissolved in the mixture of 25 ml distilled water (H2O) and 25 ml of acetic acid 
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(CH3COOH) and then the mixture was heated to 50 °C with continuous stirring for 30 

minutes resulting a transparent orange colored solution (Solution –D).Then 4.306 gm. of 

aluminium nitrate[Al(NO3)3] powder was dissolved in 100 ml of distilled water(H2O) and 

then the mixture was heated to 50 °C with continuous stirring for 30 minutes resulting a 

transparent colorless solution (solution– E).Then solution-D was poured into solution-E 

(Solution–F). Then ammonium hydroxide (NH4OH) solution (precipitating agent) was 

added drop wise to the mixed solution-F and stirred for 10 minutes. Then, yellow–green 

colored precipitate of mer-Alq3 was yielded. Then that yellow precipitate was filtered and 

washed 8-10 times with warm water. Then, the yellow green precipitate was heated to 

60°C for 2 hours. The dried yellow –green colored Alq3 powder was then crushed into fine 

powder using a mortar pestle and a crucible pot. That fine yellow green powder of Alq3 

was used for our ZnO/Alq3 Nano-composite formation. 

      Chemical reactions occurred during synthesis are summarized as follows: 

 

      3(C9H7NO) +Al(NO3)3,.9H2O Al(C9H7NO)3+9H2O+3(NO2)                         (3.1) 

 

      8-Hq + O2     8-Hq-N oxide (NEP)                                                                   (3.2) 

 

 

      Alq3+3O2  Al(q-N-oxide)3 + Al2O3                                                                                                               (3.3) 

 

 

     2.Synthesis of Zinc Oxide nanoparticles powder: 

 

ZnO Nano-particles (NP) are synthesized through the aqueous sol-gel method mentioned 

by Bolla G Rao et al (2017) [33]. At first 12.00 gm. NaOH pellet were dissolved in 150 ml 

of [Zn(CHCOO)2.2H2O] was dissolved in 100 ml distilled water and stirred for 5 minute 

(solution-B). Then solution-A was mixed with solution-B to get solution–C. After that 150 

ml of aqueous ethanol (C2H5OH) solution was added drop wise to the solution-C and heated 

at 80°C with continuous stirring for 15 minutes. After the reaction was 
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         Figure 3.5. Schematic diagram of Zinc Oxide nano-particle synthesis 

 

 

completed, the white precipitate of zinc oxide (ZnO) Nanoparticle was obtained. (Figure 

3.5) This white precipitate was collected using filter paper and washed in distilled water 

for 6 to 8 times and then allowed to dry at room temperature. Thereafter, white colored 

dried powder was scintillated at 450°C in an oven for 5hrs. Finally, the distilled water 

and stirred for 5 minutes (Solution- A). Then 16.5 gm. of zinc acetate di hydrate 

scintillated ZnO Nano-particle powder was crushed into fine powder using mortar and 

pestle. Later on that fine ZnO NP powder was utilized for our ZnO-Alq3 composite- 
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fabrication [20-26] 

3.Preparation of Alq3/ZnO Nanocomposites powder: 

ZnO/Alq3 Nanocomposites were fabricated through a novel and low-cost easy procedure 

via solution intercalation and exfoliation adsorption method [30,31,32]. At first, 0.50 gm. 

of Zinc oxide Nanoparticle (ZnO NP) was added in the mixed solution of 10 ml distilled 

water and 10 ml ethanol (C2H5OH) solution (taken in 1:1 volumetric ratio) along with 

stirring for 20 minutes and was thereafter ultra-sonicated for 30 minutes. An opaque white 

solution was formed to give solution -G. Then 0.50 gm of Alq3 powder was mixed with 10 

ml of ethanol (C2H5OH) and 10 ml of distilled water and stirred for 20 minutes which 

was then ultra-sonicated for 30 minutes. A yellow-green opaque solution (solution-H) 

was obtained. Thereafter, solution-G was added into Solution-H and the resulting mixture 

(solution-I) was then ultra-sonicated again in sonication bath for 4 hours. A light white 

mixed green-yellow precipitate was obtained at the bottom of the transparent colorless 

solution. The excess liquid was decanted, and the remaining viscous yellow white 

solution was put in a water-bath with heating at 50°C for 8 hours and then left it in open 

air at room temperature overnight to settle down and to dry. The dried yellow ZnO/Alq3 

(1wt%:1wt% ratio) Nano-composite powder is finally formed which were collected and 

crushed into fine powder with the help of crucible pot and a mortar and pestle. In another 

attempt we filtered the yellow-white solution using filter paper and the yellow-white 

precipitate was collected over filter paper. The yellow precipitate was collected in a petri 

dish and allowed to be dried overnight. Then the dried powder was heated at 50 °C for 2 

hours to remove moisture absorbed in it. Finally, the dried powder was collected and 

crushed into fine powder using mortar and pestle to form the composite pellets [20-26]. 

B. Preparation of aqueous solution of materials for thin film fabrication: 

1.Preparation of V2O5 solution for thin film formation: 

At first 0.542 gm V2O5 powder , bought from market( Sigma Aldrich) was dissolved in 

10 ml of monoethylamine(99.8% purity, Sigma Aldrich) and 20 ml of ethanol (98% 

pure),Sigma Aldrich)dilute hydrogen peroxide(H2O2) (15 mol%, Sigma Aldrich)solution 

resulting a whitish pink transparent solution which was then ultrasonicated for 45 minutes 

in a ultra sonicator bath at room temperature .as a result, a pinkish white transparent 
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solution was produced. This yielded solution was used for OLED fabrication. [33-36] 

2. Preparation of LiF slurry solution: 

First, 10 ml of isopropyl alcohol solution was used to dissolve 1 gm of white, 99% pure 

LiF (lithium fluoride) powder. The mixture was then ultrasonically agitated for ½ hours, 

and the resulting bluish solution was filtered through 0.45 µm-diameter filter paper until 

a white slurry solution was obtained. which was utilized for spin coating for 30 minutes 

at 3000 rpm. It is then utilized for vacuum-assisted spin coating at 3000 rpm for 30 

seconds after silver paste (Ag) solution is created by dissolving silver paste (99% purity, 

Sigma Aldrich) in acetone solution with a 1:0.5 volumetric proportion [41].    

 3.Synthesis of Europium Nitrate from Europium oxide (Eu2O3) powder: 

At first 2.14 gm. europium oxide bought from market was dissolved in 5 ml distilled 

water and the resultant opaque milky white solution was treated with conc. HNO3 (1:6 

volumetric ratio) to yield soluble europium nitrate [Eu(NO3)3] which showed pH value 3 

which confirmed that the resultant solution was acidic. The yielded white solution was 

heated at 60oC for ½ hr. with constant stirring. As a result, a white translucent solution of 

europium nitrate was obtained which was allowed to settle down. The white precipitate 

was filtered and collected after drying at 50oC for 15 minutes. [31-40] 

       4.Synthesis of Eu3+ doped Alq3 nanocomposites: 

At first 100 mg europium nitrate as prepared powder is dissolved in double distilled water 

on which Alq3 powder was added with different wt% ratios: 1:0.1.1:02 and 1:0.3. The 

resultant solutions are individually ultrasonicated for 4 hrs. Then the mixture was heated 

to 50oC for 8 hrs to get dried Eu3+ doped Alq3 nanocomposites powder. [41-47] 

        5.Synthesis of Nd3+ doped Alq3 nanocomposites: 

At first 0.186 gm neodymium nitrate [Nd(NO3)3](Sigma Aldrich) as prepared powder 

was dissolved in the 5 5 ml acetone and 10 ml double distilled water on which 0.502 gm. 

Alq3 powder dissolved in 10 ml was added with different wt% ratios: 1:0.1:02 and 1:0.3. 

The resultant solutions are individually ultrasonicated for 4 hrs. Then the mixture was 

heated to 50oC for 8 hrs to get dried Nd3+ doped Alq3 nanocomposites powder. [31-40] 
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       The associated chemical reactions occurred during rare earth metallic nitrate solutions:  

Eu2O3 + 6HNO3  2Eu(NO3)3+ 3H2                                                                                                                (3.4) 

Al(C9H7NO)3+Eu(NO3)3 Eu(C9H7NO)3+Al2O3 (3.5) 

 

Al(C9H7NO)3+Nd(NO3)3 Nd(C9H7NO)3+Al(NO3)3 (3.6) 

  

C. Fabrication technique: 

At first the ITO coated PET sheet was cleaned with acetone and ethanol alternately several 

times. It was dried at room temperature by using a hot plate at 27 oC under an ambient 

atmosphere. The solution of PEDOT: PSS was then spin-coated for HTL layer on the PET 

coated sheet. After drying it for 15 minutes, thin film of tris (8- hydroxyquinolinilato 

(aluminium (III) was deposited through spin coater machine under   

vacuum condition. This process helped us to fabricate an OLED device where the stacked 

layers are constructed like: ITO (175 nm/PEDOT: PSS (48 nm)/V2O5(12 nm)/Alq3(83 

nm)/LiF (3 nm)/Ag (100 nm). In this hetero structure, ITO (Indium tin oxide) acts as an 

transparent anode, PEDOT: PSS is an organic dye acts as a transparent bulk hole transport 

layer (HTL), Alq3, an ETL layer acts as an emissive green layer and silver-paste used at 

the perimeter of the Alq3 layer acts as metallic cathode. The thickness of Alq3 and 

PEDOT: PSS layers are 83 nm and 48 nm, respectively. All the measurements of the 

constructed OLED were performed without any encapsulation and subjected to 

experimental measurement at room temperature. [14-19] 
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Chapter 4: Characterization techniques to 

determine electro-optical, electro- chemical and 

structural properties OLED materials 

 

To achieve my research goal, the foremost thing is the selection of OLED material and 

their characterization. After selecting my appropriate materials, I synthesized Alq3 as 

our parent material for preparation of my electron transport material (ETL) and host or 

emissive layer (EML). I also synthesized PEDOT: PSS solution, and for making our 

hole transport layer (HTL)or HIL and V2O5 solution for making EBL layer. I prepared 

LiF slurry for my ETL and EIL and Ag-paste for my low function cathode. But for 

energy- transfer and proper tandem layer-stacking of OLED, at first cyclic-voltammetry 

is used to determine the HOMO and LUMO. Then powder form, aqueous solution and 

thin film and of those selected material were synthesized. Then to ensure the structural 

property, thermal property of the materials for determining surface-morphology, 

stability, crystalline structure, crystalline phases, particle size, particle characteristics, 

presence of specific chemical bond, fingerprint about materials, presence of specific 

functional group, I used FTIR, XRD and FESEM characterization techniques. To know 

the optical properties of the synthesized material I used UV-VIS spectroscopy, PL 

spectroscopy, Fluorescence spectroscopy. To determine the thermal stability, thermal 

properties and change in state of the material due to heating, boiling point, melting point, 

thermal degradation, I used TGA and DSC. To determine electrical properties, electronic 

properties and electroluminescence properties as well as device performance I used CV, 

,J-L-V characteristics plot, EL intensity-wavelength plot, EQE, CE, PE,EL& CIE 

characteristics plot via cyclic voltammeter, source measurement unit, integration sphere, 

El/PL measurement unit and CIE calculating software given by OSRM. So 

characterization techniques are the most important part of a research project to 

substantiate its aim. 
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4.1. X-Ray Diffraction (XRD): 

The most effective characterization technique or way to determine the crystallographic 

structural details of materials being studied is XRD. Through XRD of a chemical 

compound, chemical properties, physical properties different crystal phases of the 

identical molecular planes, crystal structure, (h k l) values, crystal- planes, nature of 

crystal can easily, XRD is a multifunctional non-destructive investigative method where 

constructive interference of electromagnetic X-ray radiations and crystal plane of the 

samples takes place. XRD is a high energetic short wavelength electromagnetic radiated 

beam. When a moving electron with high speed is passed through a high voltage 

accelerator and compelled to bombard with a metal target, X-ray begins to generate. In 

this case, the K.E. of the fast-moving electron decelerates swiftly and transforms into X- 

ray radiation. The wavelength of the X-ray is 0.02Ao to 100Ao (0.002 nm to 10 nm). The 

XRD operates according to Bragg’s law principle. For two reflected beams of light, 

constructive interference will occur if the path difference between them is an integral 

multiple of wavelength (λ)[2,3]. The minimum   intensity   requirement i s : 

 

2dsinθ=n λ [ n=1,2,3….] (4.1) 

 

 

Where n=1 denotes the first order of spectrum, n==2 denotes the second order of spectrum, 

θ=angle of the diffracted ray, d=separation of lattice- points. Bragg’s law regulates the 

elementary principles of X-ray diffraction in the sample’s crystalline structure. Here a 

monochromatic beam of X-ray incidents on a sample surface kept in flat circular sample 

holder at an angle θ but diffracted with an angle of twice the angle θ i.e., 2θ, which is 

detected by a detector and a computer software program draws the X-ray diffractogram 

of the samples on a monitor using specified software. X-ray pattern is the characteristics 

plot of the samples of a material under analysis. 

The relation between accelerating voltage of the fast-moving electrons and the wavelength 

of the radiated X-ray beam can be expressed by the following equations [1-5]: 
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λ = (1.2398 ∗ 103)/V (4.2) 

 

 

  

 

Figure 4.1: The schematic-diagram / figure of a X-ray diffraction 

spectrometer to detect and determine the crystallographic morphological 

information through powder XRD of any samples. 

 

For producing X-rays, an X-ray tube is foremostly required. We have illustrated the 

schematic diagram of the total XRD technique through figure 4.1. An XRT contains two 

metal electrodes, and a jet of accelerated electrons encapsulated into vacuum tube. When 

a strong higher voltage is applied across these two electrodes: cathode and anodes then 

accelerated electrons bombard on the hard metal target made up of chromium, iron, 
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copper, molybdenum etc and emanate X-ray beams. The generated X-ray beams are 

guided by XRT window to hit accurately at the collision–site. In spite of to produce 

different wavelength off X-ray by XRT tube, For XRD methodology only 

monochromatic X-ray beam is required. A nickel filter is used to cut off the other 

spectrum of wavelengths of X- ray beam. In a X-ray-diffractometer X-ray diffractogram 

is formed for a specified current and voltages by Cu-Kα X-rays where wavelength of X-

rays is used as 0.15406 nm where the range of diffracted angle 2θ is from 10o to 100o 

with 0.01 steps and performed at room temperature. The sample is kept in a quartz-made 

sample holder. 

XRD technique provides different decisive information on crystal orientation or texture 

of the crystal, crystal structures, crystal phases, average grain size, crystal defects, strains, 

and crystallinity. Amorphous samples give broad peaks, and crystalline samples give 

sharp pointed higher peaks. Peaks are formed from the X-ray diffracted from sample 

planes. 

By JCPDS (Joint Committee on Powder Diffraction Standards.) card number or ICCD 

(International Centre for Diffraction Data) database, phase and crystal structure of the 

samples under observation can be determined using d-spacing values and (h k l) values 

of the peaks. [1-5] 

 

   4.2.  Fourier Transform Infrared Spectroscopy (FTIR): 

 
Fourier transform infrared spectroscopy is a non-destructive analytical method that uses 

infrared (IR) absorption to measure the surface spectroscopy of a sample. In a FTIR 

spectrometer or interferometer (Figure 4.2) spontaneous alignment of the dipole moment 

is characterized by using IR aided tool. FTIR provided important information regarding 

inter or intra-atomic forces of the material’s crystal -lattice. Any inorganic or organic 

compound vibrates by six different techniques: twisting, wagging, scissoring, rocking, 

symmetrical stretching and anti-symmetrical stretching. In our experiment we use Perkin 

Elmer made FTIR spectrometer. The mutual correlation among the inter-atomic forces 

and the infra-red vibrational frequencies are truly outstanding thus IR vibrational 
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frequencies are used to detect the existence of the particular functional group in the 

sample under observation. We can find the value of energy transfer occurred between 

two adjacent energy states by following Planck-Einstein relations. : 

       

                                    ΔE =E1~E2= hυ                                                (4.4) 

 

where v represents the frequency, h=Planck’s constant and ΔE= change in energy 

respectively. When ΔE is positive the molecule is able to absorb energy but when ΔE is  

 

 

              Figure 4.2: Schematic representa t ion  of FTIR spectrometer. 
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negative, the molecule radiates its energy, and an emission spectrum is observed. For 

getting absorption of a particular molecule the above Equation (3.4) should be satisfied 

The IR spectrum is usually plotted as intensity vs frequency and exhibit absorption peaks 

when the above equation (4.4) satisfies. Within a small region of the visible spectrum (10 

nm to 1 mm), UV-VIS portion and IR portions remain active for production of absorption 

level transition among allows atomic electronic transitions. peaks during our 

spectroscopic observations. The different atomic or molecular energy between two 

orbitals due to absorption or release of energy. It is worth saying that the atoms of the 

molecules vibrate and absorb energy resulting in an atomic orbital energy level shift. In 

addition to this it also involves different energy transitions such as vibrational. rotational 

and electronic transitions. As translational energy is very small it is ignored for energy-

transition calculations. Out of the six methods vibrational spectrums exhibit unmatched 

molecular physical properties or characteristics. Hence, FTIR spectrum is considered to 

be as fingerprint identification of a material [6-8]. 

 

        4.3. Field Emission Scanning Electron Microscopy (FESEM): 

 
  Field-emission scanning electron microscopy (FESEM) is a characterization technique 

which produces a detailed high-resolution image of the surfaces of the samples under 

investigation using a stream of electron beams [9]. FESEM (Figure 4.3) produces 

electrons by utilizing its field emission gun, hence it is named so. In this method for 

higher focusing the electrons are driven through an electric field created by the electron 

gun and allowed to incident on the sample’s surface. Those electrons are directed to the 

sample-surface. The FESEM produces high-density high-resolution images of the 

sample’s surface area as electron beams are focused directly on specified small areas 

thus showing detailed images of the surface. In Figure 4.3, the various parts of the 

FESEM instrument are schematically represented. The electron gun creates a jet of 

electrons which are allowed to focus on the 
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Figure 4.3:(a) Schematic diagram of working of FESEM with all its components 

surface 

specified small area of the sample’s surface. In this case an electron gun contains condenser 

lens and apertures. The objective lens streamlines or guides the incident to an incident 

accurately on the target site on sample surface filtering unwanted beams to prevent beam’s 

broadening. To raster small surface area of the sample a scanning coil is used. By FESEM 

we can analyze the image and can detect the topology, morphology, porosity, particle size 

and particle’s shape. For this reason, FESEM is an excellent analytical method. [9-12] 

     4.4. Energy dispersive X-ray spectroscopy (EDS): 

X-rays, secondary electrons (SEs), and backscattered electrons (BSEs) are produced when 

electrons come into contact with solid materials. Of them, X-rays only can quantify, 
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analyze and detect the compositional elements of the sample under investigation. All these 

three signals provide significant information about the samples on the basis of how an 

electron encounters with a material. The EDS measurements (Figure 4.3) also identify the 

chemical composition, atomic and molecular distribution in the different parts of the 

sample.Fig.4.3. illustrates the workings of the schematic diagram of EDS systems. At 3-

5nm.depth from the upper surface the Auger–electrons are generated while at 50 nm 

secondary electron and at 500 nm of depth secondary electrons and backscattered electrons 

are generated. At 1-2 μm. depth, continuous and characteristics electrons are emitted [11-

12]. EDS measurement encounters some sensitivity-limitations. If the samples under 

investigations have elements with low concentration, we cannot be able to determine the 

accurate elemental composition in the samples. The challenges of the EDS measurements 

are: EDS cannot measure low atomic number elements which comprise of only one 

outermost shell (n=1) elements like hydrogen, helium. These elements have no required 

core electrons to emit X-ray. The EDS measurement of low atomic number containing 

elements such as beryllium and lithium which cannot be able to produce required energy 

for accurate EDS measurements. During EDS measurements to find the existence of these 

aforementioned elements is quite a big challenge. [11-12] 

 

4.5. UV-VIS spectroscopy: 

 
Ultraviolet-Visible s within the spectroscopy is an analytical methodology for measuring 

the light absorbance by the material within the range of ultraviolet as well as the visible 

region of the electromagnetic spectrum. UV-VIS spectrophotometry or UV- VIS 

spectroscopy represents the reflectance spectroscopy or absorbance spectroscopy. It is a 

complementary spectroscopical process of fluorescence. It follows the principle of Beer-

Lambert’s law. [12-14] 

A=Log10 (Io/I) = 𝜖 l c                                                                                                (4.5) 

Where A=absorbance, c = concentration, l=path length and (Io/I) = 1/T =reciprocal of 

the transmittance=(intensity of light before it passes through the sample) / (intensity of  
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Fig 4.4: Schematic diagram of UV-VIS spectroscopy 

The light after it passes through the sample). According to Beer Lambert's law, the amount 

of the light absorbed is directly proportional to the product of the distance that light travels 

across  the sample's surface, the sample's concentration, and path length. Figure 4.5 clearly 

depicts the schematic diagram of a UV-VIS spectrophotometer (Figure 4.4). A 

monochromatic light source with tungsten filament or Xenon lamp is used as the required 

light-resource. The light source's radiated light travels through the scanning 

monochromator. Scanning monochromators filter the light beam so that only one 

wavelength of light can reach the detector at a time using single photo diode detectors and 

photomultiplier tubes. The function of a monochromator is to split source light into narrow 

bands of wavelength using diffraction grating prism. The monochromator splits each 

wavelength meticulously such that the intensity of the selected wavelength can be 

enumerated by function of wavelength. The selected wavelength of light passes through 

the sample solution kept in a transparent rectangular quartz made cuvette with 1 cm 

internal width) and a reference cuvette with liquid solvent of the samples under 

investigation. The internal width of the cuvette is considered as the path length of the 
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Beer–Lambert law. The light passes through the transparent cuvette and is being directed 

to the photo detector here at first the process is performed with solvent solution for 

calibration then it is performed with the sample dissolved in a solvent. A common 

reference solution is taken acetone. Dimethyl formide, benzene as they have high UV 

absorbance cut off, below that cut off all light will be absorbed by the reference solvent. 

The photo detector received that selected wavelength of light ,once for reference solvent 

and second time for sample’s solution dissolved into same solvent, determines how much 

selected light are absorbed by the solvent and sample’s solution, the difference of 

absorbance can be visualized through a computer monitor attached with it as an analyzed 

graphical report .This graphical report is the actual UV-VIS absorbance spectrogram 

actually tells about how much light is absorbed the sample under 

investigation at specified wavelength. Thus UV-VIS spectroscopy measures how much UV 

-light or visible light is absorbed by a certain molecule for determining its chemical 

composition. UV-VIS spectrum acts throughout the Ultraviolet waves’ range (200-400 

nm) and entire visible light range (390 nm -700 nm). The electro-magnetic radiation range 

is 200-1000nm. UV-Vis. is used as an important measuring-tool for biotechnology, 

academic research, pharmaceutical, bacterial culturing, drug identification, to know 

bonding anti-bonding, optical transition, nucleic acid purity checking, for maintaining 

quality-control in the chemical research as well as in beverage industry. [12-14]. The 

relation between transmittance and absorbance [14] : 

A=𝜖lc=log10(I0/I) =log10(I/T) =-log10 (T) (4.6) 

 

     4.6. Photoluminescence (PL) spectroscopy: 

 
Photoluminescence spectroscopy or PL spectroscopy is a non-contact, non-destructive 

technique for examining materials or samples. Photoluminescence is measured by the 

spectrophotometer (Figure 4.5 and 4.6). A spectrophotometer is a measuring instrument 

which can measure the absorbed amount of light by sample under investigation. PL 

spectroscopy is a non-contact, non-destructive technique for examining materials. A 

 spectrometer and a photometer are the two instruments that make up a spectro-photometer. 
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While the photometer gauges the light's intensity, the spectrometer can generate light at any 

desired wavelength. The sample, liquid, or solution in a spectro-photometer is positioned 

between the photometer and the spectrometer. A voltage signal is sent to the computer 

monitor or detector display connected to a spectrophotometer in this case by the 

photometer, which measures the amount of light that passes through the sample being 

observed. Any changes occurred in the light-absorption, the voltage signals change  

                      

             Fig 4.5: Schematic diagram of photoluminescence spectroscopy 

 

accordingly resulting in multi-shaped or multi-sized plotting which has multipurpose 

determinant application. Spectroscopy measures the light intensity of the source light along 

with its absorption. A spectrophotometer's fundamental parts include a monochromatic 
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light source, a monochromator, a collimator to transmit light in a straight line, a quartz  

 

Figure 4.6: Block diagram of photoluminescence 

 

cuvette, a digital display, a wavelength sector that sends a laser beam with the desired 

wavelength through the sample, and a photoelectric detector that is connected to a 

computer monitor. The spectrophotometer compares two light intensities when light is 

passed through blank solution before calibration is” Io” and the intensity of light after 

calibration is “I”. Sample’s fluorescence is recorded and evaluated through an analytical 

device which is known as spectrofluorometer. It can measure fluorescence through 

scanning emission wavelength and excitation wavelength or both. In a fluorescence 

spectrometer laser source of light is allowed to pass through a wavelength- splitter tool 

or monochromator or excitation monochromator a n d  an emission monochromator 

using slits. Then, at first the selected wavelength for excitation and then emission 

wavelength is driven towards a detector which amplifies the signal through an amplifier 

and then recorded using a recorder attached to the system. We can observe different kinds 

of plot which confirm different physical and chemical properties. [14-20]. In our research 
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photoluminescence properties of mer-Alq3 have played a crucial role. Alq3 is a 

transparent highly fluorescent organic small molecule n-type semiconductor. To tune its 

photoluminescence is our one of the important pre-requisites. The result of 

photoluminescence plot gives a rough idea of the nature of light it reflects, and this 

information also helps to find CIE chromaticity co -ordinates or chromaticity characters 

of extracted light from Alq3 emitter-based devices,   

4.7. Cyclic voltammetry (CV): 

A type of potentio-dynamic electrochemical technique called cyclic voltammetry is used 

to measure the HOMO and LUMO energy levels of the sample under consideration as well 

as to observe the redox behavior, or the reduction and oxidation processes of molecular 

species. During oxidation process (potential) electrons are being removed from the HOMO 

energy level whereas reduction process (potential) represents the material’s LUMO energy 

level. By the help of cyclic voltammetry, we can determine the Eox (Oxidation potential) 

and can know the energy transfer feasibility and also get a better idea about the 

relativeenergy of the molecular orbitals of the composite polymers under observation. 

For this, dip-coated film on glassy carbon electrodes is considered for cyclic voltammetric 

analysis. The primary parts of a CV system (Figure 4.8) include a potentiostat, an 

electrochemical cell for electrolysis that also has three electrodes: a reference electrode, 

a counter electrode, a working electrode, and a current to voltage converter. Additionally, 

there is a system for recording data. All three electrodes remain sunk in the electrolytic 

solution. A potentiostat produces a constant potential by using dc power supply and 

maintained that voltage until it is changed at the same time it allows a small amount of 

current without any voltage change. Cyclic voltammetry works on the principle of Nernst 

equation.CV measures the amount of current generated in an electrochemical cell under 

where excess voltage is developed compared to the prediction of Nernst Equation -------

- 
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Figure 4.7. Schematic diagram of cyclic voltammetry and cyclic voltameter 

 

 

for the reversible electrochemical electron transfer of X  + e- ⇆  𝑋 − 
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where E is the potential of an electrochemical cell, Eo is a species' standard potential, T is 

temperature, n is the number of electrons, R is the universal gas constant, and F is Faraday's 

constant. 

In CV, a potentiostat is swept linearly between the working electrode potential and 

reference electrode potential until it gets its present condition or magnitude. Then, in this 

way the same process should be replicated many times. During each single and reverse scan 

changes of current between those probes (electrodes) are noted immediately. A duck 

shaped diagram is created on the potential (V) vs reference electrode graph. [21-24] 
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       4.8. Differential Scanning Calorimetry (DSC): 
 

We can perform thermal analysis of a sample under investigation via Differential Scanning 

Calorimetry, an important thermal–analysis technique. Through DSC we can calculate the 

exchange of heat energy that occurred at the time of physical change or chemical change 

of any material under constant applied pressure. The DSC instrument (Figure 4.9) can 

measure the changes in thermal property of a sample on the basis of heating a thermally 

inert reference sample within a fixed range of temperatures. High precision and controlled 

heating rate based thermal analysis can be analyzed within a wide extent of temperatures. 

All these measurements are studied under the influence of the inert environment by 

flowing nitrogen (N2) gas. In DS calorimeter, oxygen or air is flowed to investigate the 

oxidative properties of samples. DS Calorimeter is a single furnace -based equipment 

which works on the principle of heat-flux measurement. It consists of temperature-

sensors made up of thermo-couples. It also allows photo-calorimetric measurement using 

photo-calorimetric accessory with DS calorimeter. A DS calorimeter can also measure 

different applications as follows: melting point, glass transition temperature, 

crystallization time, crystallization temperatures, percentage of crystallinity, heat 

capacity, oxidative stabilities, thermal stabilities, thermal curing, polymorphism, quality 

of the product, purity analysis etc. According to measurement methods DSC mainly 

are of two types: (1) Heat Flux DSCs: and (2) Power Compensation DSC. Heat Flux DSC 

is basically a methodology used for measuring temperature difference as a function of 

temperature between the reference material and the sample material (called as sample unit 

all together) when the temperature of that sample unit is altered in a specific program. 

However, when the temperature of that sample unit is changed in a particular program, 

the Power Compensation DSC technique measures the thermal energy difference per unit 

time between reference material and sample material as a function of time to match their 

temperature The following parts make up a heat flux DSC: heater, heat sink, heat resistor, 

reference holder, and sample holder. through the use of a heat resistor and a heat sink. 

The heater transfers its thermal energy into reference and sample holders. The amount of 

heat flow is directly proportional to the heat differential between the sample unit and 
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Figure 4.8: Image of Differential Scanning Calorimeter (left) and block- diagram 

of heat flux Differential Scanning Calorimetric Instrument and working principle 

 

the heat sink.The amount of heat-flow is directly proportional to the heat differential 

between the sample unit and the heat sink. The heat sink's heat capacitance in this system 

is higher than the sample material's heat capacitance. Heat sink compensates for the 

exothermic or endothermic phenomena such as reaction, transition etc. occurred 

in the sample. In this way the temperature difference between reference and the 

sample remains constant. A direct proportionality exists between the temperature 

differential between the reference and sample holders and the quantity of heat-energy 

supplied to each holder separately. We can use DSC to calibrate any standard material so 

that we can perform quantitative measurements on any unknown sample. [29–31]  
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4.9.Thermo gravimetric analysis (TGA): 

        

 

Figure 4 9 : Image of Thermo gravimetric analyzer instrument (left) and schematic 

diagram of thermo gravimetric analysis technique (right) 

Thermogravimetric analyzer is an instrument which evaluates the change in 

weight% or mass % of any sample-material due to different physical changes 
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or chemical changes occurred with the variation of temperature of that 

sample.TG analyzer senses change in mass during all these thermal events like 

absorption, desorption, vaporization, sublimation, reduction, oxidation, 

decomposition etc. In thermogravimetric analysis, the sample-material is heated 

under the given environment (environment of CO2 , N2 , air, Ar, He etc.) at regulated 

rate. As time and temperature change, the mass or weight change of the material being 

studied is noted. For a predefined initial weight or a mass of fundamental principle of 

TGA. A software program of the TG analyzer instrument studies all thermal 

e v e n t s  t h a t  occurred i n  the substance over a specified range of temperature. 

This TG analyzer instrument (Figure4.10) is compatible with outstanding 

temperature reproduction capability as well as it can be fully functional over 

wide iso-thermal range. Tap water is used to cool down the heating furnace 

quickly. In this equipment, many samples can be studied easily even in less 

time by using integral forced air. Balance purge gas is used to maintain a 

balance environment inside the equipment and protects the balance from the 

materials as well as reactive purged gas from sample-material.The change in 

mass or weight of the sample is measured through a microbalance. This 

instrument also contains an anti- corroded substance to protect the furnace from 

corrosion. An integrated mass - flow controller   system is used for controlling 

and monitoring purge -flow rates and switching over between two gases used 

for experiments. TGA is used for the following important functions: 

measurement of volatile substances, oxidative-stabilities, thermal-stabilities, 

flammability-studies, compositional-analysis, catalyst-studies, coking-studies, 

decomposition- temperatures, engine-oil volatility [32-33].  

 

4.10. Electroluminescence and Photoluminescence (EL and PL) intensity 

vs wavelength plot and its measurement and analysis using EL/PL analyzer:  

An EL/PL measurement system (Figure 4.12 and 4.12A) consists of following 

components: Spectrometer, Laser, Lock-in amplifier, PMT/CCD, Optical Chopper, 
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Optical fiber, EL/PL Sample Holder, Sample Chamber ,low temperature Refrigerator, 

Vacuum generator, Optical optics and related other accessories The sample-wafer under 

test is kept on an in-built aluminium chuck, attached with multi-directional (with typical 

XYZ configuration)   

  

 

 

            Figure 4.10: Image of Electroluminescence and Photoluminescence analysis scheme 

movable platform by means of three step motors (made by Micos VT- 80) , under vacuum 

atmosphere. There is one (or two) position adjustable tungsten-made probes for biasing 

the samples. A source-meter (Keithley2430) is utilized to set up voltage- difference amid 

the chuck and probe/probes and to measure the change in current simultaneously. It 

also facilitates simple mode pulse operation and also measures the voltage for fixed v  
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current. A microscope and a camera attached with the microscope are used for 

appropriate placement of the probe/s and for capturing the images of the wafer of the 

sample under test respectively. Three separate detection techniques are used to capture 

the amount of emitted light from the sample surface. Likewise biasing an optical fiber is 

put just on the top of the wafer with the help of a probe to collect and measure the amount 

of emitted light by the sample and to measure and analyze the spectrum formed due to 

this through a spectrometer aided by Perkin Elmer. A sensitive PMT (photomultiplier 

tube) biased with a voltage source is used to measure arbitrary units of power and 

improve the degree of signal to noise ratio. The output of PMT is linked with a lock-in 

amplifier. The output of the source-meter sends reference signal which is converted into 

pulsed-mode signals. A software program (Lab view) of a computer controls the  

Figure 4.10A: Schematic block diagram of workings of EL and PL analysis scheme 

(right) 
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operations of source meter, step motors and chosen detection system altogether. This 

software program also helps to measure voltage-current or current – voltage (I or V) 

sweeping and EL or PL spectrum or EL or PL intensity simultaneously. This also 

correlates electrical characteristics of the sample with the EL signal. The amount of 

power density or emitted total power output per unit area of the emitters and per unit 

solid angle is dependent on the emission profile as a function of observation angle 

followed by Lambert’s cosine law as: 

                             I(θ, φ) = Imax cos(θ) W sr−1 m−2 (4.8) 

Where φ = angle of revolution lying within the range of [0, 2π] and θ =azimuthal angle 

created with the normal drawn to the emitter which lies within the range of [0, π/2]. [37-

38] 

 

4.11.J-L-V(current density-luminance-voltage or I-L-V(current-

luminance-voltage) plot, power efficiency(PE) plot and current 

efficiency(CE)plot using Source measurement unit or source measure 

unit or source meter unit (SMU): 

An electronic automated test device or tool that can simultaneously measure and source 

voltage and current is called a source measure unit, SMU, or source-measurement unit. 

It has the ability to measure source voltage, source current, and their resource precisely. 

Four- quadrant source and sink power measurement is provided by a source meter unit 

(SMU). It also gives 5- in-1 functions that can be performed in single instruments. An 

SMU is a five- in- one device that combines the practical features of a digital multimeter 

(DMM), pulse generator electronic load, power supply, and current source into a single 

small package. These four functions are: source voltage, source current, measure voltage 

and measure current. Thus, these four instruments provide a 5-in-1 source-function which 

includes sink capability. For this reason, these instruments can be utilized as electronic 

loads. 
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A source measure unit (Figure 4.11) integrates a DC aided stable power source as a steady 

voltage source or a steady current source and an accurate multimeter. (Figure 4.11) 

Typically, this SMU consists of four (4) terminals,1(one)for measurement and 1 for 

source ,1 for remote sense or kelvin and 1 for 1 for connection. DC power is passed 

simultaneously through a pair of terminals, positive (source) and negative(sink), at the 

same time for sourcing and sinking as well as for measuring the amount of voltage or 

current passed across through those two terminals. Here both sourcing current and 

sourcing voltage spins across the positive values and negative values via both positive 

and negative terminal. So. a SMU always contains 4- quadrant based outputs. A SMU 

have ability: to measure resistance versus, voltage characteristics or resistance vs. current 

characteristics, to precise source as well as to measure current–voltage characteristics 

individually or simultaneously, can measure current source in the range of 100aA to 50A 

current and also a volt source in the range of 100nV to 3kV voltage with resolution of 

6½ digits. It also runs the production tests comparatively 60% faster than its other 

counterparts. A SMU can gain more than 10X throughput. Thus, a SMU performs its job 

very fast thus saves time with its maximum speed. It can measure current density-

luminance-voltage characteristics plot and luminance-current-voltage and I-V 

characteristic- plot of a semiconductor based electronic device like diode, LED, 

transistor, OLED etc. It is bench equipment which works like a curve tracer does. It also 

has a USB or GPIB interface facility for establishing connectivity between a PC and SMU. 

and luminance-current-voltage and I-V characteristic- plot of a semiconductor based 

electronic device like diode, LED, transistor, OLED etc. It is bench equipment which 

works like a curve tracer does. It also has a USB or GPIB interface facility for establishing 

connectivity between a PC and SMU. 
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Figure 4.11: Image of schematic diagram of Source Measurement Unit (SMU) 

(left) and image of Source measurement unit Keithley 2360  

 

Some notable features of SMU are as follows: 

On-board processing- SMUs have capability of adding user defined on board script 

processors to improve test time, communication time and also instrument integration-time 

additionally apart from its basic functionalities. A SMU can control test flow, test 

sequencing, instrument autonomy and decision-making ability by on-board script 

performance technique. 

Current- and voltage (I&V) sweeping: The sweeping characteristic of a SMU helps it 
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to test DUT (devices under test) to measure different characteristics with respect to different 

range, different conditions, different sources, delay and different measuring criteria. A SMU 

allows pulsed sweeps, fixed level/valued sweeps linear sweeps and logarithm-based 

sweeps. 

Contact checking-SMU can check the quality of connections made with the testing device 

before its test. Thus, A SMU can measure the following characteristics of a testing device, 

connection breakage, current/voltage leakage, loose connections, short circuit, contact 

fatigue, corrosion, contamination, broken connections, relay failure etc. [34- 36]. 

 

 4.12. Chromatic diagram analysis (on the basis of CIE 1931): 

 
C.I.E. diagram is usually used to find out the physical value of a colour within a range or 

gamut. C.I.E diagram typically represents all average person’s perceivable chromaticity. 

It also evaluates the range of the colours under test and finds its allied complementary 

and dominant colours. CIE is the acronym of Commission Internationale de I’Eclairage. 

This is a organization which brought the concept of CIE diagram in the year 1931. CIE 

chromaticity diagram is used to characterize colours using Y, a luminance parameter, and 

x and y, two color co-ordinates for specifying a point on CIE chromaticity space diagram. 

These three parameters are basically influenced by the measurement of sensitivity curves 

for the human eyes and dependent of the spectral power distribution of emitted light from 

the surface of colored objects. The Human eyes have three different kinds of colour- 

sensitivity cones cells i.e., eye-responsive tri-stimulus values. Thus, any colour can be 

represented by two colour coordinates i.e., x and y respectively. In chromatic diagram a 

triangle is drawn to join the coordinates of three primary colours or RGB colours to 

represent any matching colours by combining those RGB colours. 

The Chromaticity diagram represents the colours of spectrum and also their mixtures on 

the basis of three existing primary colours i.e., RGB (Red, Green and Blue) in them. 

Chromaticity is established on the basis of two parameters: saturation and hue. 

Chrominance is another parameter formed due to the combination of two parameters i.e. 
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Table 4.12: Chromaticity diagram of pure Alq3 powder -based ITO/PEDOT:PSS/Alq3/Ag 

 

saturation and hue. In chromatic diagram visible colours of spectrum are represented by 

(x,y) coordinates where horizontal and vertical axis are represented by x and y. Various 

pure saturated colours of the spectrum on the basis of RGB colours are recognized along 

the perimeter of the MacAdam ellipse. In the middle portion of the curve pure white 

colours are found which is represented by point C. The white colour region is formed by 

admixing three spectral primary colours (RGB) of the spectrum with the following 

wavelength: Red=700 nm, Green=546.3 nm and Blue=438.8 nm. The corners and the 

boundary of the MacAdam ellipse or chromaticity diagram represent three primary 

colours and are completely saturated.  
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                     Table 4.1: Chromaticity data of pure Alq3 powder 

 

 

 

 

 

 

The CRI CIE chromaticity diagram is another important term for chromaticity          

                          

determination of a light source. CRI CIE diagram is the visual demonstration of CIE 

color, where the location of the light source on the CIE chromaticity diagram denotes its 

CRI (Color Rendering Index). CIE CRI represents how it renders the color of the 

substance in comparison with a reference or known light source. The higher CRI means 

better color fidelity while lower CRI will describe lower fidelity color of the substance. 

[41-53]. 

                                      

4.13. Integrating sphere for external quantum efficiency (EQE) 

determination: 

Integrating sphere or Ulbricht sphere is an important optical instrument consisting of a 

spherical hollow cavity (Figure 4.14) having a diffused white colored reflective layer in 

its interior wall and also contains a light-entering small holes and an exit port. The 

working principle of an integrating sphere is uniform diffusing or scattering effect of 

Compound CCT CRI R9 x y CIE 

coordinates 

λemission 

Pure Alq3 

powder 

annealed at 

150 oC 

6143 K 98 92 0.29891 0.32621 (0.29891, 

0.32621) 

520.1nm 
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Figure 4.13: Block diagram of integrating sphere 

 

 

light rays entering through the entrance-hole. Incident light rays are reflected or scattered 

multiple times from a point on the inner layer by the reflective white inner layer of the 

integrating sphere and equi- distributed to other points. [54-63] 

4.14. Instruments used for grinding powder, pellet making, spin-

coating and thin film fabrication: 

Apart from characterization techniques three important instruments were used for 

different purposes: (1) agate mortar and pestle set for crushing and grinding amorphous 

irregular or crystalline powder into fine powder preparation (2) cold dye set and KBr 

press instruments for circular pellet formation and (3) spin-coater for spin-coating and 

fabrication of uniform stacked layer of OLED materials one after another vertically over 
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PET coated ITO anode and substrate. The following three instruments are discussed 

with figures as follows: 

1. Mortar and Pestle: Generally, agate porcelain mortar and pestle-these (Figure 4.7.1)  

 

 

Figure 4.14.1: The image of agate mortar and pestle used for fine grinding 

 
 

 

2. two tools (Figure 4.7.1.) together are used in laboratory to grind and crush the 

amorphous powder or crystalline materials into fine powder or uniformly dense paste. 

The hard unglazed high temperature-resistant porcelain made mortar, and pestle can 

crush or grind most of the powder or crystalline materials into evenly distributed fine 

powder. In the laboratory polished agate mortar and pestle set are used preferentially due 

to contamination-free, low porosity and cost-effective polished hard layer of agate. These 

keep the purity of the powder materials during crushing and grinding powders. 

3. Cold press die set and KBr press instrument: 

 

In our project at first, we synthesized mer-Alq3 powder. Then we dried the powder after 

heating at 40 oC through heating plate. We made desired number of Alq3 and Alq3 – 

derivative based dry circular pellets with 12 mm. diameter applying hydraulic pressure on 

the amorphous or crystalline powder in KBr Press instrument (Figure 4.7.2) along with the 

help of cold press die-set. KBr press is a mini efficient hydraulic press for exerting 
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Figure 4.14.2.: Image of Athena 500x500 cold press die set box with 12 mm. 

diameter (left) and KBr press instrument (right) 

 

pressure on the powder specimens up to 15 Tons. On the other hand, cold powder pelleting 

press die set is a velveted teakwood made box. This box contains plunger rod, die-sleeves, 

spacers (2x), a release ring having a viewing slot and a base plate. This circular pellet 

pressing die sets are essential tools for producing circular pellets with desired diameters 

meticulously in the range of mm. to inch. 

4. Spin coating using spin-coater:  

Spin coating (Figure 4.7.3) is considered as one of the cost-effective industry-

spearheading methods that is used for depositing uniform thin film of liquid or as- 

prepared sample- materials over a uniformly planar functional-substrate by applying 

centrifugal force. No chemical constraints are placed in this case on thin films; the 

deposited thin films are the simple thin uniform layer of sample-materials having 

thickness ranging from few nm (nanometers) to few µm (micrometer). In this case, a 

uniform planar substrate or electronic 
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 Figure 4.14.3: Schematic diagram of spin-coating technique (left) and image of 

spin coater machine (right) 

 

wafer is tightly fastened on a circular chucker or work piece. This circular chucker 

contains a hole at the center of it. A rotating spindle remains attached to the chucker. The 

planar substrate remains tightly fastened over the circular chucker by using vacuum 

pressure through a vacuum pump. The liquid sample of interest is poured drop- wise 

through a syringe or dropper onto the center of planar substrate for thin film deposition 

Then, the planar substrate placed on circular chucker is accelerated centripetally. This 

results in the uniform spreading and deposition of uniform thin film surface of sample-

material across the planar substrate through centrifugal force. That rotating planar 

substrate throws off the excess liquid or sample- material from its circular surface-edge 

thereby leaving uniformly spread thin film on the planar substrate surface. In a typical 

spin-coating process, the speed of the rotating work piece is controlled on the basis of the 

substance- properties of the sample-solution. Here the viscosity of the sample governs 

the resistance to flowing uniformly to get homogenous surface-texture. The speed of 
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rotation varies from 500 rpm (rotation per minute) to 12000 rpm based on solution’s 

viscosity. The flow characteristics of the sample's solution are also controlled by its 

surface tension. The percentage (%) amounts of solid particles present in solution controls 

the electrical -mobility or end-use properties (or wettability) of deposited thin film. In our 

project, we form four (4) Alq3 and Alq3 derivative or Alq3-nano- composites based 

vertically stacked architecture of OLEDs i.e., ETL, EML, HTL, HIL, Cathode, by using 

spin-coating method over a transparent planar ITO–coated PET sheet anode cum 

substrate .Our solutions of interest were mer-Alq3 annealed at 150oC, ZnO:Alq3 nano-

composites,Eu:Alq3 nano-composites and Nd:Alq3 composites as EML and ETL 

,PEDOT:PSS as HTL, V2O5 as HIL for fabrication of our four devices: device-1, device- 

2, device-3 and device-4 respectively. [25-28] 
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Chapter 5: Effect of growth temperatures on the 

structural and optical properties of bulk pristine 

tris-(8-hydroxy quino line) aluminium (III) 

Abstract: 

Bulk samples of Tris (8-hydroxyquinoline) aluminium (Alq3) were prepared using wet 

synthesis method followed by annealing at 50 oC, 100 oC, 150 oC and 200 oC for 2 hours. X 

ray diffraction pattern showed the formation of Alq3 crystal, which is constituted of Al atom, 

anions of 8-hydroxyquinoline (8-Hq) and porous Al2O3 - Al(OH)3. structure. The spectra of 

FTIR (Fourier-transform infrared) reveals that annealing Alq3 at 50 oC reduces the C=C 

peak to negligible but reappears when annealed at 150 oC. FESEM on as-prepared Alq3 

shows hexagonal rod-shaped stacked structures which on annealing at 50 oC changes to 

tetragonal agglomerated grains along with appearance of oval and circular shaped pores on 

it. From fluorescence spectroscopy it is found that the peak intensity changes non- 

monotonically with annealing temperatures followed by red shift and blue shift of peak 

maximum at 150 oC and 200 oC respectively. The temperature dependent change in the 

properties is mainly attributed to the onset of hydrolysis in Alq3 and change in the electronic 

transition levels. 

5.1. Introduction 

Organic Light Emitting Diode (OLED) also known as organic electroluminescent is a solid- 

state device that is being used in multiple technological platforms like lighting industries, 

displays for television, mobile phones, cameras and many more [1-5]. In recent years, OLED 

has drawn huge attention for its longer durability, low driving voltage, wide range of color- 

mixing, higher optical luminous efficiency and easy fabrication technology [5-8]. 

Alq3 or Tris–(8-hydroxy quinoline)aluminium is one of the intriguing electroluminescent 

electron transporting material which has built up a great interest among scientists for its 
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excellent electrical and optical characteristics [1, 3, 8, 9]. High electrical conductivity and 

bright effulgent luminescence property makes it a desirable candidate for making flexible 

OLEDs [8]. Moreover, functional antifouling coatings with Alq3:TiO2 has found to have an 

efficient inhibitory effect on the growth of algae, thus leading to promising antibacterial 

activity against unwanted bacteria [9]. Further, organic semiconductors based on Alq3 when 

doped with tetracyanoquinodimethane, can behave as an organic photo detector as reported 

by Vergara et.al.[10]. Alq3 is an organic polymeric semiconducting material wherein a 

heterocyclic octahedral organic chelate complex of quinoline ligand is coordinated with an 

aluminium metal atom [4,11]. The molecular structure represents MN3O3 type compound 

where M involves a trivalent metal, N signifies nitrogen atoms & O represents oxygen atoms 

[11]. On addition, Alq3 has 2 isomeric polymorphs: facial (fac-Alq3) and meridional (mer- 

Alq3) which have C3 and C1 symmetry respectively. Interestingly, it can be tuned to have 

red or blue shift of green light when Alq3 is mixed with other organic (PMMA matrix) or 

inorganic (SiO2) semi conducting materials [11]. The energy of creation of excitons 

associated with Alq3 green emission centers has been found to around 6.86 eV at 300 K and 

6.78 eV at 10 K [12,13]. The temperature and wavelength dependent on tunable property 

can be heavily utilized in solar cell and OLEDs applications [8]. However, the device 

performance of Alq3 is highly affected by thermal and structural instability when exposure 

to air, water and Joules heating due to electric field [14, 15]. The main reason behind the 

instability has still remained a subject of debatable. In our study, we fabricated bulk Alq3 

powder through wet synthesis process and annealed at different series of temperature 

[16]. The central idea is to carry out systematic study and recognize the changes in the 

optical and thermal properties in respective systems which are annealed at different 

temperatures during the process of synthesis [16]. 

Degradation, instability and chemical failure are some of the crucial issues that limit Alq3 

as ETL or host material for OLED applications [14]. Chemical reactions such as hydrolysis 

and oxidation are mostly held responsible for its dynamic behavior. On exposure to 

atmospheric conditions, two remarkable changes are found to occur: (1) some amount of 
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moistures or trace water vapor hydrolyze Alq3 and converts it into 8Hq(8- 

hydroxyquinoline) and instable hydroxylated aluminium quinolate (Alq2OH) and (2) rest 

amount gets evaporated with the increase of annealing temperature losing moisture and as a 

result of further heating, destabilization of Alq3 bond initiates and three quinolinate ligands 

set themselves free [14, 15].There have been some reports on the study of properties of Alq3 

thin film and its derivatives which have been annealed in nitrogen, oxygen, humid air but 

very limited studies have been reported on Alq3 amorphous bulk system [16, 17,18]. In our 

present study, the main aim is to find the changes that occurred in the optical properties, 

morphological and elemental changes of as synthesized mer-Alq3 powder. This information 

can be used in order to design high performance OLED and offers excellent potential to 

improve the optical parameters of solid-state lighting technology and solar OPV cells 

operating in ambient conditions. 

5.2. Experimental Methods: 

1. Synthesis of Mer-Alq3 powder and its aqueous solution: 

Tris (8-hydroxyquinoline ) aluminium (Alq3) was synthesized by wet synthesis method as 

proposed by J.G. Mahakhode et al. with small changes in few steps but keeping the main 

procedure intact [17]. Firstly, 5 grams of 8-hydroxyquinoline (8-Hq) (C9H7NO) were 

dissolved in 25 mL of acetic acid and added 25 mL of double distilled water. The mixture 

was heated along with stirring at 50 oC for ½ h until a transparent orange solution (solution 1) 

was obtained. Secondly, 4.31 gm of Al(NO3)3, 9H2O (LOBA) was of double distilled water 

and then the mixed solution was heated at 50 oC along with continuous stirring until a clear 

white transparent solution was formed (solution 2). Thereafter, solution 1 and solution 2 

were mixed with constant stirring for 10 more minutes after which 25 mL of ammonium 

hydroxide (NH4OH) was added dropwise to get a yellow-green precipitate of Alq3 which 

was further filtered and washed 10 times 
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Scheme 5.1: Schematic diagram of wet-synthesis procedure of Alq3 

 

with warm double distilled water until the filtrate became colorless transparent solution. 

The residues on filter paper were collected and dried at around 60 oC for 2 hours to evaporate 

the dissolved moistures and finally yellow green powder of mer- Alq3 (Al(C9H7NO)3) was 

obtained [17-20]. The steps involved during the synthesis are clearly depicted in a schematic 

diagram represented as scheme 1 

The chemical reaction that took place is as follows: 

 

3(C9H7NO) +Al(NO3)3.9H2O → Al(C9H7NO)3 + 9H2O+ 3(NO2) (5.1) 

 

The dried Alq3 powder was grinded and converted into pellets of diameter 12 mm and 

thickness 1 mm by using 15 tons of hydraulic pressure on KBr die set. For systematic study, 

Alq3 powder pellets were annealed at 50 oC, 100 oC, 150 oC and 200 oC in an hot air oven 

for 2 hrs. with a constant heating rate of 2 degrees per minute. Here, in the case of Scheme- 

2, 8-Hq molecules play a pivotal role in the presence of atmospheric hydrogen where 8-Hq 

molecules get deprotonated leading to lose its hydroxyl groups which corrode on the surface 

of Alq3 [21-24]. On the other hand, 8-Hq molecules formed through hydrolysis of Alq3 get 

oxidized with excess amount of oxygen, thus forming a non-emissive polymer: 8-hydoxy 

quinoline N oxide (NEP) [25]. The corroded Alq3 molecules get direct contact with oxygen 
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and form a semi or meso-porous Al2O3 layer on Alq3 which further reacts with humid air 

and forms Al(OH)3. 

 

 

 

Scheme 5.2: Conversion of Alq3 to non-emissive polymer 8-hydroxy quinoline- N- oxide 

(NEP) 

The aluminium hydroxide is found to decompose into Al2O3 and water molecules to some 

extent. As a result, a porous semi porous Al2O3-Al(OH)3 hetero layer was formed on Alq3 

structure and during cooling the 3 freed atoms 8-Hq again recrystallized and agglomerated 

which increased the particle –sizes of porous Al2O3 [21-26] (Vide Scheme 2). 

5.3. Results and discussions: 

A. Morphological study: 

1. X-ray Diffraction spectroscopy of Alq3 pellet and its analysis: 

Figure 1 shows the XRD spectroscopy analysis of as-prepared Alq3 and the same annealed at 

different temperatures. It is observed that the Bragg reflections peaks of bulk as- prepared 

Alq3 (sample A) are detected at 2θ= 10.7o, 12.8o, 13.6 o, 15.2o, 15.9o, 17.1o, 18.3o, 21.3o, 22.4o, 

23.2o, 24.4o (JCPDS card No. 26-1550). When pellet of Alq3 is annealed at 50 oC (sample 
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Figure 5.1: XRD spectra of as prepared bulk Alq3 (Sample A) and Alq3 pellets 

annealed at (1) 50 oC (Sample –B)  (2) 100 oC (Sample-C) (3) 150 oC (Sample 

D) and (4) 200 oC (Sample-E) 

 

B), the sharp peaks are found to appear at 2θ: 11.2o, 12.6o, 15.0o, 15.6o,22.6o which 

corresponds to crystalline planes (-202), (-220), (131), (202) and (051) respectively (PDF 

pattern 00-010-766]. For sample annealed at 100 oC, the intense sharp peaks are found at 

2θ:11.0o, 12.6o, 14.8o, 15.5o, 22.5o which corresponds to (-202), (-220), (-112), (131), 

(202),(051) and (102) crystalline orientations (PDF pattern 01-076-1381). Whereas when 

Alq3 pellet is annealed at 150 oC, more sharper peaks are found at 2θ: 11.2o, 12.6o, 14.9o, 

15.7o,22.5o which corresponds to (-202), (-220), (-112), (131), (202), (051),(211), (221) and 

(460) crystalline planes (following PDF pattern 00-010-0789). Interestingly, when the 

sample is annealed at 200 oC, the diffraction peaks become highly intense and sharp as 

compared to 150 oC. The large peaks are found at 2θ: 11.2o ,12.7o, 15.1o, 15.8o, 22.7o 
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(following the PDF pattern 00-044-0696) which corresponds to the crystalline planes (-

202), (-220), (-112),(131), (202), (051), (131), (202), (051) and (033). 

From table 5. 1 and figure 5.1: it is well observed that the Bragg reflection peaks for B (at 

50 oC) are broad peaks, and intensity is higher compared to as-prepared Alq3 powder. The 

prominent sharp peaks of as-prepared bulk Alq3 (A) at 2θ = 10.7o disappears in case of 

sample B, sample C and sample D and the peaks are of longer and broader in size and width 

respectively.  

Table 5.1: The morphological details of bulk Alq3 powder (Sample-A) and four 

annealed Sample-B, Sample-C, Sample-D and Sample-E 

This depicts the increase of crystallinity in the sample due to annealing. The sharp peaks 

found at 200 oC are attributed to (-202), (202), (200), (202),220), (411), (400), (111), 

(116), (442) and (620) crystalline phases which are formed due to porous Al2O3 on the 

surface of Alq3. (JCPDS Card No 33-0018). (101), (110), (220), (1-10) &(102) 

crystalline phases are attributed to Alq3; (110) is mostly attributed (to annealed Alq3 

whereas (311) & (110) crystalline phases are attributed to Al(OH)3 (JCPDS Card No. 

21- 1307 and JCPDS Card No. 24-1879]. (220), (400) and (040) crystalline phases are 

attributed to 8-hydroxy quinoline and it also proves that (400), (311), (110) and (220) 

depicts the formation of Alq3 crystal (which is constituted by the Al atom ), 8-Hq and 

porous Al2O3-Al(OH)3 as per JCPDS Card No 33-0018 [27-32] 

Sample 

Name 

Annealing 

Temp(oC ) 

Lattice Lattice Parameter 

(Ao) 

Volume  

(c.c. ) 

Mol.wt. 

(gm/mol) 

A Room 

Temperature 

Poly a=10.3,b=13.74,c=8.2 386.72 459.4 

 crystalline 2   

 triclinic    

B 50 tetragonal a=b=4.9,c=19.4 479.4 137.7 

C 100 tetragonal a=b=21.1, c=19.4 3287.4 264.8 

D 150 orthorhombic a=19.7, b=35.7, c=7.3 5162.7 384.64 

E 200 orthorhombic a=20.1, b=20.0, c=13.4 5373.4 60.08 
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2. FESEM (scan electron microscopy) images and its analysis: 

Figure 5.2(a): FESEM images of Alq3 powder annealed 50 oC having 7500x and 

50000x magnification. The inset shows the image for as -prepared Alq3 without 

annealing, (b)FESEM images of Alq3 annealed at 100 oC (40x & 50000x 

magnification), (c)FESEM images of Alq3 annealed at 150 oC (15000x & 25000x 

magnification) (d)FESEM images of Alq3 annealed at 200 oC (15000x & 25000x 

magnification) 

Figure 5.2 (a) shows the FESEM images of Alq3 pellet annealed at 50 oC where several 

tetragonal agglomerated grains of Alq3 along with oval and circular pores are seen 

throughout the surface. The inset of fig. 2 (a) shows FESEM image of an as-prepared Alq3 

bulk which resembles stacked nanorods with discrete and clustered layered structure where 

no pores are found on the basal surface of the Alq3 nano particles. The nano rod clusters as 

(a) (b) 

(c) (d) 

Pores 
Agglomeration 

grains 

Hexagonal 
Nanorods 

 
Stacked layer 

                   
100nm 
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found match well with the published report on Alq3 nanoparticles. The average diameter 

of the pores is found to be of ~ 250 µm and the tetragonal grains possess average length of 

~ 300 µm along a-axis which further encounters phase transformation during its 

crystallization as moisture evaporated. On increasing the annealing temperature to 100 oC, 

no such remarkable changes appeared except the diameter of the grains increases to ~ 

500µm in length and decrease in number of pores as found from figure 2(b). Many small 

pores are found to overlap with each other to form big pores with porous diameter greater 

than 200 µm. But there are also several numbers of small pores having porous diameter 

less than 200 µm. At this stage, the grains possess a tetragonal shape with a length of 

around 600 nm and a wider diameter of 450 nm along a-axis. In figure 2(c), with the further 

increase of temperature to 150 oC, the porosity tends to decrease, and the pores tend to 

coalesce with each other. The defects found in the basal surface of Al2O3-Al(OH)3 layer 

as seen in case of fig 2(d), are reducing gradually in the temperature range between 100 

oC and 150 oC whereas the size of the orthorhombic granular agglomeration increases in 

length and width. At 200 oC, the porosity loses its shape completely and leads to 

agglomeration of stacked layers of hexagonal nanorod of non-emissive polymer 8-

hydroxyquinoline N-oxide with very few numbers of micro and semi pores as observed. 

Here, the porous Al2O3-Al(OH)3 structural surface ceases to exist and tends to 

agglomerate in random orientation to form NEP of 8-Hq derivative [21-27]. 

 

    B. Optical properties study: 

     1.UV-Visible Characteristics spectroscopy analysis: 

 

Figure 5.3 describes the UV-VIS spectra of as-prepared Alq3 (Sample-A) and synthesized  

Alq3 pellets which were annealed at four different temperatures in a hot air oven namely 

at 50 oC (Sample-B), 100 oC (Sample-C), 150 oC (Sample-D) and 200 oC (Sample-E) 

Sample-B, 288 nm for Sample-C, 290 nm for Sample-D and 289 nm for Sample-E. 

As from the XRD analysis, it is confirmed that the lattice structure of as-prepared bulk 

Alq3 Sample-A resembles polycrystalline triclinic at room temperature, some amounts 
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of moisture are vigorously absorbed into Alq3 pellets which fill up the intermolecular 

gaps 

Figure 5.3: The plot shows UV-Visible spectroscopy of as-prepared bulk Alq3 

(Sample-A), Alq3 pellet annealed at 50 oC (Sample-B), Alq3 pellet annealed at 

100 oC (Sample-C), Alq3 pellet annealed at 150 oC (Sample -D) and Alq3 pellet annealed 

at 200 oC (Sample-E)  

 

and results in the smooth surface. During the application of heat, the moisture evaporated, 

and oxidation occurred which resulted in the formation of tetragonal lattice at 50 oC. 

Hence, there is a sign of slight variation in the UV light absorption spectra for bulk 

Sample-A as compared to Sample-B which was annealed at 50 oC. This is also in good 

agreement with the results as found from the XRD (Fig 5.1 and Table 5.1). Moreover, 

unlike in as-prepared Sample-A, an additional hump at higher wavelength is found 

at 408.94 nm for Sample-B, 405.9 nm for Sample-C, 404.8 nm for Sample-D and 409 
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nm for Sample-E which are mainly attributed to the formation of porous Al(OH)3. Al2O3 

layered structure on the Alq3 surface [19,20]. Overall, the absorption edge of Alq3 shows 

red-shift from 284 nm to 291 nm (RT to 50 oC), blue shift from 291 nm to 288 nm (50 

oC to 100 oC ), red shift from 288 nm to 290 nm ( 100 oC to 150 oC ) and at the end blue 

shift is observed from 290 nm to 289 nm ( 150 oC to 200 oC ).  

With the increase in annealing temperature in the range of 50 oC to 90 oC, the moisture 

entrapped inside the Alq3 pellets get dried. Moreover, destabilization and weakening of 

Al-O, Al-N, quinolate ligand anion (C9H6NO-) and Al3+ cation starts to kick in at the same 

temperature range. Between 100 oC and 150 oC, three molecules of hygroscopic volatile 

8Hq get free due to breaking of the coordinate covalent bond between quinolate ligand 

anion (C9H6NO -) and Al3+ cation. This leads to the acceptance of more oxygen atoms to 

fill up its two lone pairs. The free 8 Hq is mild luminescent in nature which further shows 

the highest absorbance intensity at 150 oC. Between 150 oC and 200 oC, these 3 molecules 

of free 8 Hq get oxidized in excess amount of oxygen to form non emissive chelated 

polymeric complex of 8-Hq i.e. [(8-hydroxyquinoline) N oxide] s annealed at 200 oC as 

found from the graph (NEP) [33-37]. This supports the quenching of absorbance-intensity 

for sample E that. These are interesting novel findings which may open new field of 

research field in the horizon of degraded annealed Alq3 and non-emissive polymeric 

material can also be used for photoluminescent material and its allied all possible 

applications. We should also need to continue more in-depth study such that newer newer 

innovations come out and cater different spectra of thought, idea and futuristic and 

pluralistic possibilities 

2.FTIR spectroscopy and its analysis: 

From Figure 5.4, we get the Fourier transform infra-red spectroscopy images of as- 

prepared Alq3 powders and its thermally annealed modification for 50 oC (sample-B), 100 

oC (Sample-C), 150 oC (Sample-D) and 200 oC (Sample-E) in hot air oven. The sharp 

and different stretching vibrations among 3 quinolinate ligand and central Al(III) atoms are 

witnessed due to C–N-C bond which are observed at 1495.7, 1464.7, 1376.7, 1326.1, 

1280.5, 1228.2 cm-1, C–O bond between benzene rings and deprotonated hydroxyl 

functional group (OH) of 8-Hq found at 1055.9, 1032.1 cm-1, aromatic amine at 1499, 1384 
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cm-1, aromatic C=C bond of pyridine and benzene ring observed at 1602.9 and 1604.0 cm-

1, C-H bond at 788.0, 742.5, 644.8, 576.2 cm-1, Al– O–Al bond (short height less intense 

at 758 cm-1), Al– O bond at 540.6, 644 cm-1 and Al–N bond found at 454.3, 414.6 cm-1. 

The weak intensity peaks due to vibrational stretching O-H are found at 3039 cm-1 which 

is due to presence of minute amount of moisture of H2O molecules in all the samples under 

measurement. 

 

Fig 5.4: FTIR spectra of Alq3 powder made pellet annealed at room temperature 

(Sample-A), 50 oC (Sample-B), 100 oC (Sample-C), 150 oC (Sample-D) and 200 oC (S 

ample-E) 

When the as-prepared Alq3 pellet was annealed at 50 oC, the moisture entrapped into the pellet 

started to evaporate which removes the defects of bulk powder resulting in higher crystallinity 

and strong intense IR peaks. Whereas in between 100 oC and 150 oC the C- C, C=C bond, C-

N-C, C-O, Al-O-Al, Al-N, Al-O, C-C and C-H bonds of pyridine and benzene rings of Alq3 

break down due to the application of thermal annealing and evaporation of moisture. 
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This further leads to oxidation and destabilization which is mainly due to the breaking 

of bonds. It is also found that Alq3 gets oxidized and some parts of Alq3 react with 

condensed moisture present in the hot oven to form porous Al2O3- Al(OH)3 structure 

layer over Alq3. This contaminated layer causes weak intense peaks at 100 oC (C) and 

tends to show feeble intensity peaks at 150 oC(D). This occurred due to the formation 

of C=O bonds between the benzene ring and deprotonated hydroxyl group 

(tautomerism of 8-Hq) at 100 oC (C) which disappears at 150 oC (D) and again 

reappears at 200 oC (E). The intense peaks observed at 200 oC (E) are of sharp but less 

intense compared to the sample-B (50 oC). This ensures the restructuring of the C-C, 

C=C bond, C-N-C, C-O, Al-O-Al, Al-N, Al-O, C-C and C-H bonds of pyridine and 

benzene rings of Alq3 which starts within 150 -200 oC due to excess oxidation of 8Hq to 

form non-emissive polymer, 8-hydroxyquinoline-N Oxide (NEP) which is amorphous 

in nature and restructured again to form agglomerated orthorhombic nanorods [37-44]. 

Interestingly, 

3.The Photoluminescence (PL) spectra analysis: 

 

To find the changes due to alteration of annealing temperatures, fluorescence 

spectra (FLR) is shown in Fig 5.5(a) and photoluminescence (PL) spectra is 

shown in fig 5.5(b) and 5.5(c) for the as prepared and annealed samples 

respectively. FLR spectra shows the decreasing order of fluorescent intensity 

which is found as 517.1 nm (E) > 522.8nm (B) > 533.1nm (D) > 528.4 nm (C). Fig 

5.5(b) shows the maximum photoluminescence intensity at 518.6 nm for as-

prepared bulk Alq3 powder which shows the highest peak intensity at 518.6 nm, 

which is in good agreement with the other reported studies that show strong PL peaks 

at ~519 nm. Moreover, from the figure 5(b) and 5(c), it clearly exhibits the shift in 

the peak position of the annealed state as compared to the as-prepared Alq3. The 

excitation wavelength is kept fixed at 385 nm for each of the five samples whereas 

the emission wavelength is found to lie between 370 - 700 nm. The highest sharp 

peaks for each individual sample are found within the range 517.1 nm and 533.4 

nm. With the increase in temperature, the FLR intensity of figure 5.5(a) increases 
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gradually from 50 oC 

 

 

Figure 5.5:(a) Fluorescence spectra (b) normalized PL spectra of pure bulk Alq3 at 

room temperature without annealed state and (c) normalized PL spectra of sample B 
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to 150 oC and reaches a maximum at 200 oC. FLR intensity is found to exhibit red shift 

below 150 oC whereas above 150 oC, it shows blue shift and continues until it reaches 

200 oC. PL intensity as shown in fig. 5(c) is found to be in decreasing order of intensity 

with peaks at 502.73 nm (C) > 509.64 nm (B) > 508.07 nm (D) > 516.39 nm (E) as 

compared to Fig 5.5 (b) i.e.,518.6 nm. The decreasing order of FWHM (full width at half 

maximum) of the normalized PL are as follows: 101.72 (E) > 101.46 (B) > 100.64 (D) 

> 99.72 (C) which resembles with the fluorescence spectral performance. With an 

increase in annealing temperature, the PL intensity for Sample-E shows maximum 

FLR and PL intensity and Sample-A shows minimum which resembles with the 

reports of Papadimitakopoulos et al [22]. From Sample-B to Sample-C, increase in 

PL intensity shows red shift whereas blue shift has been observed for Sample-D and 

Sample-E compared to PL intensity of Sample-A in Figure 5.5(b) On thermal annealing 

at 50 oC, the entrapped moisture at first evaporated and the fluorescent Alq3 pellet become 

dry, resulting in higher FLR intensity and PL intensity peaks. Between 50-100 oC, thin layer 

of porous hybrid Al2O3-Al(OH)3 layers is formed on Alq3 surface on exposure to hot air 

removing sub-gap absorption and microstructure- surface defects. At 100 oC, breaking and 

weakening of C=C, C-N-C, C-O stretching, Al- O, Al-N bonds and isoindole deformation 

starts causing a cleavage of coordinate covalent bond between quinolate ligands and metallic 

aluminium phase change. Consequently, 𝛑-𝛑* (pi-pi*) electronic transitions of 

hydroxyquinoline ring leads to electronic transitions of phenoxide and pyridine rings. Alq3 

hydrolyses and decomposes into free 8-Hq and instable ligand Alq2OH. The freed and 

weak fluorophore 8-Hq starts to evaporate and get saturated quickly [33]. which 

causes a decrease in FLR intensity between 50 oC (B) and 100 oC (C) and a weak intensity 

at 100 oC. At 150 oC additional free weak fluorescent 8-Hqs are yielded which influences 

the increase in fluorescence intensity compared to 100 oC. Between 150 oC and 200 oC, 

maximum numbers of free molecule of 8-Hq reacts strongly with excess amount of oxygen 

and forms higher amount of aggregated NEP which causes strange increase in FLR intensity 

for polymeric aggregation which is in complete agreement with the finding as reported 

by Dhruba Chatterjee et al [44]. As more emissive excimers are formed in the aggregated 
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state, the greater emissive polymer face higher level of emission- quenching which causes 

its highest amount of fluorescence and PL emission [24,25,39,44]. Although 8-Hq derivative, 

8-hydroxy N oxide, itself is a non-emissive polymer without having 𝛑 – conjugation, still it 

is found to exhibit higher fluorescence at 200 oC which resembles with the report of Dhruba 

Chatterjee et al. [44]. This opens a new pathway of research on fluorescence property of non- 

emissive non- fluorescent material which can have promising applications in bio-medical and 

optical devices. [43-44]. 

5.4. Conclusion: 

From the optical and morphological study of Alq3 pellet, it is found that thermal annealing of 

Alq3 bulk powder (pellet) in the presence of hot air from 50 oC to 200 oC shows remarkable 

changes which is mentioned worthy and it will open a new avenue of research. With the 

increasing annealing temperature of mer-Alq3 at 50 oC, the UV-VIS absorbance, 

Photoluminescence and FLR peak intensity increases rapidly and at 100 oC it shows 

reduction of intensity due to hydrolysis of Alq3 and production of weak fluorogenic free 8-

Hq molecules. On an annealing at 150 oC, the pellet shows an increase in UV-VIS absorbance 

and FTIR transmittance. FLR and PL intensity reveals that due to limited oxidation at 200 

oC, all the peak intensities found to be strong compared to other annealing temperatures 

which form conjugated aggregated non emissive polymer (NEP) and its derivative after 

oxidation of 8- Hq. This is surprising and needs a lot of attention in this regard. Along with 

the optical measurements, the XRD spectra and FESEM images also explain the occurrence 

of phase shifting, change of structure, 𝛑-𝛑* electronic transition, chemical degradation and 

instability of Alq3 crystals and powder that occurred during the increase of annealing 

temperature from 150 oC to 200 oC. The chemical failure and degradation of optical 

efficiency and structural rigidity due to hot air exposure between 150 oC and 200 oC becomes 

precise and significant as new non emissive polymers are formed which again shows higher 

fluorescence. Despite chemical degradation, recrystallization of structure, chemical bonding 

also forms new 8-Hq derivative as non- emissive polymer which can give fluorescence more 

than as-prepared Alq3. This result will broaden the aspects of using Alq3 and its derivative 

in OLED application and solid-state lighting technology (SSL) and solar cell application and 

also reopens a new horizon of enthusiasm for fluorescence from non-emissive polymer and 
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its further applications. Henceforth, further investigation is required in this field in order to 

make bulk Alq3 useful for more versatile applications. This experimental work establishes 

all the base of our entire Ph.D research project. From these results we got Alq3-N-oxide a 

non-emissive polymer which enhances the optical, thermal, and structural properties of 

pristine bulk Alq3 powder and its thin film manifold which solves our first research objective 

to form a voltage tunable wide emission spectrum OLED. Here we at first stage find out the 

appropriate ETL and EML layer. In our next chapter we continue this study further and form 

a simple structured OLED with green luminescence. 
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Chapter 6: Influence of thermally annealed nano- 

crystalline Alq3 thin film for flexible WOLED and 

Solid-State Lighting application 

Abstract: 

In this study, we have synthesized a polycrystalline thin film of meridional Tris (8- 

hydroxyquinoline) aluminium (Alq3) using wet synthesis and spin coating techniques. 

We annealed the nanorods of Alq3 sequentially at RT (room temperatures), 50 oC, 100 

oC, 150 oC, and 200 oC for 2 hours at a heating rate of 2oC/min before the measurement. 

We observed significant changes in the optical, thermal, and morphological properties of 

mer- Alq3. XRD diffraction and FESEM images confirm that the polycrystalline triclinic 

nanorods of Alq3 get shortened in length and become wider in diameter. These 

morphological changes are followed by a phase change to semi-porous stacked tetragonal 

agglomerated grains when dry and pure Alq3 powder is annealed at 50 oC. Further, they 

transform and recrystallize into orthorhombic grains agglomerated on a less semi-porous 

matrix between 100oC and 150oC. We got the highest optical, surface morphological, and 

electrical performances of Alq3 thin film when it was annealed at 150 oC. We also 

fabricated ITO/PEDOT: PSS/V2O5/Alq3/LiF/Ag-based un-optimized OLED devices for 

respective temperatures ranging from RT (room temperature) -150oC. The synthesized 

OLED is found to have a turn-on voltage of around 2.84 volts at 1 cd/m2, and a driving 

voltage of 4.3 V at 1000 cd/m2. Low value of HOMO and LUMO (-5.94 eV and -3.08 

eV respectively) energy level is found to further enable Alq3 as a promising ETL 

(electron transport layer) or HBL (hole blocking layer). This opens an avenue for 

fabricating WOLEDs with simple architecture as well as at ambient atmospheric 

conditions 

6.1. Introduction: 

Organic Light Emitting Diode (OLED) is an organic solid-state electroluminescent 
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device that has multi-tasking hi-tech applications in small, large, flat, full-colored 

displays for television, mobile phones, computers, cameras, oscilloscope, traffic lighting, 

vehicle indicators [1-5]. Solid-state lighting (SSL) is the lighting technology where solid- 

state semiconductors emit light unlike filaments, glass bulbs, gases & plasmas that are 

used in the case of traditional fluorescent tubes, incandescent and halogen lamps. SSL is 

manufactured using LEDs (Light-emitting diodes) and OLEDs and are heavily used in 

space technology, medical field and interior lighting. Despite it, OLED-based SSL is 

still far behind LED as it is coping with difficulties in pluralistic commercial production 

and mass popularity due to their higher manufacturing cost, shorter lifetime, chemical 

degradation and absence of encapsulation. In contrast, flexibility, refresh rate, easy 

synthesis process, and thinner width, are the qualities for which OLED-based SSL are used 

in high-end car lights, decorative lighting, traffic lighting as well as in low curvature 

containing angular area lighting. 

In 1987, C.W. Tang et al. [1,3] reported a bi-layered thin film of OLED using aromatic 

hole transport layer (HTL) layer diamine and organic ETL layer Alq3. Alq3 has achieved 

enormous popularity for its excellent blue-green bright luminescence, low cost, easy 

fabrication technique, less operational voltage, and fine-tuning ability of emission 

wavelength. Despite its multidimensional applicability, Alq3 has encountered serious 

shortcomings in their operations such as smaller-span durability and severe deterioration 

in photoluminescence (PL) and electroluminescence (EL) efficiency over time. The novel 

OLED exhibited a brightness of luminance > 1000 cd/m2, high luminous efficacy = 1.5 

lm/W, and EQE of 1% photon/electron. The constant effort to improve the efficiency of 

the Alq3 based OLED has led to many interesting findings in the last couple of decades. 

Tang et.al. [1,3] also showed that the efficiency of an OLED can be optimized 

significantly by doping fluorescent organic dyes into the host organic Alq3 matrix which 

caused enhancement in the energy transfer from the host layer to organic dye layers with 

a yield of higher EL and PL quantum efficiency. Armstrong and his co-researchers in 

2003 reported a technique and performance of -SONR2, a strong electron-donating 

group at the C-5 position of phenoxide ring in Alq3, that exhibited higher blue shift 

of green luminescence. 
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at 580 nm compared to 514 nm of parent Alq3. In 2005 C.Y Kwong et al. reported OLED 

performance with three substituted Alq3 derivatives: Al(Meq)3,(tris(4- methyl-8-

hydroxyquinoline)aluminium,  Al(Cl2q)3(tris(5,7-dichloro-8-hydroxyquino 

linato)aluminium and   B(Alq)   bis-(2-methyl-8-hydroxyquinolinato)-4-(phenyl- 

phenolato)aluminium(III)which exhibits maximum luminance of 31839 cd/m2, 33714 

cd/m2 and 35256 cd/m2 and current densities of 4.3 cd/A, 6.8 cd/A, and 8.7 cd/A 

respectively. In 2011, J.P. Heiskanen et al. [19] synthesized 11H-indolo[3,2-c]quinolin- 

4- ol complex, an Alq3 derivative which shows 3.5 times better photoluminescence 

compared to parent Alq3.In 2016 Paez-Sierra. B.A. et al. investigatedthe 

photoluminescence   of  MEH-PPV(poly(2-methoxy-5-(2’-ethylhexyloxy)-(p- 

phenylenevinylene)) doped Alq3 matrix with varied concentration of MEH PPV with 

2.19 eV work-function and energy band gap of 2.33 eV. In 2023 Jiayi Song et al reported 

an Alq3,MoO3(molybdenum oxide) and NPB(N,N’-di(naphthalene-1-yl)-N,N’- 

diphenyl-benzidine) based hetero-junction OLED exhibiting brightness of 46040 

cd/m2.[12-14].In spite of the above-mentioned reports, the reason behind the degradations 

and limitations in the quantum efficiency has still remain debatable. Moreover, in attempt 

to improve the PL and EL efficiencies, researchers have made the synthesis process more 

cumbersome and expensive. Furthermore, only limited findings have been reported 

regarding the thermal analysis of Alq3 such as sublimation degradation, thermal stability 

and specific heat capacity. For example, Colle et al. reported various temperature- 

dependent phases of Alq3 [12] whereas Xu et al. [14] has reported glass transition and 

crystallization of Alq3 thin film at 130oC and 185oC respectively [14-16]. Investigation 

on morphology-dependent optical and transport properties in Alq3 will help us to bridge 

the research gap for the development of efficient, durable and cost effective ETL layer. 

In this work, we have systematically investigated the altering structural, optical, electrical, 

and thermal properties of Alq3 thin film by sequentially annealing at different 

temperatures ranging from room temperature (RT) to 200 oC. It is established that the 

variation of growth temperature from 150 oC to 200 oC leads to red and blue shifts in 

fluorescence maxima due to the recrystallization of 8-hydroxyquinoline(8-Hq) ligand 
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and formation of non-emissive polymer 8-hydoxyquinoline-N-oxide. Although this is a 

non- emissive polymer emitter, its normalized PL and EL spectra show more intensity in 

photoluminescence as well as electroluminescence which is novel and interesting. 

Based on it, our research also involved demonstrating an OLED device by stacking layers 

of PEDOT: PSS [poly(3,4-methylenedioxy thiophene), polystyrene sulphonate] and Alq3 

which is annealed at 150oC as this combination showed maximum electroluminescence 

(EL) and excellent photoluminescence (PL) with minimum chemical degradation, 

maximum current and high-power efficiency. Here, optical and electronic properties of 

grown annealed samples are performed to determine the energy levels and understand 

the mechanism of charge injection that leads to efficient optical properties of the 

fabricated OLED hetero structure. 

6.2. Experimental Methods: 

1. Synthesis of bulk polycrystalline mer-Alq3:  

Schematic diagram 1: Conversion mechanism tris(8-hydroxyquinoline-N-

xide)aluminium(III)[Al(q-N-oxide)3], a non-emissive polymer (NEP) from tris(8-

hydroxyquinoline)aluminium [Alq3] in presence of excess oxygen(O2) gas.  

 

We synthesized Tris (8-hydroxyquinoline)aluminium (Alq3) by wet synthesis method 
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as mentioned in our previous chapter number 3 by Mrinmoy Debsharma et al. [22]. The 

chemical reaction that took place is as follows (Schematic diagram 1 in Chapter 4).The 

dried 4.63 gm. synthesized Alq3 powder was ground and dissolved into 30 ml acetone 

(Merck, purity >99%) bought from the market along with 50 ml double distilled water 

(Anchiale technologies bought from market) with constant stirring at 50 oC 

temperature. The resultant solution was ultra-sonicated for ½ h with constant heating at 

50oC. A yellowish-green homogenous solution was obtained and ready for spin coat 

fabrication [31- 36]. This yellowish -green solution was poured into five 10 ml test 

tubes. Then spin coated at 3000 rps for 30 s over pre-cleaned glass slides to form five 

individual thin films. These five uniform thin films of Alq3 were annealed at 50 oC, 100 

oC, 150 oC, and 200 oC in a hot air oven for 2 hrs. with a constant heating rate of 2 

degrees per minute [22-31]. Then the best performing Alq3 thin film was spin -coated 

on pre-cleaned ITO-coated PET sheet for our OLED device fabrication.  

2.Preparation of PEDOT: PSS solution for thin film formation: 

PEDOT: PSS is a dark, blue-colored organic dye obtained from Sigma Aldrich with 3- 

4%(w/v) in H2O and was not purified further. As the dye is insoluble in water, to make 

it a homogeneous solution for the application of spin coating, PEDOT: PSS was 

dissolved in ethylene glycol in the volumetric ratio 9:1 along with constant stirring for ½ 

h in a magnetic stirrer. The resultant bluish emulsion was ultrasonicated for another ½ 

hr. after which the yielded bluish solution was filtered using filter paper having a 

diameter of 0.45 µm until bluish transparent precipitate was obtained.[35] 

3.Preparation of Alq3 solution for thin film formation: 

At first, the ITO-coated PET sheet (purchased from Techinstro, India) with a resistance 

of 10Ω/sq) was cleaned using a detergent solution, acetone, and ethanol (bought from 

the market having purity > 99% for solutions) in succession for several times. It was 

allowed to dry at room temperature using a hot plate at 27 oC under the ambient 

atmosphere. The solution of PEDOT: PSS was subsequently spin-coated for the HTL 

layer on the PET (polyethylene terephthalate)-coated sheet. A 15-minute drying period 

was followed by the vacuum-assisted spin-coater machine depositing a thin film of 
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tris(8-hydroxyquinolinilato)aluminium (III). This process helped us to fabricate an 

OLED device where the stacked layers were constructed like: ITO (175 nm)/PEDOT: 

PSS(48 nm)/V2O5(12 nm)/Alq3(83 nm)/LiF(3 nm)Ag(100 nm). In this hetero-structure, 

ITO (Indium tin oxide) acts as a transparent anode, PEDOT: PSS is an organic dye that 

acts as a transparent bulk hole transport layer (HTL), Alq3, an ETL layer acts as a green 

emissive layer and silver-paste used at the perimeter of the Alq3 layer acts as a metallic 

cathode. A bi-layer un-optimized device (II) was fabricated to exhibit electron transport 

and emitting character with the device configuration: ITO coated PET sheet (175 

nm)/PEDOT: PSS (48nm)/ V2O5(12 nm) /Alq3 (83 nm)/ LiF(3 nm)/Ag (100 nm) where 

PEDOT: PSS acts as hole transport layer (HTL) as well as HIL. All the measurements 

of the constructed OLED were performed without any encapsulation and subjected to 

experimental measurement at room temperature. [35,36-39] 

6.3. Results and discussion: 

A. Morphological study: 

(a)X-ray Diffraction spectroscopy of Alq3 pellet and its analysis: 

XRD spectroscopy analysis of Figure 6.1 of a thin film of polycrystalline Alq3 reveals 

that the Bragg reflections peaks of Alq3 annealed at 25oC (sample A) are detected 

respectively XRD spectroscopy analysis of Figure 6.1 of a thin film of polycrystalline 

Alq3 reveals that the Bragg reflections peaks of Alq3 annealed at 25oC (sample A) are 

detected respectively at 2θ = 10.7o, 12.8o, 13.6o , 15.2o, 15.9o, 17 o, 18.3o ,21.3o , 22.4o, 

23.2o, 24.4o ( following JCPDS card No. 26-1550). For Alq3 annealed at 50 oC (sample 

B), the intense peaks are seen at 2θ =11.2o, 12.6o, 15.0o, 15.6o, 22.6o which signifies 

crystal planes of (-202), (-220), (131), (202) and (051) respectively (as per PDF pattern 

00-010-766). For sample C annealed at 100oC, the intense peaks are visible at 2θ = 11o, 

12.6 o, 14.8 o, 15.5 o, 22.5 o for crystalline phases (-202), (-220), (-112), (131), 

(202), (051) and (102) crystalline orientations (PDF pattern 01-076-1381). Whereas 

when the Alq3 pellet is annealed at 150 oC, sharper peaks are found at 2θ = 11.2o, 12.6o, 

14.9o, 15.7o, 22.5o which attributes to (- 202), (-220), (-112), (131), (202), (051), 

(211),(221) and (460) crystalline planes. On annealing at 200oC, strong intense 
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Figure 6.1: XRD spectra of as prepared bulk Alq3 annealed at room temperature 

(Sample A) and Alq3 pellets annealed at (1) 50 oC (Sample B) (2) 100 oC 

(Sample C) (3) 150 oC (Sample D) and (4) 200 oC (Sample E) 

 

peaks appeared at 2θ = 11.2o, 12.7o, 15.1o, 15.8o, 22.7o (following the PDF pattern 00-

044- 0696) which corresponds to the crystalline planes (- 202), (-220), (-112), (131), 

(202),(051), (131), (202), (051) and (033) planes (following PDF pattern 00-010-0789). 

The sample annealed at 200 oC is found to have intense diffraction peaks sharper than 

that that appeared for a sample at 150 oC. In the plot, the intense peaks shown by curve 

(E) are the highest in intensity compared to other curves. From curves (A) to (E) all 

curves confirm the crystalline character of the annealed Alq3 at a different temperature 

ranging from RT to 200 oC. Also, from our previous work (Mrinmoy Debsharma et.al.) 

[22] it can be concluded that on annealing from room temperature to high temperature, 
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the triclinic crystal plane changes its crystalline characteristics and phase changes to 

tetragonal and retains it till 100oC. But on annealing beyond 100 oC, the crystal structure 

transforms into the ortho-rhombic structure. The XRD diffractogram and the intensity 

of the curve (E) are attributed to the re- emergence of the crystalline structure due to the 

evolution of a non-emissive polymer [28]. The Curves (B) and (C) and their peaks 

describe the evaporation of moisture and breaking of Al-O, Al-N, and C-N bonds. In 

contrast, the curves (D) and (E) signify the hydrolysis of Alq3 and oxidation of 8-Hq 

molecules to form 8-Hq-N-oxide [22-31]. 

    (b)FESEM (Field Emission Scanning electron microscopy) image analysis: 

From FESEM images of Figure 6.2(A) -6.2(C) it is clear that the polycrystalline 

nanorod (250 nm) structure of thin film Alq3 gets shortened and wider in diameter on 

annealing at RT and further annealing at 50 oC, those grains start to disappear but oval 

and semi-circular pores are found to appear in a major portion of the sample’s surface 

which may be due to the evaporation of moistures. In contrast to Alq3 being annealed 

at 50oC as shown in the figure, the diameter of oval and circular pores reduces and 

becomes very few in numbers at 100oC. This Pattern may be caused by the hydrolysis of 

Alq3 molecules which results in the creation of Alq2-OH and 8-Hq molecules. The pore's 

size begins to shrink between 100 and 150 degrees (Fig. 6.2(D) and(E)) Celsius, losing 

its oval and circular shape. Furthermore, the semi-porous Al(OH)3-Al2O3 structure on 

the Alq3 base is lost as a result of the restructuring of the crystal size, which causes the 

diameter and length of orthorhombic grains to rise. The orthorhombic structure as 

shown in fig. 2F changes into a multi-stacked polycrystalline nanorod structure between 

150 and 200 degrees Celsius, which is different from the un-annealed, state of the mer- 

Alq3 sample at room 
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Figure 6.2: FESEM images of (A) without annealed bulk Alq3  and bulk 

Alq3 powder annealed at (B) room temperature (C) 50oC (D)100oC (E)150oC 

(F) 200oC based on 5000X amplification 

 

temperature. This occurs due to the formation of the non-emissive polymer, Al(8-Hq- 

N-Oxide)3[tris(8-hydroxyquinoline-N-oxide)aluminium(III) and Al2O3.This results 

in the reappearance of semi-porous structures, big agglomerated grains of Al2O3, over 

Al(8-Hq-N-Oxide)3 surface as we have explained in detail through FTIR, XRD and 

FESEM characterization in our previous published research article(Mrinmoy 

Debsharma et al.).These results conform with the result of XRD analysis.[22-31] 
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B. Thermal Properties analysis: 

(1) Differential Scanning Calorimetry (DSC) Analysis: 

Figure 6.3 describes the comparative DSC (Differential Scan Calorimetric) analysis of 

bulk polycrystalline Alq3 powder where the heating rate is 10 oC/min. From the 

Figure, it is clear that a negligible phase transition has been observed. Alq3 annealed 

at (a) RT (b) 50 o
C and 100 oC (c) 150 oC. (d) 200 oC exhibits the maximum intense 

endothermic melting peak at 414 oC, 414.6 oC, 414.3 oC, and 413.3 oC respectively [38- 

39]. The phase transitions around the melting point of Alq3 annealed at 50 oC and 100 

o
C result in a minor rightward shift and immediate left shift from 100 oC to 200 oC. The 

specific heat of bulk Alq3 powder annealed 

 

 

Figure 6.3: DSC curves of bulk Alq3 powder annealed at (a) room temperature 

(b) 50 oC (c) 100 oC (d) 150 oC and (e) 200 oC. 

 
at (a) room temperature (b) 50 oC and 100 oC (c) 150 oC (d) 200 oC are found to be as 
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∆H1=7.04 J/g, ∆H2=113.5 J/g, ∆H3=122.1 J/g, ∆H4=121.7 J/g and ∆H5=98.3 J/g 

respectively. The specific heat (∆H) reaches its maximum value at 100 oC and then 

decreases to 98.3 J/g at 200 oC. The most significant aspect is that all DSC curves 

maintain phase. Broad shorter endothermic peaks for all five samples of annealed Alq3 

powder are seen at 436oC. The endothermic melting points are seen around 414.4oC 

which is in good agreement with the other published report. The specific heat (∆H) 

reaches its maximum value at 100oC and then decreases to 98.3 J/g at 200oC a stable 

linear nature till 387.8 oC. The DSC curves (e) exhibit a weak exothermic 

crystallization peak at 387.9oC. A weak and wide exothermic crystallization peak was 

detected between 248.7oC and 258.5oC in the curve (a) which is because of transition 

occurred from α-Alq3 to γ-Alq3 [36]. All five annealed samples possess the γ-Alq3 

phase during their crystalline phase. Broad shorter endothermic peaks for all five 

samples of annealed Alq3 powder are seen at 436oC. The endothermic melting points 

are seen around 414.4oC which is in good agreement with the other published report. 

The specific heat (∆H) reaches its maximum value at 100oC and then decreases to 98.3 

J/g at 200oC. 

  C. Optical properties and Photoluminescence (PL) properties study: 

Figure 6.4(A) [(a)-(f)] depict the normalized UV-Vis absorption spectra of as 

prepared without annealed Alq3 thin film at room temperature(curve-(a)) and Alq3 thin 

film annealed at room Temperature (RT) (curve-(b)), 50 oC(curve-(c)), 100 oC(curve-

(d)), 150 oC (curve- (e)) and 200 oC (curve-(f)), From figure 6.4(A) it is clearly 

observed that curve -(e) exhibit the highest broad absorbance intensity at 359.4 nm 

whereas curve- (a) show the lowest broad absorbance peaks at 385.4 nm. The 

maximum intense peaks for curve-(b) curve- (c), curve-(d), and curve- (f) are seen at 

353.1 nm,360.4nm,356.9 nm and 339.6 nm. We have explained all changes in 

absorbance intensity w.r.t. the change in annealing temperature of bulk mer-Alq3 

powder clearly in our previous published work [2]. As absorbance intensity Alq3 thin 

film annealed at 150oC is the highest absorbance intensity which decreases at 200oC. 

The higher amount of absorbance intensity for an OLED emitter can emit higher 
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amounts of photoluminescence and electroluminescence for an OLED. That is why 

we do not consider 200oC and all other annealing temperatures except 

Figure 6.4(A)[(a)-(f)]: UV-Vis absorption spectra of Alq3 thin film of (a) without 

annealed at room temperature (RT) & of [(b)-(f)] annealed at (b) varied temperature 

from room temperature (RT) to 200 oC.   Figure 6.4(B): the Tauc plot of the Alq3 thin 

film(a) without annealed at room temperature (RT) (b) annealed at 150oC 

 

10oC for the rest of all measurements. So, we plotted the Tauc-plot of Alq3 thin film 

annealed at 150 oC only for their highest absorbance intensity. We observe a high broad 

UV-Vis absorbance peak at the wavelength 359.4 nm for Alq3 thin film annealed at 

150oCand a sharper intense peak at 257.4nm. When we move forward from curve (a) 

to curve (f) absorbance intensity at first blue shifts from 385.4 nm to 353 nm then we 
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observe a consecutive red shift, a blue shift, a red shift and again a blue shift starting 

from the curve(b) to curve(f) within the visible region. In organic semi-conductor, 

σ→σ*, n→𝛑 and 𝛑→𝛑 * molecular orbital electronic transitions are found to occur 

due to absorption in the visible as well as UV region. A quinolinolate storage devices 

are just a few examples of materials that can be created  

Figure 6.5: Normalized photoluminescence (PL) spectra of Alq3 thin film 

without annealed at RT & annealed at (b)RT (c)50 oC (d) 100oC and e) 150oC 

 

molecular orbitals. [38]. 𝛑→d and d→𝛑* molecular orbital electronic transitions, due 

to the high energetic absorbance band, occur between 210 and 288 nm [39]. The 

optical energy band-gap (Eg) of the organic semiconductor material is determined by 

UV-Vis absorption spectra followed by a Tauc plot of the same spectra. The value of 

the Tauc plot is the value of the optical band gap of Alq3 organic semi-conductor and 

is given as: 
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(αћγ)=(ћγ-Eg)n (6.4) 

where n is 1/2 for allowed direct transitions and n=2 for allowed indirect transition, 

Eg is the energy band-gap, α denotes absorbance co-efficient which is also equal to 

2.303(A/d) where d= sample thickness, A is the absorbance of the thin film, b is the 

Planck’s constant and υ is the frequency of the absorbed radiation [38,39] Figure 4 

(B) clearly shows that the UV-Vis spectra of Alq3 thin film till (αhv)2 = 0 are 

extrapolated to give the optical energy gap (Eg) of the Alq3 thin film. 

From Figure 6.4(B), the direct optical bandgap of Alq3 thin film is 2.89 eV, which is 

in good agreement with other published experimental results [19,38, 39]. For 

PEDOT: PSS, optical band gap Eg is found to be 1.44 eV at room temperature. 

[[38,39] during the rest of all our characterization measurements. The peak intensity 

of green color emission increased gradually with the regular rise in temperature from 

room temperature to 150oC. The emission wavelength red- shifted from 6.5(a) to 6.5 

(b),6.5(b) to 6.5(c),6.5(c) to 6.5(d), and 6.5(d) to 6.5(e) respectively compared to their 

respective previous temperatures. The highest intense peak of the 6.5(e) PL curve is 

found at 531.4 nm for Alq3 thin film annealed at 150oC. [9,13,16,19,35-39]. When 

the excitation energy is more than thin film emission energy PL spectra undergo a 

distinct red shift by following Frank Condon’s transition principle. [13,16,19,39]. 

 

D. Electrical properties study and device performance of the 

fabricated ITO/PEDOT: PSS/V2O5/Alq3/LiF/Ag structure-based 

OLED device. 

 1.Electrochemical properties study through cyclic 

voltammogram analysis: 

The most acceptable technique to characterize the electrochemical properties of organic 

materials is measurement through cyclic voltammetry [4,13,14,40,41,42]. The 

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

orbital (LUMO) of organic semiconductors is the energy level needed for extracting 
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required to introduce an electron to an atom (i.e., reduction) respectively [5]. The 

HOMO and LUMO can be evaluated through redox potential i.e., Ered and Eox 

derived from the cyclic- voltammogram of cyclic voltammetry. We used ferrocene 

as our known reference an electron from an atom of a molecule (i.e., oxidation) and 

the energy with a reference value of -4.8 eV for the calculation of HOMO and LUMO 

energy levels. We used the following formula given by J L Bredas et al. [40] to 

estimate them as follows: 

 

EHOMO = [-4.8-Eox onset]                                                                 (6.5) 

 

ELUMO = [-4.8-Ered onset]                                                                (6.6) 

 

 

 

Figure 6.6: HOMO –LUMO energy level band gap of Alq 3 and PEDOT: PSS 

based OLED 

 

The anodic and cathodic scans of the Alq3 and PEDOT show the quasi-reversible 

waves at the onset of oxidation potential between 0.24 to 1.14 volt vs. Ag/AgNO3 

(for oxidation) and reduction potential lies between -1.18 to -1.72 volts vs 
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Ag/AgNO3 (for reduction). In this case, the 4.8 eV denotes the onset potential of 

Ferrocene in a vacuum. From figure 6 and 7, the HOMO and LUMO energy level 

diagram of the HTL PEDOT: PSS and ETL Alq3 are found and are mentioned in 

the tabular form as shown below. From the energy diagram of Alq3 thin film, the 

HOMO and LUMO level are found as 5.04 eV and 3.18 eV respectively [41,42]. 

Based on cyclic-voltammetry, we see the E(HOMO) and E(LUMO) of PEDOT: 

PSS are as follows: EHOMO= -5.04 eV and ELUMO=-3.62 eV and Egap=1.42 eV. In 

the case of Alq3, EHOMO=-5.94 eV and ELUMO=-3.08 eV, and Egap=2.86 eV. The 

work function of the Ag cathode and the transparent anode ITO fulfill the requisite 

energy level for constructing a single junction bi–layered OLED using organic 

materials. (Figure 6.6, Figure 6.7, and Table 6.2). The optical band gap from UV-

VIS spectra and CV estimated energy band gap conforms with the other reported 

experimental data. The HOMO-LUMO energy level difference  

 

             Figure 6.7: Cyclic voltammogram of the (a) PEDOT: PSS and (b) Alq3 
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Table 6.1: Comparison table between HOMO- LUMO value of PEDOT: PSS and Alq3 

 

Compound Eox onset vs 

EFc (V) 

Ered onset 
vs 

EFc (V) 

HOMO 

(eV) 

LUMO 

(eV) 

Eg(LUMO 

- 

HOMO) 

PEDOT: PSS 0.24 -1.18 -5.04 -3.62 1.42 

Alq3 RT without 

annealed 

1.14 -1.72 -5.94 -3.08 2.86 

Alq3 annealed @ RT 1.16 -1.74 -5.96 -3.06 2.90 

Alq3 50oC 1.19 -1.73 -5.99 -3.07 2.92 

Alq3 100oC 1.14 -1.77 -5.94 -3.03 2.91 

Alq3 150oC 1.13 -1.76 -5.93 -3.04 2.89 

 

 

2. Electroluminescence properties and OLED device performance analysis 

 

To investigate the OLED’s device performance as a single top-emitting transparent 

OLED, the architecture of ITO/PEDOT: PSS/V2O5/Alq3/LiF/Ag was fabricated. Here, 

Ag acts as a low-work function metallic cathode, ITO-coated PET sheet acts as a 

transparent high-work function anode, Alq3 as ETL, and PEDOT: PSS as HTL of our 

fabricated OLED. Figure 8(A) (a)-(e) shows current density vs. voltage (J-V) 

characteristics of single-layered OLED where ETL layers i.e. Alq3 thin films of 

device1 to device5 layers were fabricated (a) as-prepared Alq3 thin film [device1] and 

function metallic cathode, ITO-coated PET sheet acts as a transparent high work function anode, 

Alq3 as ETL and PEDOT:PSS as HTL of our fabricated OLED. Figure 6.8(A) (a)-shows current 

density vs. voltage (J-V) characteristics of single-layered OLED where ETL layers i.e. Alq3 thin 

films of device1 to device5 layers were fabricated (a) as-prepared Alq3 thin film [device1] and 

annealed at (b) RT (room temperature) [device2] (c)50oC [device3] (d)100oC [device4] and 

(e)150oC [device5].  
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PEDOT: PSS cathode, A) Currentvoltage) ITO/PEDOT: PSS/V2O5/Alq3/LiF/Ag  

PEDOT: PSSfabricatedfound that from 0-2 volts, all OLED devices show a very weak 

current density which is around 0.064 mA/cm2. Around 2.46 V all five devices show a 

significant rise in corresponding current density of 3.15 mA/cm2.The five devices 

achieve their respective maximum current density of 163.4mA/cm2, 190.8mA/cm2, 

216.8mA/cm2, 229.9 mA/cm2 and 234.1mA/cm2 at 12.4V, 11.9V, 11.7V, 11.4V and 

10.9V respectively. From figure 8(B) it is seen that Device 1 to Device 5 exhibit 

significantly low turn-on voltage i.e., 2.81 V, 2.84 V, 2.89 V, 2.91 V and 3.10 V. Around 

4.16 V all five devices show a significant rise in corresponding luminance. The Driving 

voltages of five devices are found to be 8.29V, 7.90V, 8.71V,8.86V and 9.26V which 

indicates that the OLED can be operational even after 10 volts. The five devices exhibit 

the highest luminance of 5413.4cd/m2,5259.8 cd/m2, 5760.2cd/m2, 6223.7cd/m2 and 

6338.6cd/m2 respectively. characteristicsdepictPE, CE, QE, and EL vs. wavelength 

characteristics plot we confirm that device 5 is the best OLED device compared with 

the performances of the rest four OLED devices. From this result, it is clear that our 

emissive material Alq3 powder annealed at 150 oC is a promising electron transport 

material or hole- blocking material which should enhance the PL and EL properties of 
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WOLED as well as green OLED for possible applications in solid-state the highest EL 

intense peak at 530.8 nm which is also in agreement with the result obtained from the 

CIE coordinates of the Chromaticity diagram. (Figure 10A and Table 3). We also find 

that there are no significant changes occurring in the EL spectral peaks and shapes of 

the EL spectral curve on account of voltage variation. Therefore, Alq3 powder annealed 

at 150oC exhibits excellent electrical properties as well as OLED device performances. 

PE, CE, QE, and EL vs. wavelength characteristics plot we confirm that device 5 is the 

best OLED device compared with the performances of the rest of the four OLED devices. 

From this result, it is clear that our emissive material Alq3 powder annealed at 150 oC is a 

promising electron transport material or hole- blocking material which should enhance 

the PL and EL properties of WOLED as well as green OLED for possible applications 

in solid-state the highest EL intense peak at 530.8 nm which is also in agreement with 

the result obtained from the CIE coordinates of the Chromaticity diagram. (Figure 10A 

and Table 3). We also find that there are no significant changes occurring in the EL 

spectral peaks and shapes of the EL spectral curve on account of voltage variation. 

Therefore, Alq3 powder annealed at 150oC exhibits excellent electrical properties as well 

as OLED device performances. ITO/PEDOT: PSS/V2O5/Alq3 /LiF/Ag-basedMoreover, 

the current density- voltage- luminance (J-L-V) characteristics depict the diode 

characteristics of the ITO/PEDOT: PSS/V2O5/Alq3 /LiF/Ag-based OLED device. 

Working of OLED is based on forward bias that’s why reverse bias is not considered 

for our measurement. Within the limit of 2.46 volts and 4.6 volts, the current density as 

well as luminance starts to increase gradually with the increase of voltage and follows a 

nonlinear curve. Figure 9.6(A)[(a)-(e)] depicts the values of EQE for device 1 to device 

5 as 1.003%,1.061%,1.190%,1.336% and 1.488%. The possible reason for the low 

EQE% is that Alq3 is an excellent fluorescent material that uses only singlet excitons for 

its radiative recombination. From the power efficiency versus luminance (ηp-L) plot of 

Figure: 6.9(B)[(a)-(e)], we get the maximum power efficiency at 100 cd/m2 luminance 

for the five devices i.e., from device 1 to device 5 as 28.18 lm/W,29.33 lm/W, 31.52 

lm/W, 32.87 lm/W and 34.24 lm/W. From current efficiency (CE) versus current 

density(ηc-J) plot of Figure 6.9(C)[(a)-(e)] gives the maximum current efficiency for 
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100 cd/m2 current density of device1 to device 5 as 3.96cd/A,4.43 cd/A,5.15 cd/A,5.79 

cd/A and 6.24 cd/A. The EL intensity –wavelength plot for a constant applied voltage of 

9 V of Figure 9(E)[(a)-(e)] shows the highest EL intense peaks of device1 to device 5 at 

517.3 nm,519.5 nm,522 nm,528.6 nm, and 530.8 nm. The EL intensity –wavelength plot 

for varied applied voltage from 3V to 9 V of Figure 9(D) gives the maximum EL 

intensity at 530.8 nm for device 5 while the inset gives lighting. The EL spectra of 

Figure 9(d) exhibits greenish-white light illumination with the highest EL peaks at 517.3 

nm for device 1. After a critical comparison regarding PE, CE, QE, and EL vs. 

wavelength characteristics plot we confirm that device 5 is the best OLED device 

compared with the performances of the rest four OLED devices. From this result, it is 

clear that our emissive material Alq3 powder annealed at 150 oC is a promising electron 

transport material or hole- blocking material which should enhance the PL and EL 

properties of WOLED as well as green OLED for possible applications in  solid-state 

the highest EL intense peak at 530.8 nm which is also in agreement with the result 

obtained from the CIE coordinates of the Chromaticity diagram. (Figure 10A and peaks 

and shapes of the EL spectral curve on account of voltage variation. Table3). We also 

find that there are no significant changes occurring in the EL spectral characteristics 
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Figure 6.9(A): External quantum efficiency (EQE)a vs. current density(ηext-J) 

characteristics plot(B)Power efficiency vs. luminance plot(C)Current efficiency 

vs. current density plot and (D EL intensity vs. wavelength plot for varying applied 

voltage from 3-9V and Figure 6.9(E): EL intensity vs, wavelength plot for devices1 

to devices 5 at constant wavelength of 9V 
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Therefore, Alq3 powder annealed at 150oC exhibits excellent electrical properties as well 

as OLED device performances. 

Table 6.2: EL properties and device performance related to summarized data of the the 

result obtained from the CIE coordinates of the Chromaticity diagram. (Figure 10A and 

Table 3).  

 

Cmpd. Turn 

on 

voltag

e 

Driving 

voltage 

Voltage 

at 

1cd/m2 

Voltage  

at   1000 

cd/m2 

Max. 
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at voltage 

Max. 

Curr. 
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(Jmax) 
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Max. J) 

PE 
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film 

without 
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We also find that there is no significant changes occurring in the EL 

spectral based five OLED devices i.e., device1 to device enhancement in 

the emitting character as well as in its electron transport character., with 

greenish-white light emission.   E. Chromaticity diagram analysis (based on 

CIE 1931): 

The CIE coordinates have further helped to find out the material efficiency or performance 

of any electroluminescent or luminescent materials. The main goal is to compare the 

emission color of the emitting materials using CIE color coordinates. The chromaticity 

diagrams and CIE coordinates of without annealed Alq3 thin film at room temperature 

(RT) and Alq3 thin films annealed at room temperature (RT), 50oC, 100oC are 150oC are 

demonstrated in Figure 6.10[a)-(e)] and Table 6.4 respectively. The PL spectrum or 

emission spectrum of Alq3 thin films annealed at RT -150oC were excited at 385 nm. Based 

on it, The value of CIE coordinates of the Alq3 thin films are evaluated as (0.2989,0.3262), 

(0.3262,0.4348), (0.3474,0.4099) (0.3196,0.4555) and (0.3050,0.3828). The obtained 

CIE-coordinates are found to be located in proximity of the white, light green, and 

yellow- green region of the elliptic CIE chromaticity region which is the requisite 

condition for making green, yellow, and white OLED. If we substitute different functional 

groups at the different positions of phenoxy groups of the pyridine group or tuning the 

chemical The value of CIE coordinates of the Alq3 thin films are evaluated as 

(0.2989,0.3262), (0.3262,0.4348), (0.3474,0.4099) (0.3196,0.4555) 

and(0.3050,0.3828).The obtained CIE-coordinates are found to be located in the 

proximity of the white, light green, and yellow- green region of the elliptic CIE 

chromaticity region which is the requisite condition for making green, yellow, and white 

OLED. If we substitute different functional groups at the different positions of phenoxy 

groups of the pyridine group or tuning the chemical molecular structure or atomic 

packing the CIE coordinates may change the position of the CIE coordinate. From 

analyzing the CIE coordinates of the five devices it is determined that the annealed Alq3 

thin film annealed at 150oC is the potential emissive material for the fabrication of green 

or white OLEDs or solid-state lights. The highest color rendering index (CRI) of device  
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Figure 6.10[(a)-(e)]: Chromaticity diagram of Alq3 thin film emitter layer 

of ITO/PEDOT: PSS/V2O5/Alq3/LiF/Ag-based five OLED devices i.e., 

device1 to device5, with greenish-white light emission 

1 is the lowest i.e., 81 which reduces to 67 for device 2. After that, the CRI value 

increases significantly with the rise in annealing temperature and reaches the value of 98 

(a) (b) 

(d (e) 

(c) 
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at 150oC. Between 150oC and 200oC no structural change occurs that’s why CIE 

chromaticity measurement was not considered for our measurement. Similar changes 

happened in the case of the correlated color temperature (CCT) value. The CCT values 

of device1 to device5 are 6513 K, 5845 K, 5688 K, 6541 K, and 6143 K whereas the CRI 

values for device 1 to device 5 are 81,67,78,95and 98, and R9 values are found to be 3,-

57,-27,78,92 respectively.  

Table 6.3: Chromaticity diagram data of Alq3 thin film emitter layer of ITO/PEDOT: 

PSS/V2O5/Alq3/LiF/Ag-based five OLED devices i.e., device1 to device 5, with 

greenish-white light emission 

 

From this result, it is confirmed that Alq3 thin film as well as bulk powder annealed 

at 150 oC is a solid-state lighting material or fluorescent electroluminescent emitter 

that gives cool white light which can be utilized in multidimensional practical 

applications. From the five pictures of CIE chromaticity diagram, it is clearly shown 

that due to growth of annealing temperature at first the green luminescence of without 

annealed Alq3 sample changes its colour to greenish yellow then it turns into yellowish 

white and at 150oC it turns into whitish yellow where the tint of yellow is low and 

colour of white light is more. This is impressive findings that without using any 

Compound CCT CRI R9 x y CIE 
coordinates λemissi

on 

Alq3 thin film 
annealed at 

150 oC 

6143 K 98 92 0.29891 0.32621 (0.2989,0.3262) 530.8 nm 

Alq3 thin film 
annealed 

at 100oC 

6541 K 95 78 0.3262 0.4348 (0.3262,0.4348) 528.6 nm 

Alq3thin film 
annealed at 

50oC 

5688 K 78 -27 0.3474 0.4099 (0.3474,0.4099) 521.4nm 

Alq3 thin film 
annealed at 

RT 

5845 K 67 -57 0.3196 0.4555 (0.3196,0.4555) 520.6 nm 

Alq3 thin film 
without 

annealed at RT 

6513 81 3 0.3050 0.3828 (0.3050,0.3828) 519.2 nm 
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vacuum atmosphere proper encapsulation and sophisticated fabrication infrastructure 

still WOLED and all green and yellow OLED can be obtained varying concentration 

of dopants into pure and annealed Alq3 sample. 

         6.3. Conclusion: 

In this work, we have systematically studied structural dependent optical, electrical, 

and thermal properties of Alq3 thin film by annealing it from room temperature to 200 

oC. On thermal annealing from RT to 200oC, the Alq3 changes its mer-isomeric phase 

from α to γ- phase. Between 100 and 150oC crystal size transforms from tetragonal to 

orthorhombic due to excess oxidation of 8Hq molecules and formation of oxide of 8Hq 

i.e., tris(8-hydroxy- N-oxide)aluminium(III), thus resulting in restructuring of the 

crystal size and losing the semi-porous structure of Al(OH)3-Al2O3 structure on Alq3 

base and leads to the formation of non–emissive polymer, i.e.,8-hydoxyquinoline-N-

oxide (NEP) which exhibit excellent photoluminescence. The DSC curves confirm that 

the annealed Alq3 maintains stability till 345 oC. The variation of growth temperature 

from 150 oC to 200 oC was found to exhibit red and blue shifts in fluorescence maxima. 

Based on this fact, an OLED device is demonstrated by stacking layers of PEDOT: 

PSS and Alq3 which is annealed at 150 oC as this showed maximum luminescence with 

minimum chemical degradation and exhibiting maximum enthalpy change due to 

recrystallization and structure regaining 8-Hq ligand. 

The fabricated OLED is found to perform well with EQE=1.488%. At 2.84 volts, our 

fabricated OLED exhibits the maximum current efficiency value of 3.89 cd/A. It shows 

a turn-on voltage of around 2.84 V for a luminance of 1cd/m2 volt and the driving 

voltage for 1000 cd/m2 is found to be around 4.3 volt. The performance of bi-layered 

ITO/PEDOT:PSS/V2O5/Alq3/LiF/Ag-based OLED device opens an avenue where a 

WOLED as well as green OLED with simple architecture that can deliver stable 

photoluminescence and electroluminescence even in ambient atmospheric conditions. 

The device is found to exhibit greenish white luminance of 9689.2 cd/m2 with CRI 

value=98, CCT value=6143 K., R9 value=92 and CIE coordinate (0.29891,0.32621) 

along with low turn-on voltage of  2.48 V, driving voltage of 7.92V, and low value of 
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HOMO and LUMO energy level which further enables the components as a promising 

ETL (electron transport layer) or HBL(hole blocking layer). All these properties and 

features suggest that this annealed Alq3 polymer at 150oC is a very promising candidate 

as a solid-state WOLED or green OLED (organic light-emitting diodes) devices 

suitable for space, medical and optical communication applications. In this experiment 

we achieved our first research goal forming and fabricating a voltage tunable low 

voltage driven green whitish luminescence emitting OLED with annealed Alq3 emitter, 

ETL, and PEDOT: PSS HTL. Ag (silver paste) cathode and ITO as anode. These 

OLEDs can be used in different devices. 
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Chapter 7: Effect of ZnO nanoparticle on 

morphology and optical properties of poly- 

crystalline yellow emissive Alq3 for OLED 

application 

Abstract: 

We observe a distinct red shift of the electronic absorption band in a composite 

nanoparticle system consisting of wide band gap semiconductor ZnO grains embedded 

into tris(8-hydroxyquinolinato)aluminium (Alq3) matrix and calcined at 50 oC. To 

investigate the morphology and optical properties, we prepared coordination complex 

Alq3 by using wet synthesis method, with the absorption peak found to be at 358 nm at 

room temperature. For ZnO:Alq3 composites, it exhibits a lower energy band gap of 

2.85 eV as compared to wide band gap ZnO nanoparticle (3.37 eV) and as-prepared 

bulk Alq3 (2.89 eV). On illuminating with excitation wavelength of 385 nm, as-prepared 

Alq3 shows a fluorescence band peaking at around 520 nm but with the increasing 

concentration of ZnO nanoparticles, it exhibits broad peaks which are found to be shifted 

to higher wavelengths. The composites show yellow colored emission at 548.7 nm 

wavelength which is an essential requisite condition for white colored OLEDs. Further, 

XRD, FESEM confirms the rod shaped ZnO nanoparticle get embedded and 

agglomerated onto Alq3 surface resulting in an increase in structural volume (662.8 

c.c.) compared to that of individual constituents 47.6 c.c for ZnO and 386.72 c.c. for 

Alq3 powder. Experimental analysis suggests that incorporation of ZnO filler into Alq3 

matrix causes a significant improvement in the optical & structural properties as 

compared to pristine Alq3, thus opening a room for futuristic OLED applications. 

 

7.1 Introduction: 

Organic Light Emitting Diodes (OLEDs) have become the center of attention among 
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researchers for developing next generation lighting and flat panel display appliances 

owing to their distinctive advantages like thin, transparent, roll-able, flexible and low-

cost electronic gadgets. OLEDs have surpassed inorganic LEDs far away for their low 

cost, easy fabrication procedure, low operating voltage, tunable emission wavelength, 

higher thermal stability, excellent flexibility, low electricity consumption and excellent 

eco-friendly material properties [1,2,3,4,5]. 

The most desired electroluminescent organometallic compound used for optoelectronic 

materials is Tris(8-hydroxyquinolinato)aluminium (Alq3) which has a vast application 

in areas of white light emitting diodes, solid state lighting, organic photovoltaic solar 

cells, organic light emitting transistors (OLETs) and many more [4,6,7]. Alq3 is an 

organometallic n-type semiconducting chelate which has exquisite electron transport 

ability, blue-green luminescence, relatively longer stability and easy synthesis 

procedure compared to its inorganic counterparts [6,7,8]. Alq3 possesses five crystalline 

phases namely α, β, γ. δ and ε, where α and γ are responsible for blue luminescence and 

rest of three phases are responsible for green luminescence under ultraviolet excitation 

on Alq3 complexes [9,10,11,12,13,14]. 

VanSlyke and Tang [2] for the first time have reported their novel Alq3 based OLED in 

1987, and the demand towards the versatile application of Alq3 in optoelectronic and 

electroluminescent devices has been increasing till today.[2] Although Alq3 acts as ETL 

layer as well as an emissive layer of an OLED, research group of So and Fong [15] in 

2006 have exhibited the hole transport properties of Alq3 with low mobility under an 

applied field of approximately 1 MV cm-1.. On the other hand, in 2017, Derkowska and 

Zielinska reported that Alq3 possesses two absorbance band i.e,. band-A and band-B 

which causes ligand oriented electronic shift in Alq3[16,17]. Within the spectral range 

of 350-450 nm, A-band is found when firstly electronic transitions originate from 

ground energy state to excited energy state and secondly when charges are transferred 

from the oxygen containing quinolinolate ring to the nitrogen containing pyridyl ring 

that causes a π–π* transition of the qH2
+. The band-B can be visible within the spectral 

range between 210 nm and 280 nm. This is due to the central metal aluminium (Al) 

atom-containing p-band facilitates strong p–π* transitions and at the same time electrons 
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are shifted from 3p electronic orbital to π* molecular orbitals [16,17]. However, the 

major shortcoming of Alq3 and its derivatives are its lower chemical stability and often 

prone to photo-oxidation, thus leading to loss of consistent photoluminescence as well 

as electroluminescence on direct exposure to moisture, water-splash and atmospheric 

gases like oxygen, hydrogen, nitrogen. This limits the materials longevity and 

uncontrollably alters the properties in organic electroluminescent appliances like 

OLEDs, OLETs and solar OPV cells [18,19,20,21,22,23]. To overcome these hurdles, 

research groups have been focusing on hybrid Nanocomposite which consists of 

organometallic/inorganic hybrid structure. Interestingly, it is found to exhibit 

comparatively improved performance compared to pristine Alq3 alone in charge 

mobility, mechanical stability, chemical stability along with their electroluminescence 

and photoluminescence efficacy etc.[7,8,9,10,11].Moreover, inorganic /organometallic 

hybrid nano-composites is found to deliver an enhanced charge-carrier transportation 

which further improves the electro-optical properties and electronic properties of 

OLEDs and other opto-electronic devices[24,25,26,27,28]. Zinc oxide (ZnO) is a 

potential biocompatible inorganic n-type semiconducting metallic oxide for its 

outstanding electrical, optical, spintronic and photonic properties and promising 

applications in optoelectronics devices such as photodiodes, light emitting diode (LED), 

piezoelectric devices and ultra-violet lasers [29,30,31,32]. Further, non-toxic ZnO 

exhibits higher optical transmittance, excellent electron mobility, higher exciton binding 

energy of near about ~60 MeV and also exhibits direct band gap of ~3.37 eV at room 

temperature [29,30,31,32] 

In our study, our goal is to develop flexible, lightweight, low-cost and wide range 

temperature-based hybrid or Nanocomposites that deliver an enhanced charge-carrier 

transportation which improves the electro-optical properties and electronic properties 

of OLEDs and opto-electronic devices. Here, we synthesized ZnO Nano-particles, 

and ZnO/Alq3 Nanocomposite in bulk form and characterized the samples at room 

temperature and normal atmospheric condition. It is found that when ZnO Nano-

particles are incorporated into as-prepared Alq3, then the ZnO/Alq3 Nano-composite 

shows a red shift in fluorescence spectra and slight blue shift in UV-Vis absorption 
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spectra along with reduced energy band gap as found from Tauc plot method when 

compared to pure ZnO Nano-particles and Alq3, thus proves to exhibit better 

performance with respect to existing OLED materials. Through ZnO/Alq3 

Nanocomposite, we can further modify the electrical properties of ZnO incorporated 

Alq3. We can convert the wide band gap semiconductor to narrow band gap 

semiconductor thus regulating the electroluminescence and photoluminescence on the 

basis of electron hole recombination rate in emissive layer of an OLED. This feature 

can be used to tune the colour of the emitted radiation from the emissive layer of an 

OLED. In this study we get yellow colored emission at 548.7 nm (yellow colour 

generally visible within 500-570 nm wavelength. [9,16,23,29,30] From our study on 

composites, we found that Alq3 emits green photoluminescence at wavelength of 520.1 

nm. Moreover, it is established that the fabrication of polymers like Alq3 on ZnO NP or 

vice-versa improves the characteristics of a ZnO/Alq3 Nanocomposites 

[29,30,31,32,33]. This suggests that if we attach electron donating or electron accepting 

substituents to quinolinolate ligand of Alq3 we can maneuver the emission wavelength, 

optical band gap as well as color-tuning of emitted light from Alq3 and its complexes 

using chemical methods like doping, co-precipitation, sol-gel and wet exfoliation 

method [33,34]. 

7.2 Experimental Methods: 

1. Synthesis of Zinc Oxide nanoparticles: 

ZnO Nano-particles are synthesized through aqueous sol- gel method following Bolla 

G Rao et al (2017) [33]. At first 12.00 gm NaOH pellet were dissolved in 150 ml of 

distilled water and stirred for 5 minutes (Solution-A). Then 16.5 gm of zinc acetate di 

hydrate [Zn(CHCO)2.,2H2O] was dissolved in 100 ml distilled water and stirred for 5 

minutes (solution-B). Then solution-A was mixed with solution-B to get solution–C. 

After that 150 ml of aqueous ethanol (C2H5OH) solution was added drop wise to the 

solution-C and heated at 80°C with continuous stirring for 15 minutes. After the 

complete reaction the white precipitate of zinc oxide (ZnO) Nanoparticle were 

obtained. This white precipitate was collected using filter paper and washed in distilled 
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water for 6 to 8 times and then allowed to be dried at room temperature. Then that white- 

coloured dried powder was scintillated at 450°C in an oven for 5 hrs. Finally, the 

scintillated ZnO Nano-particle powder was crushed into fine powder using mortar and 

pestle. Later on, that fine ZnO NP powder was utilized for our ZnO-Alq3 composite- 

fabrication [33,34,35]. 

2. Synthesis of tris(8-hydroxyquinolinato) aluminium (Alq3) : 

Electroluminescent material Alq3 is synthesized through wet-synthesis method using the 

procedure reported by J.G. Mahakhode, et al. [35] where we deviated some steps keeping 

the original synthetic procedure intact on the basis of experimental needs as discussed 

earlier in the Chapter 4 & Chapter-6. Then that yellow precipitate of mer- Alq3 was 

filtered and washed 8-10 times with warm water. Then, the yellow green precipitate 

was heated to 60°C for 2 hours. The dried yellow –green colored Alq3 powder was then 

crushed into fine powder using a mortar pestle and a crucible pot. That fine yellow 

green powder of Alq3 was used for our ZnO/Alq3 Nano-composite formation. 

 

3. Fabrication of Alq3/ZnO Nanocomposites: 

Zno/Alq3 Nanocomposites were fabricated through a novel and low-cost easy 

procedure via solution intercalation and exfoliation adsorption method [30,31,32]. At 

first, 0.50 gm of Zinc oxide Nanoparticle (ZnO NP) was added in the mixed solution of 

10 ml distilled water and 10 ml ethanol (C2H5OH) solution (taken in 1:1 volumetric 

ratio) with stirring for 20 minutes and was thereafter ultra-sonicated for 30 minutes. An 

opaque white solution was formed (solution -G). Then 0.50 gm of Alq3 powder was 

mixed with 10 ml of ethanol (C2H5OH) and 10 ml of distilled water and stirred for 20 

minutes and then ultra-sonicated for 30 minutes. A yellow-green opaque solution 

(solution-H) was obtained. After that, solution-G was added into Solution-H and the 

resulting mixture (solution-I) was then again ultra-sonicated in sonication bath for 4 

hours. A light white mixed green-yellow precipitate was obtained at the bottom of the 

transparent colorless solution. The excess liquid was decanted and then allowed the 

viscous yellow white solution in a water-bath with heating at 50 °C for 8 hours and then 
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left it in open air at room temperature over-night to settle down and to dry. Then dried 

yellow ZnO/Alq3 (1wt%:1wt% ratio) Nano-composite powder is finally formed which 

were collected and crushed into fine powder with the help of crucible pot and a mortar 

and pestle. In another attempt we filtered the yellow-white solution using filter paper 

and the yellow-white precipitate was collected over filter paper. The yellow precipitate 

was collected in a petri dish and allowed to be dried overnight. Then the dried powder 

was heated at 50 °C for 2 hours to remove moisture absorbed in it. Finally, the dried 

powder was collected and crushed into fine powder using mortar and pestle. [30,31,32] 

 

7.3 Results and discussion: 

A. Structural and morphological Study: 

1. X-Ray Diffraction spectroscopy: 

 

From the XRD spectroscopy aided by Bruker Xray Diffraction Spectrometer, it is 

namely (100), (102),(110) at 2θ=30.1o, 45.2o, 53.2o (PDF pattern 01-080-7100). Along 

with it, two sharp peaks are found in the XRD of the bulk Alq3 having crystallographic 

plane at (011) (121) at 2θ =10.6 o, 18.3 o (PDF pattern 26-1550) while intense sharp peaks 

are found having crystallographic plane of (100), (102), (110) and (011), (121) at 

clearly observed that ZnO Nano-particle has distinct sharp intense peaks namely (100), 

2θ=11.1 o ,17.6 o 19.2 o and 2θ = 24.1 o , 26.1 o (PDF pattern 00-049-2409) respectively 

which clearly convince the incorporation of ZnO Nano-particle into Alq3, thus  
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Figure7.1: XRD spectroscopy of (a) ZnO nanoparticles (b) Bulk Alq3 powder and 

(c)ZnO:Alq3 

2θ=11.1 o ,17.6 o 19.2 o and 2θ = 24.1 o , 26.1 o (PDF pattern 00-049-2409) respectively 

which clearly convince the incorporation of ZnO Nano-particle into Alq3, thus 

formation of ZnO:Alq3 Nano-composite system. The intensity of sharp peaks explains 

the newly formed Nano-composite system which exhibits different physical and 

chemical properties compared to its individual components, i.e., Alq3 and ZnO Nano-

particles. [22,29,30,31,32]. 
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Table 7.1: Structural comparison table for Alq3, ZnO NP, ZnO /Alq3 Nanocomposites 
 

 

Sample Name Lattice Lattice Parameter 

(Ao) 

Volume 

(c.c.) 

Mol. wt. 

(gm/mol) 

Alq3 polycrystalline 

triclinic 

a=10.3, b=13.7, c=8.2 386.72 459. 4 

ZnO NP Hexagonal 

Wurtzite 

a=3.2, b=13.9, c =5.2 47.6 81.4 

ZnO/Alq3 

Nano- composites 

Monoclinic a= 5.1, b=13.9, c=9.44 662.8 142.2 

 

3.FESEM (Field Emission Scan Electron Microscopy) spectroscopy: 

From FESEM image aided by JEOL Field Emission Scan electron microscope of Figure 

7.2(a) it is clearly observed that bulk Alq3 powder possesses semi-porous polycrystalline 

triclinic lattice and hexagonal stacked Nano-rod like layers. Figure 7.2(b) also confirms 

the hexagonal and spherical wurtzite structure of ZnO Nano-particles where two 

hexagonal planes are intersected with each other having a=3.2 Ao, b=13.9 Ao, c=5.2 Ao 

. From figure 7.2(c) it is clear that hexagonal monoclinic layered structures are formed 

when spherical ZnO nanoparticles are incorporated into the base of Alq3. The FESEM 

images thus show the conformity with the XRD spectral images and peaks 

[22,29,30,31,32]. In figure 7.2 (a) we clearly observe the fine hexagonal nanorod 

structure of pure bulk mer-Alq3 powder , but when hexagonal wurtzite structure of zinc 

oxide nanoparticle is doped into Alq3 host matrix the whole structure becomes 

monoclinic From figure 7..2(C) it is clearly seen that ZnO nanoparticles lose their 

wurtzite structure and granular partially semi hemispherical or capsule like structure 

remain embedded into the diffused Alq3 structure. Incorporation of ZnO nanoparticles 

are distinctly proves about the making of ZnO/Alq3 nanocomposites 
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0.1 Figure 7.2: FESEM images of (a) Pure Alq3 Nanorod powder (b) ZnO Nanoparticle 

(c) 

(a) Alq Nanorod 
3 

100 nm 

(b) Wurtzite structure 

ZnO NP 

100 nm 

(c) 

ZnO NP 

Alq 
3 

100 nm 



193  

0.2 wt % ZnO /Alq3 nanocomposites 
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    B.Optical property study: 

1.Ultra-Violet Visible (UV-VIS) absorbance spectroscopy: 

The absorption spectra of ZnO Nano-particles, as-prepared Alq3 and ZnO/Alq3 nano- 

composites are illustrated in Figure7.3. 

Figure 7.3: UV–Vis spectroscopy of (a) ZnO-NP (b) Alq3 powder (c) 0.1wt % ZnO/Alq3 

Nanocomposites (d) 0.2wt % ZnO/Alq3 Nano-composites (e) 0.3wt % ZnO/Alq3 Nano- 

composites (f) 0.4 wt % ZnO/Alq3 Nanocomposites 

 

The highest and strongest peaks of the absorption spectrum of ZnO Nano-particles, Alq3 

and 0.1 wt % ZnO/Alq3 Nanocomposites are seen at the wavelength of 362.7nm, 361.0 

nm and 360.9 nm respectively. The absorption peaks at 362.7 nm and all peaks within 

the range of 330 nm and 400 nm are formed due to the 𝛑-𝛑* transitions of quinolinolate 

ligands of Alq3[22,29,30]. When ZnO incorporates into Alq3, it is clearly seen that the 
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intense peaks of ZnO NP at 362.7 nm blue shifts to 360.9 nm and intense peaks of Alq3 

at 361.0 nm blue shifts to 361.0 nm. But this comparison spectra validates that ZnO 

Nano-particles have indeed embedded into the host Alq3 matrix... The other possible 

reason for this peak-shift is the alteration of direct energy band–gap that takes place on 

the Alq3 surface that results in blue shifts for both ZnO NP and pure Alq3; 

This energy band gap of the materials can further be ascertained by Tauc plot method 

and by applying the under mentioned equation: 

(αhυ) = (hυ-Eg)n (7.1) 

Where n is ½ for allowed direct transitions, and n=2 for allowed indirect transitions 

α=absorbance coefficient, h=Planc’s constant, υ=frequency of absorbed radiation, 

Eg=energy band gap [29,30].. 

The direct band gap of pure Alq3 powder at room temperature is 2.89 eV which is 

consistent with the erstwhile reported work whereas the direct and wide energy band 

gap for ZnO Nano-particle is found to be 3.37 eV. Nevertheless, when ZnO is 

incorporated into pure Alq3, the wide band gap of the ZnO in the composite system is 

reduced from 3.37 eV to 2.85 eV and from 2.89 eV to 2.85 eV for pure Alq3. Hence, the 

energy band gap of Alq3 or ZnO can be tuned by incorporation of ZnO into pure Alq3 

powder. From figure 3, we can analyze the change in absorbance intensity due to the 

increase in ZnO NP wt% concentration compared to the absorbance intensity of pure 

Alq3 , pure ZnO NP and hybrid 0.1 - 0.4 wt% ZnO/Alq3 Nanocomposites. The intense 

absorption peaks are red shifted from 360.9 nm (for 0.1 wt% ZnO/Alq3 ) to 361.3 nm 

(for 0.2 wt% ZnO/Alq3 ) and then it started to increase in absorbance intensity as it red 

shifted from 361.3 nm (0.2 wt% ZnO/Alq3 ) nm to 362.9 nm (0.3 wt% ZnO/Alq3) and 

then again red shifted for the increase in the absorbance intensity from 362.9 nm(0.3 

wt% ZnO/Alq3) to 368.5 nm (0.4 wt% ZnO/Alq3). From Tauc plot of Figure 7.4 B we 

can observe that the wide Optical band gap of ZnO (3.37 eV) and Alq3 (2.89 eV) are 

lowered to 2.85 eV. This confirms that the incorporation of ZnO NP can tune the band 

gap of Alq3 by making hybrid Nanocomposite of ZnO NP and Alq3 molecules. 
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Figure 7.4:(A) Tauc plot of (a) Alq3 powder (b )0.1wt % ZnO/Alq3 Nanocomposites 

(c) 0.2wt % ZnO/Alq3 Nanocomposites (d) 0.3wt % ZnO/Alq3 Nanocomposites (e) 

0.4 wt % ZnO/Alq3 Nanocomposites (B) Tauc Plot of (a) ZnO Nano-particles (b) pure 

Alq3 powder (c) 0.1 wt % ZnO/Alq3 Nanocomposites 

 

From the absorbance spectra of Figure 7.4(A), Tauc plot of 7.4(B) and Table 7.2, it is 

clear that when ZnO concentration weight % are increased from 0.1% to 0.2% the optical 

band gap (Eg) increased to 2.87 eV but it drastically starts to lowering down to 2.82 eV 

for 0.3 wt% and it reduces to the lowest optical band gap value of 2.81 eV for 0.4 wt% 

of ZnO NP. These results prove that composite can maneuver the optical properties, 

especially the can be controlled with variable concentrations of inorganic semiconductor 

ZnO NP into another wide band-gap organic semiconductor Alq3 and yielded a 

comparatively narrow bandgap containing ZnO/Alq3 Nanocomposites [22,29,30] 
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Table 7.2: comparative study of optical band gap with respect to concentration 

increase of Zno NP within Alq3 

 

Sl. No. Name of the samples Maximum 

absorption 

peaks 

found at 

Optical 

band gap 

Eg 

( in eV ) 

1. ZnO NP 362.7 nm 3.37 eV 

2. Alq3 361.0 nm 2.89 eV 

3. 0.1 wt% ZnO/Alq3 nano 

composites 

360.9 nm 2.85eV 

4. 0.2 wt% ZnO/Alq3 nano 

composites 

361.3 nm 2.87 eV 

5. 0.3 wt% ZnO/Alq3 nano 

composites 

362.9 nm 2.82 eV 

6. 0.4 wt% ZnO/Alq3 nano 

composites 

368.5nm 2.81 eV 

 

 

2. Fluorescence spectroscopy: 

From the fluorescence spectroscopy aided by PERKIN EILMER fluorescence- 

spectrometer, we can distinctly determine that ZnO Nano-particle exhibits highest 

intense peaks at 512.3 nm. The intense green photoluminescence intense peak of Alq3 is 

seen at the wavelength of 520.1 nm which is in agreement with the result of mostly 

published reports so far (~520 nm). Thus, for ZnO NP, the blue shift of green 
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photoluminescence is observed. The higher intense peaks for 0.1 wt % ZnO/Alq3 is 

obtained at 538.1 nm which results in red shift of green photoluminescence of 

Alq3[22,39,30]. 

 

Figure 7.5: Fluorescence spectroscopy of (a) ZnO Nano-particle (b) Alq3 and (c) 0.1 

wt% ZnO/Alq3 Nanocomposites (d) 0.2 wt% ZnO/Alq3 Nanocomposites(e)0.3 wt% 

ZnO/Alq3 Nanocomposites(c) 0.4 wt% ZnO/Alq3 Nanocomposites 

 

The other intense peaks are 548.3 nm for 0.2 wt% ZnO/Alq3 Nanocomposites ,539.4 

nm for 0.3 wt% ZnO/Alq3 Nanocomposites and 573.2 nm for 0.4 wt% ZnO/Alq3 Nano- 

composites. The highest peaks are 548.3 nm. Above of this range red shifting and lower 

than this blue shift of absorbance intensity occurs. 
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Figure 7.6: Integrated PL peak- intensity variation curve (λex=385 nm) for variable ZnO 

NP concentration (weight percentage or wt%) incorporated over Alq3 molecules in 

ZnO/Alq3 Nanocomposites 

 

In figure 7.6 the changes in integrated PL intensity with respect to different weight 

percentages of ZnO NP concentration are clearly described in a nutshell. The integrated 

PL intensity curves are seen within the wavelength beginning from 520.1 nm to 573.2 

nm. The emission intensity increases firstly from 520.1 nm (for pure Alq3) to 538.1 nm 

(for 0.1 wt % ZnO /Alq3) and then it reaches its maximum intensity at 548.7 nm (for 

0.2 wt % ZnO /Alq3). Thereafter, the integrated PL intensity starts to lower down 

drastically at the wavelength 539.4 nm (for 0.3 wt % ZnO /Alq3) and then reaches 573.2 

nm (for 0.4 wt % ZnO /Alq3). This result proves that up to 0.2 wt % ZnO concentration 

integrated PL intensity results in higher photoluminescence whereas in between 0.2 wt 

% and 0.4 wt % integrated PL intensity begins to quench [22,29,30]. 
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3. Fourier Transform Infrared Spectroscopy: 

 

 

 

Figure 7.7: FTIR spectroscopy image of (a) ZnO NP (b) Alq3 powder (c) ZnO/Alq3 Nano 

composites 

From the FTIR spectroscopy aided by PERKIN EILMER IR spectrometer as shown in 

figure7.7, it is clear that most of the intense peaks are found within the range between 

417 cm-1 and 1619.7 cm-1. The FTIR characteristics peaks are due to vibration modes of 

Alq3, ZnO NP and ZnO/Alq3 NPs which are observed within 400-800 cm-1. Vibrations of 

aromatic quinoline rings are detected within 400-600 cm-1 and vibration of quinolinolate 

ligand and Al3+ cation (Al-O bond stretching) are seen within 600-800 cm-1. The weak 
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intensity peaks due to vibrational stretching non bonded O-H stretch for hydroxyl 

functional group are found at 3696 cm-1 which is due to presence of moisture or H2O 

molecules in the samples under experiment. Moreover, C-C bonding of aromatic rings 

and pyridine and benzene ring or quinolinolate ligands are also found at 2986 and 2909 

cm-1 respectively. Different stretching vibrations of (i) C–N-C bond among central 

Al(III) atoms and three quinolinolate ligands are observed at 1501, 1467, 1380 and 1333 

cm-1(ii) C–O bond between benzene rings and deprotonated hydroxyl functional group 

(OH) of 8-Hq are found at 1115 and 1052 cm-1 ,(iii) aromatic amines are seen at 1467 and 

1380 cm-1 (iv) aromatic C=C bond of pyridine and benzene ring are observed at 1619.7 

and 1611 cm-1, (v) C-H bond at 826 and 746 cm-1,(vi) short height Al–O–Al bond are 

seen at 748 cm-1 ,(vii) Al–O bond are witnessed at 546, 647 cm-1. and (viii) Al–N bonds 

are found at 454 and 417 cm-1. The weak intensity peaks at 2986 and 2909 cm-1 are due 

to vibrational stretching of O-H bond which in turn is due to presence of minute amount 

of moisture of H2O molecules in all the samples under measurement. Lu et al [36] 

reported that Zn-O vibration bands are found within the region between 400 cm-1 and 

500 cm-1. The stretching vibrations at 417 and.454 cm-1 are obtained due to vibration of 

Al3+ cation, quinolinolate (C6H5NO-) anion, Al-N bonds and Zn-O bonds of metal oxides 

which is in conformity with the report of Xia Lu et al [36]. Al-O bond of metal oxides 

is found at 546, 647 cm-1 and Al–O–Al bonds are visible at 748 cm-1. These peaks 

confirm the existence of Alq3 and ZnO NPs within the ZnO/Alq3 Nanocomposites. The 

intense peaks of ZnO NP at 1619.7 cm-1 and intense peaks of Alq3 at 826 cm-1 are clearly 

witnessed in FTIR of ZnO/Alq3 which signifies that ZnO NP remain embedded into the 

Alq3 surface, which is also accords with the result of XRD, FESEM. The higher peaks of 

ZnO/Alq3 nanocomposites compared to pure Alq3 are also due to nanocomposite 

surface where semi spherical ZnO NP remains embedded and erected from Alq3 surface 

from where higher intensity transmittance occurs [22,29,30,36]. 

B. Electroluminescence and device performance study: 

Based on the result obtained from previous chapter I also tried to fabricate a ZnO 

nanoparticle incorporated Alq3 emitter matrix-based OLED and characterize its electric 

properties, especially electroluminescence and device performance. The noteworthy 
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matter is I used 0.3 wt% ZnO nanoparticle for doping into Alq3 emitter matrix. The  

reason was Alq3 annealed at 150oC and 0.3 :1 wt% ratio of ZnO /Alq3 nanocomposites 

exhibit the 

  

 

 

 

Figure 7.8: Stacked architecture of ZnO/Alq3 nanocomposites- based OLED 

 

highest magnitude of Absorbance intensity and Alq3 both acted as ETL and HTL of 

OLED gives maximum photoluminescence when it is annealed at 150oC under ambient 

condition in a hot air oven ranging from room temperature to 200oC. We also fabricated 

an un optimized OLED without employing any sophisticated instruments such as 

vacuum, argon or nitrogen gas driven atmosphere, robust encapsulation. Our aim was to 

form a high temperature and high voltage or high current compatible which can be 

operational at low turn-on voltage as well as would be economical, rollable, durable, 

stable, longer lifespan and less prone to luminous quenching due to chemical failure, 

ageing, higher current, corrosion etc. We found that our fabricated device performed 

excellent exhibiting a low turn -on voltage, higher current efficiency, power efficiency. 

As Alq3 itself is a highly fluorescent, it uses emissive singlet exciton mostly for photon 
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generation. This results in low EQE %. From date obtained table 7.3 and 7.3, we found 

that our unoptimized 0.3 wt % ZnO/Alq3 nanocomposites emitter based OLED exhibit a 

higher current efficiency 3.93 higher cd/A, EQE % of 1.838 % compared to 1.488% of 

annealed Alq3 and higher power efficiency of 31.1 lm/W, higher current density of 365.3 

A/m2 which is along with low turn-on voltage of 2.81 volt and driving voltage is 5.93V 

and higher luminance of 10956 cd/m2 at 10.9 volt. Which is more enhanced device 

performance compared to the OLED formed with Alq3 powder emitter annealed at 

150oC. 
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Figure 7.9: (A)chromaticity diagram (B)normalized EL intensity -wavelength plot) 

(C)Current efficiency vs. current density (ηc-J) plot (D) External quantum efficiency vs. 

current density (ηext-J) plot (E)Power efficiency vs. Luminance (ηp-L) plot (F) Luminance 

vs-voltage(L-V) plot (G) Current density vs voltage (J-V) plot and (H) normalized PL 

intensity vs wavelength plot for ITO/PEDOT:PSS/V2O5/0.3wt% ZnO:Alq3/LiF/Ag 

(device2) 
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Table 7.3: Comparative chromaticity data of Alq3 powder annealed at 150oC 

ITO/PEDOT: PSS/V2O5/Alq3/LiF/Ag (device1) and 0.3 wt % ZnO nanoparticle 

incorporated Alq3 nanocomposites- based OLED devices ITO/PEDOT: 

PSS/V2O5/0.3wt% ZnO:Alq3/LiF/Ag (device2) 

 

Compound CCT 
CR 

I 

R9 x y CIE 

coordinates 

λemission 

Alq3 powder 

annealed at 150 oC 

5592K 98 91 0.3078 0.4453 (0.3078, 

0.4453) 

520.6 

nm 

0.3 wt% 

ZnO(II)/Alq3 

6019 K 57 101 0.3110 0.4832 (0.3110, 

0.4832) 

539.8 

nm 

 

Table 7.4: Comparative electroluminescence and device performance-oriented data of Alq3 

powder annealed at 150oC ITO nanocomposites- based OLED devices ITO/PEDOT: 

PSS/V2O5/0.3wt% ZnO:Alq3/PEDOT: PSS/V2O5/Alq3/LiF/Ag (device1) and 0.3 wt % ZnO 

nanoparticle incorporated Alq3 /LiF/Ag (device2) 

 

 Device 

name 

Turn 

on 

voltage 

Driving 

voltage 

Voltage 

at 

1 

cd/m2 

Voltage 

at 

1000 

cd/m2 

EQE 

(%) 

CE 

(cd/A) 

PE 

(lm/W) 

Maximum 

luminance 

at 

maximum 

Voltage 

Device 

1 

3.1 9.26 2.87 

. 

6.88 1.488 3.89 34.2 6338.6 

(9.6) 

Device 

2 

2.81 5.8 2.816 

. 

6.32 1.838 3.925 35.1 10956 

(10.9) 

        

        7.6. Conclusions: 

A whitish-yellow colored ZnO/Alq3 nanocomposites were synthesized by doping ZnO 

NP with Alq3 bulk powder through solution intercalation and exfoliation adsorption 

method. The synthesized ZnO/Alq3 nanocomposite exhibits a lower energy band gap of 
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2.85 eV compared to wide band gap ZnO NP (3.37 eV) and Alq3(2.89 eV). The 

composite also exhibits red shift of fluorescence spectra while excitation wavelength is 

385 nm. It also displays yellow colored emission at 348.7 nm wavelength which is an 

essential requisite condition for white colored OLEDs. FESEM images of prepared 

ZnO/Alq3 nano- composites reveal that it has spherical granular structure of ZnO NP on 

smooth surface of Alq3. This structure results in strong and higher intense FTIR peaks 

and causes blue shifts of absorption peaks of ZnO NP (362.7 nm) and Alq3(361.0 nm) 

at 360.9 nm. Hence the tuning of photoluminescence and colour in wide band gap 

semiconductor Alq3 was observed by replacing with comparatively smaller energy gap 

semiconducting ZnO/Alq3 nanocomposites. Our unoptimized 0.3 wt % ZnO/Alq3 

nanocomposites emitter- based OLED exhibits a higher current efficiency 3.93 higher 

cd/A, EQE % of 6.57 % and higher power efficiency of 31.1 lm/W, higher current density 

of 365.3 A/m2 which is along with low turn-on voltage of 2.81 volt and driving voltage 

is 5.93V and higher luminance of 11956 cd/m2 at 10.9 volt. Which is more enhanced 

device performance compared to the OLED formed with Alq3 powder emitter annealed 

at 150oC. Therefore, ZnO/Alq3 Nano- composite can indeed be utilized as an excellent 

transparent emissive layer (EML) and electron transport layer (ETL) for futuristic white 

and yellow electroluminescent OLETs and OLEDs. In this research work we tried to 

tune the optical band gap of Alq3 emissive by incorporating ZnO Nano particle into Alq3 

matrix to improve optical properties and electroluminescence and recombination rate of 

electron-hole pair within the EML layer. which fulfils our second research objective. It 

also obtained that the fabricated OLED could emit yellowish white luminescence which 

is required for WOLED and solid-state lighting application which is our fourth research 

objective. 
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Chapter 8: To Study the Structural, Optical and 

Electrical Properties of Rare Earth Europium(III) 

and Neodymium(III) Ion Doped Alq3 Based 

Emissive Layer for OLED Application and Solid 

State Lighting Application 

Abstract: 

In this research work we synthesized mer-Alq3 [tris(8-hydroxy quinolinato)aluminium(III) 

powder and its solution, europium nitrate Eu(NO3)3 and neodymium nitrate [Nd(NO3)3] 

solution, vanadium pentoxide(V2O5) solution and PEDOT: PSS (poly(3,4-ethylenedioxy 

thiophene), polystyrene sulphonate) solution in lab for stack layer OLED fabrication. We 

annealed synthesized Alq3 powder from room temperature to 200oC in a hot air oven. We 

found the best performance of mer-Alq3 powder when it was annealed at 150oC. Thus, we 

took Alq3 powder annealed at 150oC for our material under investigation. Rare. These ions 

and rare earth complexes based emissive layers exhibit excellent photoluminescence or 

electroluminescence properties. Those proven or reported results also motivated us to study 

the EL and PL properties of rare earth ions in the case of europium (III) ion doped and 

neodymium(III) doped mer-Alq3 powder, We also fabricated three kinds of devices (device 

1 ,device 2 and device 3) having architectures: ITO-coated PET sheet 

(175nm)/PEDOT:PSS(48nm)/V2O5(12nm)/Alq3(83nm)/LiF(3nm)/Ag(100 nm)[device1], 

ITO- coated PET sheet(175nm)/PEDOT:PSS(48nm)/V2O5(12nm)/Nd:Alq3(83nm) /LiF(3 

nm)/Ag(100nm)[device2]and ITO-coated PET sheet (175nm)/PEDOT:PSS(48nm)/V2O5 

(12nm)/Eu:Alq3 (83nm)/LiF(3 nm)/Ag (100 nm)[device 3] respectively. Our central aim 

was to construct voltage tunable cost effective, inexpensive transparent flexible OLED 

(Organic Light Emitting Diode) having wide emission spectrum  using Alq3 thin film (ETL 
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layer plus EML or Emissive layer), PEDOT: PSS thin film(HTL or Hole Transport 

Layer),ITO coated PET (Poly Ethylene Terephthalate)sheet(transparent anode) and Ag 

silver paste(cathode) Here multi layered thin films are spin coated one after another on the 

transparent anode as well as transparent substrate ITO (Indium Tin Oxide ) coated PET 

utilizing the spin coating method. After construction the electroluminescence (EL) and 

photoluminescence (PL) properties and device efficiency of the Alq3 –based bi – layered 

single junction OLED device was examined using PL spectroscopy, UV-VIS 

spectroscopy, Cyclic voltammetry, XRD and FESEM EDS analysis, EL and PL intensity 

vs wavelength plot analysis and J-L-V plot analysis, TG and DSC curve and chromaticity 

diagram. We find that device 3 has exhibited the best SSL OLED performances compared 

to other two OLEDs with 2.56V turn on voltage, driven voltage of 5.8V ,0.95% EQE, 

current efficiency of 4.69 cd/A and power efficiency of 34.48lm/W and maximum 

luminance at 11.9 Volt is 11589.2 cd/m2.This Solid state OLED has potential applications 

specially for all kinds of illumination, full-colour HD flexible displays and OLED lamps 

etc. 

8.1. Introduction: 

There are 17 elements in the family of rare –earth elements (RRE) of the periodic table. 

Of them 13 rare earth or lanthanide elements (cerium to ytterbium i.e., atomic no. 58-70) 

possess incompletely packed 4f outer shells curtained by 5s25p6 outermost subshells, 

excluding the four rare earth elements having atomic numbers 21,39,57 and 71. The 4f 

shell of these four RRE elements are completely filled with their maximum strength of 14 

electrons. But the 4f shells of the remaining 13 RREs are partially filled and totally 

curtained by the completely filled 5s25p6 outer subshells. Because of this partially filled 

outermost 4f shell those 13 RREs exhibit higher electronic levels and show excellent 

electromagnetic and optical properties. These delimited energies of those higher electronic 

levels have remained unaffected from the outer chemical influence. Hence tri positive 

RRE cations exhibit luminescence because of energy-level shift within the outer 4f shell 

which is usually not allowed according to spin & parity prohibition rule of quantum 

mechanics. (Figure 1) But when these RRE cations do not possess any central symmetric 

positions in its crystal lattice they show luminescence efficiently. [1-5] 
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Researchers worldwide involved with this field of research are continuously innovating and 

developing new methodology and processing techniques for longer durability, low 

operating voltages, higher transparency and higher flexibility, higher external and internal 

efficiency (EQE and IQE) using various suitable materials to enhance PL and EL efficiency 

of OLED displays and OLED lights. [6-16] 

The manufacturing cost of LED based SSL is comparatively low and gives bright colourful 

luminescence at low voltage that’s why mass production of Solid-state LED lamps is 

obvious consequences and get extreme popularity among the users. But still due to rigid 

structural form SSL using LED cannot be applied to acute angular plane as well as in 

flexible surface. That’s why thin flexible low voltage driven brighter flickering free displays 

and SSL using OLED would be a real solution for multi-dimensional full colour HD 

displays and bright lighting applications. Solid state lights can be used in every application 

where OLED and LEDs are used. On the other hand, continuous R&D has lowered the 

manufacturing cost of OLED displays as well as OLED SSLs, But OLED SSL are still many 

steps far behind than LED SSLs on account of higher chemical cost, device manufacturing 

cost, chemical degradation, shorter life span etc. [14-20] 

8.2. What are the major differences between OLED display and OLED 

lighting? 

OLED displays send messages videos and images which refresh at higher image-data and 

display-data sending rate more than 120Hz which needs costly TFT substrates to control 

those pixels to give high resolution videos and images. But OLED display consists of a 

number of small pixels. OLED display emits a fractional part of brightness and can address 

RGB pixels individually which results in shorter lifespan of an OLED display. Thats why 

OLED displays have been converted into an ideal device for exquisite means of messaging 

and showing videos and images on television screens and smart phone-screens. While 

OLED lights are the light-engines which create ambiance, functional illumination and 

sometime helps to communicate like indicators. The large OLED lighting segments are 

1000 times bigger in size compared to those RGB small pixels of OLED displays. OLED 

lights can address large OLED light segments which refresh at slower data rate and thus it 
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does not require costly TFT screen. OLED lights act as a functional light source as they 

can emit natural white spectra, uniform illumination with higher brightness and can work 

on large surface area lighting. The lifespan of OLED lights is generally more than 10 years. 

OLED light panels are considered as “single big pixel “or an array of large OLED lighting 

segments. [24-27] 

8.3. How lanthanides or rare earth complexes affect in photoluminescence 

and electroluminescence of OLEDs: 

When lanthanide complexes, i.e rare earth complexes (RRE complexes) are used as emissive 

materials of OLEDs, lanthanides exhibit excellent colour-saturation as well as higher PL 

and EL efficiency in those OLEDs. The rare earth ions of the RRE complexes exhibit 

excellent luminescence for their unusual electronic structures. The electronic configuration 

of the rare earth ion is 4fx5s25p6(x=0 to 14) where each rare earth ions 

 

 

 

 

Figure 8.1A: Photophysical processes of rare earth complexes 

contains an incompletely filled 4f shell. Due to the screening effect of 5s orbital electrons 

and 5p orbital electrons, the energies of their electronic levels remain unaffected against the 
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external chemical atmosphere. This leads to the emission of sharp line-like spectra (FWHM 

<10nm), excellent color-purity, emission of 30,000 spectral lines within the range UV 

(ultra-violet) and NIR (near infra-red) due to magnificent energy transitions of electronic 

levels. It has been well proven that the energy levels of ligand singlets (S1) present in RRE 

metallic chelates are converted into higher efficiency yielding triplet energy levels (T1) 

through intra-energy state conversion (ISC) method [Figure 8.1A]. These ligand singlet 

energies are also converted into the excited state of the metal ion present at the center of the 

RRE chelates. The electrons present in the 4f inner orbital associated with the RRE central 

metal ion causes 5Dx→ 7Fx energy transition resulting in a band of sharp spectral lines 

and 20-95% photoluminescence (PL) efficiency and electroluminescence (EL) efficiency 

compared to common phosphorescent and fluorescent compounds. 

There are three processes involved with the energy transfer procedure: 

(1) Each ligand absorbs excited energy and forms a singlet state(S1) on itself. 

 

(2) Singlet states (S1) of each ligand transfer its energy to the corresponding triplet state 

(T1) of the ligand by the method of intersystem crossing (ISC) 

(3) Triplet state (T1) of ligands transfers its energy to the central RE ion and excites 4f 

electrons using resonance coupling method and thus energy transfer occurs between triplet 

state (T1) of ligand and 4f excited state of RRE ion generating light by radiative –decay 

method. (Fig. 8.1A) 

RRE complexes play decisive roles for light emission from those RRE complexes. When 

lanthanides are incorporated into the emissive layer of OLEDs it eliminates the 25% 

efficiency limitations of spin statistics of efficiency as both or either of the excited singlet 

and triplet ligands transfer their excitation energy to the lanthanide ion. 

The unique photoluminescence and electroluminescence characteristics use of rare earth 

complexes as emissive materials of OLEDs provide an effective means to produce highly 

efficient low-voltage driven OLEDs having excellent color-purity. For this reason, RRE 

complexes are the best choice for the optical communication application like up- 

conversion emitters, fiber amplifiers etc. Since the first published report of 

electroluminescence properties from RRE complex, researchers from every corner of the 

world have shown great interest in the EL properties of rare earth elements and rare earth 
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complexes due to their outstanding color purity and excellent luminescent characteristics 

and higher PL and EL efficiency. Even in recent times there has been continuous research 

going on the study of EL phenomenon, molecular structure device performance of RRE and 

RRE complexes. [27-36] 

8.4. Advantages of wide band gap semiconductors: 
 

Wide band-gap semiconducting materials (WBGSC) usually possess an energy bandgap 

more than 2 electron-volt(eV). E.g. Sic, RRE complexes, ZnO nanoparticles, GaN, Alq3, 

Alq3-RRE complex nano composites are the best choice material for solid state lighting 

(SSL). The wide band gap semiconducting materials have many advantages compared to 

narrow band gap materials for their higher efficiency, small former wavelength, shorter 

wavelength, higher luminescence properties and ability to handle high    

temperature, high frequency, high power functionality and supports faster switching over 

to higher temperature dependent functions. WBGSCs. enable LED or OLEDs to emit high 

quality brighter energy efficient white light and emit visible and UV electromagnetic 

radiation. 

Table 8.1: Comparative data analysis of Eu(III) and Nd(III) ion’s electronic configuration 

 

Element Electronic 

configuration 

Rare Earth 

(III) ion 

configuration 

(RE3+) 

Crystal 

structure 

E.S. 

transitions 

G.S. 

transitions 

Emission 

Energy 

levels 

Neodymium 

(Nd-60) 

[Xe]4f46s2 4f3 Dhcp 4G5/2 
4I9/2 

4F3/2 

Europium 

(Eu- 63) 

[Xe]4f76s2 4f6 Bcc 7F2 
7F1 

5D0 

 

Eu3+ cation activated complexes are successfully used in colour television as its red- 

component. Rare earth doped phosphors are used to yield considerable increase in 

luminescence of energy-saving luminescent SSL lamps along with X-ray influencing 

screens etc. The first rare-earth complex used as emissive material in fluorescent lamp and 

CRT lamp was Y2O3: Eu(III). In 1964 neodymium yttrium aluminium garnet lasers (YAG 
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lasers) were discovered, after 1987 RRE complex-dependent OLEDs or RRE coordination 

compound-based OLEDs became extremely popular among researchers. [27-37] 

The energy level structure or electronic configuration of Europium trivalent cation (Eu3+) 

is [Xe]4f6 which consists of 60 electrons. Out of 60 electrons 54 electrons occupy identical 

confined shells like a Xenon atom does. The remaining 6 electrons exist inside the 4f- 

shell. The confined 5s2 & 5p6 exterior shells completely protect that 4f shell well from its 

surrounding environment. The six electrons of 4f shell can be introduced into different 

seven (7) 4f orbitals in 3003 ways. [27-36] 

Nd3+ ion is a trivalent rare earth ion which has 4f3 RE3+ configuration. This causes 

absorption peaks from G.S. (ground state) 11I9/2 to various excited energy states in UV-Vis 

spectral region [110,111]. Europium (III) ion is a very popular emitter used for red 

luminescence. Europium (III) ions usually doped into different host crystal lattices. Eu3+ 

ions doped phosphors create sharp spectral emission lines because of transitions from 5DX 

to 7FX (where X=0,1,2,3,4,5,6) for excitation wavelength ranging from 395 to 398 nm. 

[27- 37] 

Therefore, our materials of interest were tri positive trivalent Nd3+(atomic no 60) and 

Eu3+(atomic no 63) cations and their complex show efficient luminescence depending upon 

the number of electrons present in its 4f outermost shell. Trivalent RRE ion activated 

complexes have attracted many researchers’ interests to introduce RRE complexes as 

emissive materials of organic light emitting diodes (OLED) for higher quantum efficiency, 

line-like emission, easy synthesis process and higher luminescent efficiency. Rare earth 

ions can be used as luminescent materials. These ideas have caused path breaking 

development in the field of luminescence and solid-state lighting and general illumination. 

[22,27-37] 

In our present work we studied the morphological, optical and electrical properties of 

Eu(III) ion and neodymium ion in tris(8-hydroxyquinoline)aluminium(III) (Alq3) -based 

OLED application and possible solid state lighting application. We also studied the 

photoluminescence and electroluminescence characteristics and device performance of 

fabricated device made by pure Alq3 ,0.3 wt %[sample-(a)], Eu/Alq3 nano 

composites[sample-(b)] and 0.3wt % Nd/Alq3 nano composites. We used three varied 
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concentrations during making of both Eu/Alq3 and Nd/Alq3 nano composites respectively 

:0.1:1, 0.2:1 and 0.3:1. We found 0.3:1 is the best concentration which gives best result. 

From the PL spectra it is clear 0.3 wt%$/Eu(III) nano composite based OLED device 

(device 3)exhibit highest EL and PL characteristics compared to the other two device 

(device 1 and device 2).For morphological study we analyzed XRD diffractogram , FTIR 

spectra, FESEM images of the three powder i.e., pure Alq3, 0.3 wt % Eu/Alq3 and 0.3wt % 

Nd/Alq3. We used UV-VIS, PL spectra for optical study and used cyclic voltammetry (CV) 

plot, J-L-V plot, power efficiency -L plot, EQE-J plot for electrical property and OLED 

performance of the fabricate three devices. 

In our experiment our host and principal material of interest is Alq3 and its novel 

derivatives. Though tris(8-hydroxyquinolinato)aluminium(III) or Alq3 [Al(C9H6NO)3] 

itself is not a ligand but it is basically an organic semiconducting metal chelated co-

ordination complex which contains three 8- Hq (8-hydroxyquinoline) ligands. These three 

8-hydroxyquinolineligands form bonds with a central metallic aluminium atom and 

coordinate complex chelate. [22;27-37] 

For stack layered OLEDs, transitional metal oxides like MoOx, V2O5, ReO3 and WO3, 

WO3, and ReO3 are commonly used as HTL and HIL for enhancement of device 

performance. These transitional metal oxides act as HTL or HIL (or electron acceptor) 

dopant for the fabrication of p-doped devices as well as buffer layer between HTL and EML 

respectively resulting significant improvement in the device performance of OLEDs. We 

used V2O5 as our HIL as well as our buffer layer which protects back tracking of holes 

towards PEDOT: PSS(HTL) of our fabricated OLEDs. V2O5 also protects the PEDOT: 

PSS layer from chemical degradation. We got significant improvement in EL and PL 

characteristics using V2O5 as HIL compared to device performance of OLEDs without 

V2O5 layer. Here we spin coated V2O5 layer over PEDOT: PSS layer instead of doping for 

better performance of V2O5 layer in hole injection and electron blocking characteristics 

needed for our OLED [38-43]. 

OLED lighting and display technologies have left behind their other counterpart for low 

cost, high resolution, higher brightness, full-color, flexible, fast refresh rate, low voltage– 

driven high quality multitasking display screens and pluralistic variety of efficient OLED 
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lamps. But organic molecules exhibit broad emission spectrum and lower efficiency which 

limit OLEDs to achieve the yardstick of high-class displays and energy –saving, bright, 

flickering-free cool lighting market. These shortcomings of OLED motivate all the 

researchers worldwide who are working continuously in this specific field to innovate and 

develop emissive novel material and their synthesis and fabrication techniques 

 

8.5. Experimental Methods: 

 

A. Synthesis of bulk polycrystalline mer-Alq3 and thermal annealing at 

different temperatures: 

We performed the synthesis of mer- Alq3 powder in lab via wet-synthesis method as 

reported by J.G. Mahakhode, et al and Debsharma et al. [22,44], keeping the original 

synthesis unchanged we made small changes in the synthetic (as discussed in page 85) 

The 4.598 gm dried Alq3 powder was grinded and dissolved into 20 ml acetone (Sigma 

Aldrich, purity 99%) along with 10 ml double distilled water with constant stirring at 50 

oC temperature. The resultant solution was ultrasonicated for ½ h with constant heating at 

50 oC. A yellowish green homogenous solution was obtained and ready to be used for spin 

coat fabrication [36]. The thin film of Alq3 was annealed at 50 oC, 100 oC, 150 oC and 200 

oC in a hot air oven for 2 hrs. with the constant heating rate of 2 degrees per minute]. as 

mentioned in our previous report by Debsharma et al. [22]. We got better optical 

luminescence from thin films of Alq3 were annealed at 150 oC compared to without pure 

Alq3 powder at RT. This is due to formation of 8 –hydroxyquinoline-N-oxide, a non-

emissive polymer, which gives better fluorescence and photoluminescence. [22,43,44] 

The chemical reaction that took place is as follows as mentioned by Debsharma. M. et al. 

[22]: 

3(C9H7NO) +Al(NO3)3.,9H2O→ Al(C9H7NO)3 + 9H2O+ 3(NO2)  (8.1) 

Alq3 + H2O   Alq2OH + 8-Hq (8.2) 

8-Hq + O2  8-Hq-N oxide (NEP) (8.3) 

B. Preparation of PEDOT: PSS solution and V2O5 solution for thin film formation: 
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PEDOT: PSS is an organic dye which was obtained from Sigma Aldrich and was not 

purified further. As the dye is insoluble in water, to make it a homogeneous solution for 

the application of spin coating, PEDOT: PSS was dissolved in ethylene glycol in the 

volumetric ratio 9:1 along with constant stirring for ½ h in a magnetic stirrer. The resultant 

bluish emulsion was ultrasonicated for another ½ hr. after which the yielded bluish solution 

was filtered using filter paper having a diameter of 0.45 µm until bluish transparent 

precipitate was obtained. [38-41] 

At first 0.542 gmV2O5 powder , bought from market( Sigma Aldrich) was dissolved in 10 

ml of monoethylamine(99.8% purity, Sigma Aldrich and 20 ml of ethanol (98% 

pure),Sigma Aldrich)dilute hydrogen peroxide(H2O2) (15 mol%, Sigma Aldrich)solution 

resulting a whitish pink transparent solution which was then ultrasonicated for 45 minutes 

in a ultra sonicator bath at room temperature .As a result, pinkish white transparent solution 

was produced. This yielded solution was used for our OLED fabrication [38-41] 

C. Preparation of Alq3 solution for thin film formation: 

1. Fabrication technique: 

At first the ITO coated PET sheet was cleaned with acetone and ethanol alternately several 

times. It was dried at room temperature by using a hot plate at 27 oC under an ambient 

atmosphere. The solution of PEDOT: PSS was then spin-coated for HTL layer on the PET 

coated sheet.  Afte drying it for 15 minutes, thin film  of  tris(8-hydroxy 

quinolinilato(aluminium (III) was deposited through spin coater machine under vacuum 

condition. This process helped us to fabricate an OLED device where the stacked layers 

are constructed like: ITO/PEDOT: PSS/V2O5/Alq3/LiF/Ag. In this hetero structure, ITO 

(Indium tin oxide) acts as a transparent anode, PEDOT: PSS is an organic dye acts as a 

transparent bulk hole transport layer (HTL), Alq3, an ETL layer acts as a green emissive 

layer and silver-paste used at the perimeter of the Alq3 layer acts as metallic cathode. The 

thickness of Alq3 and PEDOT: PSS layers are 83 nm and 12 nm, respectively. All the 

measurements of the constructed OLED were performed without any encapsulation and 

subjected to experimental measurement at room temperature. 

D. Synthesis of Europium Nitrate from Europium oxide(Eu2O3): 
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At first 2.14 gm. europium oxide bought from market (Sigma Aldrich) was dissolved in 5 

ml distilled water and the resultant opaque milky white solution was treated with conc. 

HNO3 (1:6 volumetric ratio) to yield soluble europium nitrate [Eu(NO3)3] which showed 

pH value 3 which confirmed that the resultant solution was acidic. The yielded white 

solution was heated at 60oC for ½ hr. with constant stirring. As a result, a white translucent 

solution of europium nitrate was obtained which was allowed to settle down. The white 

precipitate was filtered and collected after drying at 50oC for 15 minutes. [45-47] 

E. Synthesis of Eu3+ doped Alq3 nanocomposites.: 

 

At first 100 mg europium nitrate as prepared powder is dissolved in double distilled water 

on which Alq3 powder was added with different wt% ratios: 1:0.1.1:02 and 1:0.3. The 

resultant solutions are individually ultrasonicated for 4 hrs. Then the mixture was heated 

to 50oC for 8 hrs. to get dried Eu3+ doped Alq3 nanocomposites powder.[47] 

     F.Synthesis of Nd3+ doped Alq3 nanocomposites.: 

At first 0.186 gm neodymium nitrate [Nd(NO3)3](Sigma Aldrich) as prepared powder was 

dissolved in the 5 5 ml acetone and 10 ml double distilled water on which 0.502 gm. Alq3 

powder dissolved in 10 ml was added with different wt% ratios: 1:0.1.1:02 and 1:03. The 

resultant solutions are individually ultrasonicated for 4 hrs. Then the mixture was heated to 

50oC for 8 hrs. to get dried Nd3+ doped Alq3 nanocomposites powder.[47] 

Eu2O3 + 6HNO3→ 2Eu(NO3)3+ 3H2O                 (8.4) 

Al(C9H7NO)3 +Eu(NO3)3→ Eu(C9H7NO)3 + Al2O3                         (8.5) 

Al(C9H7NO)3+Nd(NO3)3→Nd(C9H7NO)3+Al(NO3)3                        (8.6) 

 

8.6. Results and discussions: 

A. Structural and morphological properties study: 

1. X-Ray Diffraction spectroscopy analysis: 
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Figure 8.1: XRD spectroscopy of (a) Bulk Alq3 powder (b) 0.3 wt% Eu(III)/Alq3 Nano- 

composites(c) 0.3 wt% Nd(III)/Alq3 Nanocomposites 

From the XRD spectroscopy produced by BRUKER X-Ray Diffractometer, sharp peaks 

are found in the XRD of the bulk Alq3 annealed at 150oC [sample-(a)] having 

crystallographic plane corresponds to ( 1-10), ( -202), (-220), (0-11), (110), (1-1-1), 

(01-2), (10-2), (020),(100), (121), (220), ( 10-3), (031), (132), (2-22), (1-3-2) and (-2- 

31) are clearly visible at 2θ=10.6o,11.2o,12.8o,13.7o,14.3o,15.1o, 15.9o, 17.1o, 18.2o, 21.4o, 

22.3o, 23.1o, 24.5, 25.4o, 26.3o, 28.3o, 29.5o and 32.9o (JCPDS 26-1550). It is observed that 

0.3 wt % Nd(III)/Alq3 Nano-composites[sample-(b)] show distinctive sharp peaks (1-10), 

(020), (031), (2-20),(121),(340),(400), (2-12), (3-30), (1-21) and (202) crystalline planes 

at 2θ=11.1o,11.3o,12.7o, 15.1o,15.7o,16.7o,17.9o, 22.6o,23.2o and 27.5o (PDF pattern 00- 

033-1759) The intense sharp peaks of 0.3 wt % Eu(III)/Alq3 Nanocomposites[sample(c)] 

correspond to the crystalline planes (002), (101), (-103), (220), (-204), (-202), (-212), (- 

303), (-115) and (311) are clearly visible at 
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θ=11.6o,12.9o,15.1o,15.9o,17.8o,20.0o,22.8o,23.5o, 26..4o, 27.6o, 28.7o (PDF pattern 00-

058-1656)..After analysis of Figure 1(a),(b)and (c)we can clearly detect the existence of 

sharp intense peaks of pure Alq3 namely (1-10)(031)(020)&(121) within the XRD 

diffractogram of 0.3 wt % Nd(III)/Alq3 Nanocomposites and (220), 132) &&(-202) within 

the XRD diffractogram of 0.3 wt % Eu(III)/Alq3 Nanocomposites. The rest of the peaks 

found in the XRD diffractogram of sample(b) and (c) are due to incorporation of Nd(III) 

and Eu(III) ions and ions into the sample(b) and sample(c)Nanocomposites respectively.  

 

Table 8.2: Structural comparison table and crystallographic details of Alq3, 0.3 wt % 

Eu(III)/Alq3 and 0.3 wt % Nd(III)/Alq3 nanocomposites respectively 

 

Sample Name Lattice Lattice 

Paramete

r ( Å) 

Volum

e 

(c.c.) 

Mol. wt. 

(gm/mol) 

Alq3 polycrystalline 

triclinic 

a=10.3, b=13.7, c=8.2 386.72 459. 4 

0.3wt% Nd/Alq3 Monoclinic a=13.1,b=20.63, c=8.36 2191.66 1269.84 

0.3 wt% Eu/Alq3 Monoclinic a=11.17,b=5.62,c=20.13 1263.63 241.22 

 

From table 8.1, we can decide that polycrystalline Alq3 powder converts into monoclinic 

0.3 wt % Eu(III)/Alq3 and monoclinic 0.3 wt % Nd(III)/Alq3 Nanocomposites powder 

respectively. During this conversion volume of pure Alq3 powder increases from 386.72 

c.c. to 1263.63 c.c. (0.3 wt % Eu(III)/Alq3) and 2191.66 c.c. (for 0.3 wt % Nd(III)/Alq3) 
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respectively. The lattice constants of Alq3, Eu(III)/Alq3 and 0.3 wt % Nd(III)/Alq3 Nano- 

composites respectively are a=10.3 Å, b=13.7 Å, c=8.2 Å; a=11.17 Å, b=5.62 Å, c=20.13 

Å and a= 13.1 Å, b=20.63 Å, c=8.36Å.The molecular weight of pure Alq3 powder is 

459..4 gm/mole which decreases to 241.22 gm/mole (for 0.3 wt % Eu(III)/Alq3) and 

increases to 1269.84 gm/mole (for 0.3 wt % Nd(III)/Alq3).Sharp intense peaks describes 

about the formed new Nano-composites which exhibit altered chemical and physical 

properties in comparison to their specific components, i.e., Alq3 and 0.3 wt % 

Eu(III)/Alq3) .and 0.3 wt % Nd(III)/Alq3). Nanoparticles [22,39,43,44,]. 

 

2. Field Emission Scan Electron Microscopy (FESEM) spectroscopy and energy 

dispersive spectroscopy (EDS) analysis: 

From images of 8.2(a), 8.2(b) and 8.2(c) given by JEOL Field Emission Scan electron 

microscope we observe that the bulk polycrystalline Alq3 powder possesses triclinic lattice  

 

Figure 8.2: FESEM images of (a) Pure Alq3 Nano-rod powder annealed at 150oC (inset 

pure Alq3 powder) (b) 0.3 wt% Eu(III)/Alq3 Nanoparticle (c) 0.3 wt % Nd(III) /Alq3 Na 

 

 

as well as hexagonal stacked Nano-rod like semiporous vertical layers. From the figure 

8.2(b) and 8.2(c), we observe the distinctive triclinic structure of the structure of .3 wt% 
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Eu(III)/Alq3 Nanoparticle and 0.3 wt % Nd(III) /Alq3 Nanocomposites respectively 

amidst the hexagonal and orthorhombic nanorod of mer-Alq3 which confirms that Eu(III) 

composite system with the help of both ions. The FESEM image confirms the findings 

of XRD diffractogram and crystallographic data illustrated by table 1 table 8.1A and EDS 

spectrum of Figure 8.2A.[22,39,43,44]. 

 

Table 8.3: Comparative data of EDS spectrum of 0.3 wt% Neodymium /Alq3 nano 

composites and EDS Spectrum 2 for 0.3 wt% Europium/Alq3/nanocomposites no- 

composites 

 

Compound % C N O Al Eu/Nd Total 

0.3wt% Nd/Alq3 Wt% 55.19 7.20 15.55 4.92 17.14(Nd) 100.00 

0.3wt% Nd/Alq3 Atomic 

% 

72.00 8.06 15.23 2.86 1.86 (Nd) 100.00 

0.3wt% Eu/Alq3 Wt% 65.09 5.25 12.65 8.8 8.21 (Eu) 100.00 

0.3wt% Eu/Alq3 Atomic 

% 

75.48 3.01 13.44 4.33 1.74 (Eu) 100.00 
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Figure 8.2A: EDS Spectrum 1(left image) for 0.3 wt% Neodymium /Alq3 nano composites 

and EDS Spectrum 2 (right image for 0.3 wt% Europium/Alq3/nanocomposite 

 

B. Thermal properties study: 

1. Thermo gravimetric Analysis (TGA): 

Figure 8.3(a),(b) and (c) demonstrate the thermo gravimetric analysis (TGA) curve of 

sample-(a), sample-(b) and sample-(c). The Thermo gravimetric analysis of the three 

plotted curves were studied between 25oC (room temperature) and 575oC at a heating 

rate of 10°C/min where holding time at 575oC was 1 minute. We observed distinct crystal 

defects due to the hydrolysis of 8-Hq ligand molecules. The sample weight of for sample 

(a), sample (b) and sample(c) are 3.022 mg,3.568 mg, 3.843 mg. Here we can find 

maximum weight loss% for three samples are ∆Ya,=58.7% ,∆Yb=45.6%, and ∆Yc=26.7% 

respectively within temperature range 343.4-477.4oC ,343.3-475.7 oC and 169.2-398.7 oC . 

The possible cause is partial sublimation of melting of its polymorphic phases and 

degradation of Alq3, Between, 25oC and 175oC the small weight loss occurred due to the 

elimination of water (H2O) molecules from three samples. The second stages between 176 

°C and 375 °C, 
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Figure 8.3: TG curve of (a) Pure Alq3 Nano-rod powder annealed at 150oC(b) 0.3 wt % 

Nd(III) /Alq3 Nanocomposites and (c) 0.3 wt% Eu(III)/Alq3 Nanoparticle 

 

small weight loss % happens because of phase modification of amorphous samples into 

crystalline materials [39]. The right most stages of weight loss% within 475oC and 575oC 

take place on account of chemical decomposition of 8-hydroxyquinoline ligand molecules. 

Here we clearly find from three TG curves that three samples remain thermally stable till 

343.4 oC but in between 344oC and 523.3 oC three materials drastically undergo maximum 

amount of weight loss% resulting loss of stability. From this result, we can say that these 

three materials can be used as OLED emitters for higher temperature stability which is 

utmost important for OLED formation. [22,26,39,43,44]. 

 

2. Differential Scanning Calorimetry (DSC) Analysis: 

From Figure 4 we analyze the DSC (Differential Scan Calorimetric) curves of the three 

samples: (a) Pure Alq3 Nano-rod powder (b) 0.3 wt % Nd(III) /Alq3 Nanocomposites 
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and(c) 0.3 wt% Eu (III)/Alq3 Nanoparticle. In these cases, we took heating rate of the 

materials as 10 oC/min. We clearly find that Alq3 powder annealed at 150oC sample-a) has 

the highest endothermic sharp peaks of crystallization at 387.3oC and 413.4 oC. The 

sample (b) 

Figure 8.4: DSC curves of (a)bulk Alq3 powder annealed at 150 oC (b) 0.3 wt % Nd(III) 

/Alq3 Nanocomposites and(c) 0.3 wt% Eu(III)/Alq3 Nanoparticle. 

     

      exhibits short endothermic peaks of crystallization at 379.7oC and 414oC while sample (c) 

0.3 wt% Eu(III)/Alq3 Nanoparticle shows one endothermic peak at 354.7 oC and an 

exothermic peak of melting at 357.1oC which exist adjacent to each other. and ∆H3=43.8 

J/g, respectively. The specific heat of sample-(a), sample-(b), and sample-(c) 0 are obtained 

as: ∆H1=121.7 J/g, ∆H2=45.4 J/g [22,26,39,43,44] 
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        Table 8.4. Comparative analysis of TG and DSC curves of three samples 
 

Compound Maximu 

m 

weight 

loss 

(%) 

(∆Y1 ) 

Temperatu 

re 

range (from 

oC to oC) 

Endother 

mic 

Melting 

point (oC)/ 

Maximu 

m specific 

heat(J/g) 

(∆H ) 

Temperat 

ure 

range 

(from 

oC to oC) 

Alq3 annealed@ 76.9- 343.4 to 387.3 121.7 371.5 to 

150oC 18.2=58.7 477.4   393.4 

0.3 wt% Nd/Alq3 75.5- 343.3 to 379.7 45.4 364.5 to 

 29.9=45.6 475.7   396.2 

0.3 wt% Eu/Alq3 80.4- 169.2 to 354.7 43.8 345.5 to 

 53.7=26.7 398.7   365.9 

 

C. Optical properties and photoluminescence (PL) properties: 

1. Ultra-violet Visible (UV-vis) spectra analysis: 

From figure 3(A)we can see the absorbance intensity vs wavelength plot which clearly 

shows that the maximum absorbance intensity of bulk Alq3 powder is 349.9 nm which blue 

shifts to 383.5 nm for 0.3 wt% Nd(III)/Alq3 nanocomposites and blue shift to 398.6 for 

0.3 wt% Eu(III) nano composites. The peaks for both Alq3 and 0.3 wt% Nd(III) Alq3 

nanocomposites are intense and broad whereas for 0.3 wt% Nd(III)/Alq3 nanocomposite 

is sharp and intense.  The  absorbance intensity is lowest for bulk powder but maximum 

value for 0.3 wt% Eu(III)/Alq3 nano- composites. Absorbance intensity peaks seen in 

between 300 nm and 600 nm wavelengths are produced because of the 𝛑-𝛑* 

transitions of 8-hydroxyquinoline or quinolinolate ligands of host Emitting material 

Alq3[22,23,26,29,30,43,44]. 

As Eu(III) ions and Nd(III) ions incorporate into the Alq3 matrix the intense peaks of Alq3 

at 349.9 nm resulting in a blue shift to 383.5 nm for 0.3 wt% Nd(III)/Alq3 Nanoparticle 

and again blue shifts to 398.6 nm for 0.3 wt % Eu(III) /Alq3 Nanocomposites. After



230  

 

Figure 8.5: (A) UV Vis absorption spectra of (a) Pure Alq3 Nano-rod powder (b) 0.3 wt% 

Nd(III)/Alq3 Nanoparticle (c) 0.3 wt % Eu(III) /Alq3 Nanocomposites and (B) Tauc plot 

of (a) Pure Alq3 Nano-rod powder (b) 0.3 wt % Nd(III) /Alq3 Nanocomposites and (c) 0.3 

wt% Eu(III)/Alq3 Nanoparticle 

 

analyzing the comparison spectra of these three compounds we validate that rare-earth 

Eu(III) and Nd(III) ions have certainly embedded into the host Alq3 matrix. resulting in 

blue shifts for both 0.3 wt% Nd(III)/Alq3 Nanoparticle and 0.3 wt % Eu(III) /Alq3 Nano- 

composites. The shift of intense peaks are observed also due to the modification of direct 

Eg (energy bandgaps) of host Alq3 matrix after the incorporation of Eu(III) and Nd(III) 

ions into pure Alq3 matrix. We can ascertain the value of energy bandgap of these three 

materials using Tauc plot method and obeying the following equation: 

 

                                                  (αhυ) = (hυ-Eg)n                                                                                               (8.7)  

 

Where n=2 for allowed indirect transitions and n = ½ for allowed direct transitions, and 

Eg=energy band gap, α=absorbance coefficient, υ=frequency of absorbed radiation and 

h=Planc’s constant [22,23,29,30], 
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From Tauc plot of figure 3B, it is noticed that the wide and direct optical band gap of pure 

Alq3 powder (2.89 eV) gets elevated to 2.93 eV for 0.3 wt% Nd (III)/Alq3 Nanoparticle and 

to 3.14 eV for 0.3 wt % Eu(III) /Alq3 Nanocomposites. These results confirm that the 

energy band gap of Alq3 can be tuned by incorporation of Eu(III) and Nd(III) ions into pure 

Alq3 matrix. Here we able to tune the optical energy band gap of emissive layer of Alq3 

. Here the produced Eu(III) and Nd(III) embedded Alq3 possess wide band gap which is 

pre-requisite for solid state lighting and its allied applications. To maneuver the optical 

band gap is utmost essential properties of OLEDs., OLETs and solid state lights for its 

photoluminescence(PL) and electroluminescence(EL).The optical band gap can be tuned 

easily implementing the variation in doping concentration of rare earth ions into the organic 

emissive Alq3 matrix which results in significant improvement of the electron-hole pair 

recombination rate .[22,23,27,29,30]. 

2. Photoluminescence (PL) spectra analysis: 

Here figure 4 describes normalized PL spectra of Alq3 powder,0.3 wt % Eu(III)/Alq3 and 

0.3 wt % Eu(III)/Alq3 nanocomposites. From figure 4 we clearly observe that the 

Photoluminescence spectral maximum intensities are 520.1 nm,541.3 nm, and 544.5 nm 

for pure Alq3 powder,0.3 wt% Nd(III)/Alq3 nano composites and 0.3 wt% Eu(III)/Alq3. 

The 0.3 wt% Eu(III)/Alq3 exhibit highest photoluminescence intensity of 544.5 nm red 

shifts compared to lowest intensity 520.1 nm of pure Alq3 powder. The 0.3 wt% Nd(III) 

/Alq3 show PL peaks of intensity 541.3 nm also red –shifts compared to 520.1 nm PL 

intensity of pure Alq3.The PL intensity of these three material can be expressed in the 

increasing order of PL intensity as: pure Alq3< 0.3 wt% Nd(III)/Alq3 < 0.3 wt% 

Eu(III)/Alq3 This results confirms that doping of Eu(III) and Nd(III) ions into Alq3 powder 

gives better luminescence performance which can be used successfully for the OLED 

fabrication or solid-state lighting application as a promising emitting material 

[22,23,26,27,29,43,44] 

 



232  

 

400 450 500 550 600 650 700 750 800

0

10000

20000

30000

40000

50000

60000
N

o
rm

al
iz

ed
 P

L
 in

te
n

si
ty

 (
 a

.u
.)

Wavelength (nm)

 0.3 wt% Eu/Alq3

 0.2 wt% Eu/Alq3

 0.1 wt% Eu/Alq3

 0.3 wt% Nd/Alq3

 0.2 wt% Nd/Alq3

 0.1 wt% Nd/Alq3

 Alq3 annealed @ 200
o

C

 Alq3 annealed @150
o

C 

 Alq3 annealed @100
o

C

 Alq3 annealed @50
o

C

 Alq3 annealed @RT

 Alq3 without annealed@ RT

526.2 nm

544.3 nm

541.7 nm

520.1 nm

(a)

(c)

(e)

(b)

(d)

(f)

(g)

(l)

(h)

(j)

(k)
(l)

 

 

Figure 8.6: Normalized photoluminescence (PL)spectra of (a) Pure Alq3 Nano-rod powder 

(b) 0.3 wt% Nd(III)/Alq3 Nanoparticle (c) 0.3 wt % Eu(III) /Alq3 Nanocomposites 

 

3. FTIR (Fourier Transform Infra –Red) spectra analysis: 

 

 

The FTIR spectroscopy of figure 4(a),(b)and(c) given by PERKIN EILMER IR 

spectrometer, exhibits that maximum number of intense and sharp FTIR characteristic 

downward peaks are found within the range between 468 cm-1 and 1663 cm-1. The intense 

FTIR characteristics peaks of pure Alq3 Nano-rod powder, 0.3 wt% Eu(III)/Alq3 

Nanoparticle and 0.3 wt % Nd(III) /Alq3 Nanocomposites, within wavenumber 400-800 

cm-1, are formed because of vibration modes of the aforementioned materials. The weak 

FTIR intensity peaks are seen at 3672 cm-1 due to non-bonded O-H vibrational stretch of 

hydroxyl functional groups. The aromatic C-C bonding of pyridine ring, quinolinolate 

ligands benzene ring are also seen at 3044.3 and 2909 cm-1 respectively. The C–N-C bond 

among three 8-hydroxy quinoline or quinolinolate ligands and central metallic Al(III) 
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Figure 8.7: FTIR spectroscopy of a) Pure Alq3 Nano-rod powder (b) 0.3 wt% Eu(III)/Alq3 

Nanoparticle (c) 0.3 wt % Nd(III) /Alq3 Nanocomposites 

 

atoms, Eu(III) or Nd(III) atoms are visible at 1653,1546, 1516, 1427, 1376 and 1277 cm-1 

. The C–O bond between deprotonated hydroxyl functional group (OH) of 8-Hq ligands and 

benzene rings are seen at 1164 and 1104 cm-1, the aromatic amines are found at 1427 and 

1376 cm-1 aromatic C=C bond of pyridine and benzene ring are observed at 1653 and 1611 

cm-1, C-H bonds are visible at 878 and 791 cm-1, short length Al–O–Al bond are seen at 

791 cm-1, Al–O bonds appear at 591 and 695 cm-1. and Al–N bonds are detected at 468 cm- 

1. Eu-O bonds are found at 474 cm-1.and Nd-O bonds are found at 478 cm-1.Due to 

stretching vibration mode of Al3+ or Eu3+or Nd3+ cation, quinolinolate (C6H5NO-) anion, 

Al-N bonds or Eu-N or Nd-N bonds and Al-O bonds or Eu-O bonds or Nd-O bonds of 

metal oxides are found at 417 cm-1 and 454 cm-1 which is in agreement with the result as 

reported Xia Lu et al[36], .These FTIR characterizing peaks validates the existence of Pure 
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Alq3 Nano-rod powder ,0.3 wt% Eu(III)/Alq3 Nanoparticle and 0.3 wt % Nd(III) /Alq3 

Nano-composites. It also confirms that europium nitrate [Eu(NO3)3] and neodymium 

nitrate [Nd(NO3)3] nanoparticles incorporate into the Alq3 matrix. this results also match 

the r e s u l t s  we get from XRD and FESEM analysis. [22-27,41,42,43,44-47] 

D. Electrical properties, electrochemical properties and electroluminescence 

properties study: 

1.Electrochemical properties analysis: 

      

 
Figure 8.8: Schematic architecture of (a) Device1: ITO/PEDOT:PSS/ V2O5/Alq3/LiF/Ag 

-based OLED (b) Device2: ITO/PEDOT: PSS/ V2O5/0.3wt%Nd(III)/Alq3/LiF/Ag- based 

OLED and (c) Device3: ITO/PEDOT: PSS/V2O5/0.3 wt % Eu(III)/Alq3/LIF/Ag- based 

OLED 

 

We have performed three electrodes containing cell system based cyclic voltammetric 

measurement aided by AUTOLAB PGSTAT-30 electrochemical analyzer with scanning 

rate of 10 mV/s keeping the whole system at room temperature. We took 0.1 M acetonitrile 

solution (tetrabutyl ammonium hexafluoro phosphate solution) as our supporting 

electrolyte [24],Ag/AgNO3 as reference electrode submerged in 0.1 M acetonitrile 

electrolyte solution and Pt(platinum)-metal as our counter electrode in addition to our 

working electrode. We purged each solution that was used for our experiment with ultra- 

pure N2 gas for 15 minutes before its use in the cell and a N2 blanket was utilized during 
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our experiment. 

 

 

Figure 8.9: Schematic energy level of (a) Device1: ITO/PEDOT: PSS/ V2O5/Alq3/LiF/Ag 

based OLED (b) Device2: ITO/PEDOT: PSS/ V2O5/0.3wt%Nd(III)/Alq3/LiF/Ag based 

OLED and (c) Device3: ITO/PEDOT: PSS/V2O5/0.3 wt % Eu(III)/Alq3/LIF/Ag based 

OLED 

 

We have found out the HOMO energy levels LUMO energy levels as well as the charge – 

injection capacities of the a) Pure Alq3 Nano-rod powder (b) 0.3 wt% Eu(III)/Alq3 

Nanoparticle (c) 0.3 wt % Nd(III) /Alq3 Nanocomposites respectively. The onset oxidation 

potentials, the reduction potentials, HOMO –LUMO energy level and the energy bandgap 

of the above-mentioned three materials are clearly depicted in Fig.6 & Figure7 and in table 

2. The free hydroxyl functional group the Alq3 and its derivatives which make hydrogen 
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Table 8.5: Comparison table for device HOMO LUMO energy levels of each constituent 

charge carrier conducting and emissive layer materials of OLED device 1, OLED device 2 

and OLED device 3 
 

Compound Eox onset vs 

EFc (V) 

Ered onset vs 

EFc 

(V) 

HOMO 

(eV) 

LUMO 

(eV) 

Eg (LUMO - 

HOMO) 

(eV) 

PEDOT:PSS 0.44 -1.18 -5.24 -3.62 1.62 

V2O5 1.22 -1.52 -6.02 -3.28 2.74 

Alq3 1.14 -1.75 -5.94 -3.05 2.89 

0.3wt% Nd/Alq3 1.35 --1.79 -6.15 -3.01 3.14 

0.3 wt% Eu/Alq3 1.14 -1.79 -5.94 -3.01 2.93 

 

bonds with the CV solvent used for CV measurement. For cathodic scans the E red onset (onset 

reduction potentials) of 1.18 V to 1.79 V versus Ag/AgNO3 having quasi-reversible 

reduction waves are observed whereas irreversible oxidation waves having Eox onset (onset 

oxidation potentials) of 0.44 to 1.35 V versus Ag/AgNO3 are found in the case of anodic 

scans. The energy levels of those three compounds can be determined compared with the 

reference onset potentials i.e.,4.8 eV vs. vacuum of the fferrocene [8]. The energy levels 

of HOMO and LUMO can be evaluated putting the Eox onset and Ered onset values in the 

following two equations: 

 

EHOMO = [-4.8-Eox onset] (8.2) 

ELUMO = [-4.8-Ered onset] (8.3) 

 

 

Using these two formulae we get the value of HOMO energy level of the oxidation waves 

within the range of 5.24-6.15 V while the value of LUMO energy levels lies within 3.01- 

3.62 V (lower than vacuum). The energy gap values of HOMO–LUMO energy levels of 

the Alq3 and its two nanocomposites lies within the range 1.62–3.14 eV. It is noteworthy 

that the band gap values evaluated through electrochemical cyclic voltammetry match with 

the value of optical band gap we have found from Tauc plot method of UV-VIS absorbance 
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spectra. Here LUMO energy levels of the Alq3 and its two derivatives exhibit low values 

comparable to relatively higher value containing HOMO energy levels resulting in higher 

electron affinities in those three compounds under experiment. Hence these three materials 

can be chosen for their promising green and yellow emitting properties and as excellent n- 

type electron transporting characteristics or hole blocking characteristics for solid state 

lights, LEDs and OLEDs and their applications. [48.51,52-55] 

C. Chromaticity diagram analysis (on the basis of CIE 1931): 

The CIE coordinates of sample (a), (b),(c) and (d) are (0.3297,0.3526),(0.3078,0.4453), 

(0.3860,0.5334) and (0.3828,0.5447). The CIE- coordinates of (a), (b), (c) and (d) are 

located in the greenish white region, white region, greenish yellow region and greenish 

yellow region. We can regulate the location of CIE coordinates by substituting diversified 

functional groups or atoms at the different corners of phenoxy ligand of aromatic ring 

containing pyridine group. The locations of CIE coordinate of the sample (a), (b), (c) and 

(d) confirm that these four samples are excellent electroluminescent emitters which can 

be used as emissive layer in solid state lights and OLED displays and lights and other 

OLED applications. Sample (a) can be used as WOLED, green OLED emitters. Sample (b) 

can be used as pure WOLED emitters and sample (c) and sample(d) can be used as 

greenish yellow, green and yellow SSL and OLED emitters. The sample(a) shows 

correlated color temperature (CCT) is 6143 K, color rendering index (CRI)value = 98 and 

R9 value= 92 and sample (b) has CCT value=5592K, CRI value =91, R9 value=91,while 

sample (c) possesses CCT value=7352K, CRI value=59, R9 value = -86,and sample (d) 

has CCT=8935,CRI=63 and R9 value =-69 negative value of R9 value denotes lower 

content of red light in the mixture of emitted colour. The high CRI value and CCT value 

confirm the brighter cool white light emission. After comparative analysis of the four 

samples, it is confirmed that all four samples are potential OLED emitters. The first two 

can be used in cool brighter WOLED application and the last two can be used in WOLED 

with green or yellow tint, along with green and yellow OLED light [52-55] 
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Figure 8.10: Chromaticity diagram of pure Alq3 powder-based ITO/PEDOT: PSS/ 

V2O5/Alq3/LiF/Ag based and its annealed sample at 150oC and 0.3 wt% Neodymium(III) 

ion and 0.3 wt % Europium (III) ion doped Alq3 nanocomposites and OLED made by them. 

 

We find out CIE coordinates in Figure 7 and table 3 to detect the material efficiency and 

EL performance of our three electroluminescent materials i.e., (a) pure Alq3 Nano-rod 

powder (b)Pure Alq3 Nano-rod powder annealed at 1500C (c) 0.3 wt% Eu(III)/Alq3 

Nanoparticle (d) 0.3 wt % Nd(III) /Alq3 Nanocomposites. We compare four CIE color 

coordinates to know the emission colour emitted by those electroluminescent materials 

individually through Origin software. The PL spectrum of the abovementioned four 

samples was excited at 355 nm. 
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Table 8.6: Comparative chromaticity data analysis of four samples (a) (b) (c) and (d) 

 

Compound CCT CRI R9 x y CIE 

coordinates 

λemission 

Alq3 powder 

without annealed 

6143 K 98 92 0.3297 0.3526 (0.3297,0.3526) 517.6 

nm 

Alq3 powder 

annealed at 150 

oC 

5592K 98 91 0.3078 0.4453 (0.3078,0.4453) 520.6 

nm 

0.3 wt% 

Nd(III)/Alq3 

7352 K 59 -86 0.3860 0.5334 (0.3860,0.5334) 541.3 

nm 

0.3 wt % Eu(III) 

/Alq3 

8935K 63 -69 0.3828 0.5447 (0.3828,0.5447) 544.5 

nm 

 

D. Electroluminescence properties study: 

1. Current density –voltage and Luminance- voltage plot analysis: 

To investigate the electroluminescent properties of Alq3 and rare earth ion Eu(III) ion and 

neodymium Nd(III) ion doped Alq3 nano composites w fabricated un-optimized three 

OLED devices. We fabricated these three devices without using any vacuum condition 

without any proper encapsulation and thus these OLED devices are exposed to a normal 

optimum atmospheric environment i.e. at normal temperature (R.T i.e 27oC or 300K) and 

pressure. We illustrated the HOMO energy levels and LUMO energy levels of the tri- 

layered OLED materials used for construction of these three OLED devices. namely, 

ITO-coated PET sheet (175nm)/PEDOT:PSS(48nm)/V2O5 (12nm)/Alq3 (83 nm)/LiF(3 

nm)/Ag (100 nm)[device1], ITO-coated PET sheet (175nm)/PEDOT:PSS(48nm)/V2O5 

(12nm)/Nd:Alq3 (83 nm)/LiF(3 nm)/Ag(100nm)[device2]and ITO-coated PET sheet 

(175nm)/ PEDOT:PSS(48nm)/V2O5 (12nm)/Eu:Alq3 (85 nm)/Ag (100 nm)[device 

respectively. Where ITO acts as a transparent anode, PET sheet as substrate, PEDOT: PSS 

as HTL V2O5 as hole blocking layer. Alq3 acts ETL and EML and Metallic Ag was used 
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3]device1, device 2 and device 3. The architectural configuration of these three tri-layered 

OLED devices are as follows:  

 

Figure 8.11 :(A) Current density vs voltage (J-V) plot (B) Luminance vs-voltage(L-V) plot 

for(a)ITO/PEDOT:PSS/V2O5/Alq3/LiF/Ag(device1)(b) ITO/PEDOT:PSS/ V2O5/0.3wt% 

Nd(III):Alq3/LiF/Ag(device2)and(c)ITO/PEDOT:PSS/V2O5/0.3wt%Eu(III):Alq3 /LiF/Ag 

(device 3) 

 

as low work function cathode as well as EIL respectively. From the plot of figure 8(A) we 

can compare the current density-voltage(J-V) characteristics of (a) 

ITO/PEDOT:PSS/V2O5/Alq3/LiF/Ag (device1) (b) ITO/PEDOT: PSS/V2O5/0.3 wt% 

Nd(III):Alq3/LiF/Ag(device2) and (c) ITO/PEDOT: PSS/V2O5/0.3wt%Eu(III):Alq3/ 

LiF/Ag (device 3). 

We see the current density versus applied voltage curve of (a),(b) and (c) are almost 

identical in shape but curve (c) shows highest current density of 413.3 A/m2 at 7.48 volt 

and for (a) current density 387.2 A/m2 at 7.13 volt and (b)current density 367.8A/m2 at 

7.38 volt.[55] 

From luminance-voltage(L-V) plot of figure 8(B) we observe three distinct curves. Figure 

(A) 
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8.8B(a) shows maximum luminance of 9862.7 cd/m2 at 9.8 volt, turn on voltage=2.87 volt 

at 1 cd/m2 luminance and driving voltage =6.3v for 1000 cd/m2 luminance. Curve (b) gives 

maximum luminance 11210.2 cd/m2 at 11.2 volt, turn on voltage=2.56 volt at 1 cd/m2 

luminance and driving voltage =6.1v for 1000 cd/m2 luminance while curve (c) exhibits 

maximum luminance of 11586.2 cd/m2 at 11.9 volt, turn on voltage=2.48 volt at 1 cd/m2 

luminance and driving voltage =5.8v for 1000 cd/m2 luminance. The device 3 exhibits best 

current density and luminance compared to the other two devices i.e., device 1 and device 

2 . The inset picture III also shows bright yellowish green luminescence for device 3 which 

is brightest among the three devices where I, II and III denote device1, device 2 and device 

3. 

From Figure 8.9(A),8.9(B)and 8.9(C) we demonstrate the electron transport properties the 

current efficiency vs. current density (ηc-J) plot, power efficiency vs. Luminance (ηp-L) 

plot and external quantum efficiency vs. current density (ηext-J) plot for three fabricated 

OLED devices. Our fabricated three devices are as follows: (a) ITO/PEDOT: 

PSS/V2O5/Alq3/LiF/Ag (device1) (b) ITO/PEDOT:PSS/V2O5/0.3wt% 

Nd(III):Alq3/LiF/Ag(device2)and(c) ITO/PEDOT:PSS/V2O5/0.3wt%Eu(III):Alq3 

/LiF/Ag (device 3). From figure 9(A)(a)(b) and (c) we get device 1 shows maximum 

current efficiency of 3.89 cd/A at 123.8 mA/cm2 while device 2 exhibits maximum current 

efficiency of 4.14 cd/A at 167.6 mA/cm2 and device 3 shows maximum current efficiency 

of 4.69 cd/A at 130.0 mA/cm2.Therefore device 1 and device 3 exhibit the lowest and the 

highest current efficiency. From figure 9(B)(a)(b) and (c) we get device 1 shows maximum 

power efficiency of 28.74 lm/W at 9.78 cd/m2 while device 2 exhibits maximum power 

efficiency of 32.35 lm/W at 9.78 cd/m2 and and theice 3 shows maximum power 

efficiency of 34.48 lm/W at 9.78 cd/m2.Therefore device 1 and device 3 exhibit the lowest 

and highest power efficiency. From Figure 9(A),9(B)and9(C) we demonstrate the current 

efficiency vs. current density (ηc-J) plot power efficiency vs. Luminance (ηp-L) plot and a) 

ITO/PEDOT:PSS/V2O5/Alq3/LiF/Ag(device1)(b)ITO/PEDOT:PSS/V2O5/0.3wt%Nd(III)

:Alq3/LiF/Ag(device2)  and   (c)ITO/PEDOT:PSS /V2O5/0.3wt%Eu(III):Alq3/LiF/Ag 

(device 3) 
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-Figure 8. 12 :(A) Current efficiency vs. current density (ηc-J) plot (B)Power efficiency 

vs. Luminance (ηp-L) plot for (C) External quantum efficiency vs. current density  (ηext-

J) plot for (a) ITO/PEDOT:PSS/V2O5/Alq3/LiF/Ag(device1)(b)ITO 

/PEDOT:PSS  /V2O5/0.3wt%Nd(III):Alq3/LiF/Ag(device2)  and   (c)ITO/PEDOT:PSS 

/V2O5/0.3wt%Eu(III):Alq3/LiF/Ag (device 3) 
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From figure 9(A)(a)(b) and (c) we get device 1 shows maximum current efficiency of 3.89 

  

Figure 8.13: Electroluminescence intensity versus wavelength(EL - λ) plot for different 

voltage ranging from 3V to 9V for (a) ITO/PEDOT:PSS/V2O5/0.3wt% 

Alq3/LiF/Ag(device1) (b) ITO/PEDOT:PSS/V2O5/0.3wt% Nd(III):Alq3/LiF/Ag(device2) 

and(c)ITO/PEDOT:PSS/ V2O5/0.3wt%Eu(III):Alq3/LiF/Ag (device 3) 
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cd/A at 123.8 mA/cm2 while device 2 exhibits maximum current efficiency of 4.14 cd/A 

at 167.6 mA/cm2 and  

  

Table 8.7: Comparative analysis of device performances of three OLED devices 

 

Device 

name 

Turn- 

on 

Voltage 

 

Driving 

voltage 

Voltage 

at 

1 cd/m2 

Voltage 

at 

1000 

cd/m2 

EQE 

(%) 

CE 

(cd/A) 

PE 

(lm/W) 

Maximum 

luminance 

at 

maximum 

Voltage 

  Device 1 2.86 6.3 2.87 

. 

6.3 1.488 3.89 28.74 9852.7 

(9.8) 

Device 2 2.61 6.1 2.56 6.1 2.142 4.14 32.35 11210.2 

(11.2) 

Device3 2.56 5.8 2.4.8 5.8 2.471 4.69 34.48 11586.2 

(11.9) 

 

device 3 shows maximum current efficiency of 4.69 cd/A at 130.0 mA/cm2. Therefore 

device 1 and device 3 exhibit the lowest and the highest current efficiency. 3). From figure 

9(B)(a)(b) and (c) we get device 1 shows maximum power efficiency of 28.74 lm/W at 9.78 

cd/m2 while device 2 exhibits maximum power efficiency of 32.35 lm/W at 9.78 cd/m2 

and device 3 shows maximum power efficiency of 34.48 lm/W at 9.78 

cd/m2.Therefore device 1 and device 3 exhibit the lowest and the highest power efficiency. 

From figure 9(C)(a)(b) and (c) we get device 1 shows maximum external quantum 

efficiency of 1.488% at current density of 202.3 mA/cm2 while device 2 exhibits maximum 

external quantum efficiency of 2.142 % at current density of 240.1 mA/cm2 and device 3 

shows maximum external quantum efficiency 2.471 % at current density of 276.0 

mA/cm2.Therefore device 1 and device 3 exhibit the lowest and the highest external 

quantum efficiency. [52-55] 

From figure 8.10(A)(B) and (C) we find the change of EL-λ spectra for different operating 
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voltage starting from 3V to 9V of device 1, device 2 and device 3 at room temperature 

respectively. The highest EL peaks for device1, device2 and device 3 are found at 530.8 

nm ,541.6 nm and 548.6 nm which are almost alike when we compare with the highest 

peaks of PL intensity. The only difference we found for annealed Alq3 at 150oC 

[Figure8.10. (a)].[52-55] 

8.7. Conclusion: 

In this research work we have studied the surface morphology, electrochemical properties, 

thermal properties, optical properties as well as electrical properties of bulk Alq3 powder 

annealed at 150oC, 0.3 wt% Nd (III): Alq3 Nano composites and 0.3 wt% Eu(III):Alq3 

Nano composites. At first, we synthesized mer-Alq3 powder in lab then annealed from room 

temperature to 200oC. We observe that the mer Alq3 powder annealed at 150oC exhibits 

the best optical and electrical properties needed for solid state lighting and OLED 

application. Then we fabricate three unoptimized OLED devices: (a) ITO/PEDOT: 

PSS/V2O5/Alq3/LiF/Ag (device1) (b) ITO/PEDOT: PSS/V2O5/0.3wt% 

Nd(III):Alq3/LiF/Ag(device2) and (c) ITO/PEDOT: PSS/ V2O5/0.3wt%Eu(III):Alq3/Ag 

(device 3 device 1, device2 and device 3. To investigate the influence of rare earth ion and 

rare earth complexes of Alq3 we found that out of three OLED devices, device 3 performs 

bitter than its other two counter parts i.e., device 1 and device 2.the chemical and molecular 

structures were determined through XRD analysis, FESEM and FTIR analysis. Alq3 and 

its annealed form at 150oC.The analysis of photo-physical properties through PL spectra 

and chromaticity diagram, CIE coordinates CCT value, CRI value and R9 confirmed that 

sample (a) ,sample (b) and sample (c) emit greenish white or white and greenish yellow 

and yellow photoluminescence respectively with higher chromaticity value and significant 

Stoke shifts. The thermal properties through TGA and DSC analysis confirmed the 

excellent molecular stability of those three samples. The electrochemical properties study 

through cyclic voltammetry indicates the low values of HOMO and LUMO energy levels 

of all three samples. Thus, they all possess excellent hole-blocking or electron transport 

capabilities. The three penta-layered unoptimized OLED devices with (a)bulk Alq3 

powder annealed at 150oC(b) 0.3 wt% Nd (III):Alq3 Nano composites and (c)0.3 wt% 

Eu(III):Alq3 Nano composites. Sample (a)showed a CE of 3.89 cd/A, PE of 28.74 lm/W 
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and EQE of 1.488% CCT of 5592 and CRI of 97,Sample (b) showed a CE of 4.14 cd/A,PE 

of 32.35 lm/W and EQE of 2.142 % , CCT of 7352 and CRI of 59 and sample(c) exhibited 

a CE of 4.69 cd/A,PE of 34.48 lm/W and EQE of 2.471%. CCT of 8935K and CRI of 63. 

From these results we can infer that Alq3 annealed at 150oC and their rare-earth doped 

nanocomposites are excellent emissive material and can surely be used for solid state 

lighting, OLED displays, OLED lights and their other possible applications. We also 

achieve our third and fourth research objectives through this experimental study discussed 

in this chapter. To achieve our goal, we incorporated rare earth metallic ion Eu3+ and Nd3+ 

into annealed Alq3 matrix-based OLED devices to tune recombination rate, optical band 

gap tuning, interstate crossing (IS), higher durability along with higher photoluminescence 

and electronic devices which are 3 times and 4 times better than pristine Alq3 emitter-

based OLED. device. The green luminescence of pure Alq3 changes to greenish yellow. 

Our obtained results successfully have achieved our research objective number 3 and 4. 
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Chapter 9: Conclusion and Scope for Future Work 

9.1 Summary: 

Conclusion and scope for future work is a summary of the research work that has been 

described in the previous chapters of this thesis. In this thesis, many research gaps and 

shortcomings of bulk Alq3 powder have been met through this experimental research 

work. Different experimental works such as synthetic procedures, doping, fabrications of 

different stacked layers of different voltage tunable OLED devices, with wide wavelength 

of emission spectrum, have been performed during this research work. The" Introduction” 

Chapter i.e starting chapter of our thesis provides an overview of organic 

electroluminescence, including its history, the role of organic semiconductors in organic 

electroluminescence, OLED architecture, OLED operation, key factors influencing OLED 

functionality, OLED physics, degradation of OLED materials, their causes, benefits and 

drawbacks, and real-world OLED. 

In“Literary review, Researchgap and Research objective” research gaps and objectives 

are discussed in the second chapter, along with the literature reviews of the chosen 

research papers, journals, articles, and books from the same field that are referred to for 

in-depth study of this research work. There are more than 13000 plus published research 

articles and papers there relating directly or partially interconnected to this particular 

research field. We mentioned 28 such research papers as our reference which were very 

close to our study. and help us to choose the best and right route, steps, measurements, 

synthesis, fabrication techniques and characterization techniques we should follow. These 

papers also help us to compare our derived outcome with those research papers. 

“The Materials, method of synthesis and fabrication techniques” chapter lists all the 

materials we used in this study, including their chemical names, organic polymeric 

materials, metallic or inorganic semi-conducting materials, and metallic cathodes, 

transparent anodes, transparent substrates, and EML, HTL, ETL, and HIL materials. It 

also discusses all of the essential synthesis and fabrication methods, including spin- 

coating. 
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“The Characterization techniques to determine electro-optical, electro- chemical and 

structural properties of OLED materials “i.e, fourth chapter covers various 

characterization techniques, the application of those instruments for specific types of 

characterization, the advantages and disadvantages of those instruments, the working 

principles of various measuring devices and their functionalities, characterization 

techniques, related laws and physics principles, and the precautionary measures that 

should be taken during characterization in order to obtain accurate measurements.  

“The Effect of growth temperatures on the structural and optical properties of bulk 

pristine tris-(8-hydroxy quino line) aluminium (III) “i.e., Chapter 5 presents new findings 

that show that Alq₃ decomposes and forms a semi-porous layer of Alq₂(OH) and 

Al(OH)₃-Al₂O₃ on base material Alq₃ when annealed bulk Alq₃ powder and thin film are 

heated from room temperature to 200°C in a hot air oven under ambient conditions. The 

8-Hq (8-hydroxy quinoline) ligands, however, recrystallize at 150 and 200 degrees 

Celsius to form the 8-Hq-N-oxide salt of aluminium, a non-emissive polymer that 

exhibits significantly better fluorescence and photoluminescence than unannealed Alq₃. 

What's interesting is that chemically oxidized Alq₃ can still fluoresce after degradation, 

opening up new research opportunities. Each of the annealed bulk Alq₃ powder and thin 

film's temperature-dependent structural, optical, and thermal characteristics was 

examined separately. We also looked for chemical reactions that took place and the 

byproducts of those reactions when Alq₃ reacted with oxygen gas and moisture. When 

exposed to atmospheric oxygen, we have also discovered the chemical formula of the 

degraded Alq₃. At 150°C, Mer-Alq₃ shows the highest PL efficiency. reduced 

susceptibility to degradation, optimal-absorbance and t h e r m a l -stability. 

In the Chapter six i.e.,” Influence of thermally annealed nano- crystalline Alq3 thin film 

for flexible WOLED and solid-state lighting application”, the most significant stage of 

this research project was described. The ITO/PEDOT: PSS/V2O5 /Alq₃/LiF/Ag-based 

green electroluminescent OLED device was made using a straightforward, unoptimized 

structure. ITO-coated PET sheet as a transparent anode or transparent substrate, mer- 

Alq₃ as ETL and EML, and PEDOT: PSS layer as HTL, along with a shadow-masked 
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cathode created by silver paste solution, are used to build that OLED device. Mer-Alq3 

sample, the best-performing EML material, was used in this instance to form the ETL 

and EML layers after it was annealed at 150 degrees Celsius. This annealed emitter Alq₃ 

at 150°C-based OLED has a low turn voltage of 2.84 volts, a higher greenish-white 

luminance of 9689.2 cd/m² with a CRI value of 98, and a maximum current efficiency 

of 3.89 cd/A. These characteristics explain why using an annealed Alq₃-based emitter 

will behave like a great WOLED and can be used for transparent flexible slide-state 

lighting and display applications. It also fulfils our first research objective for making a 

voltage tunable OLED having wide emission spectrum. 

In “Effect of ZnO nanoparticle on morphology and optical properties of poly-crystalline 

yellow emissive Alq3 for OLED application “named chapter i.e., chapter seven we tried 

to tune the optical band gap of Alq3 emissive by incorporating ZnO Nano particle into 

Alq3 matrix to improve optical properties and electroluminescence and recombination 

rate of electron-hole pair within the EML layer. which fulfils our second research 

objective. It also obtained that the fabricated OLED could emit yellowish white 

luminescence which is required for WOLED and solid-state lighting application which 

is our fourth research objective. 

In “ To Study the Structural, Optical and Electrical Properties of Rare Earth Europium(III) and 

Neodymium(III) Ion Doped Alq3 Based Emissive Layer for OLED Application and Solid State 

Lighting Application” chapter i.e. Chapter 8, we have also achieved our third and fourth 

research objectives through this experimental study discussed in this chapter. To achieve  

our goal we have incorporated rare earth metallic ion Eu3+ and Nd3+ into annealed Alq3 

matrix-based OLED devices to tune recombination rate, optical band gap tuning, 

interstate crossing (ISC), and higher durability along with higher photoluminescence 

and electronic devices which is 3 times and 4 times better than pristine Alq3 emitter 

based OLED. device. The green luminescence of pure Alq3 changes to greenish yellow. 

Our obtained results successfully have achieved our research objective number 3 and 

4. 
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9.1. Scope for future work: 

 
OLED research and technology is a rapidly expanding, potentially futuristic technology 

with a wide range of potential applications. The limitations of this technology have 

expanded beyond its current range of applications. Its applications are not limited to 

TVs, laptops, or smartphones; instead, it extends to solid-state lighting and flexible, 

rollable, and transparent displays. Even now, researchers are developing new OLED 

materials, innovative synthetic processes, and innovative dopants and doping methods. 

OLED and solid-state lighting applications have the following potential futures and a 

significant research gap: 

(1) The potential for further research to improve the colour purity, brightness, life span, 

energy efficiency, green synthesis, external quantum efficiency, and internal quantum 

efficiency of Alq₃ and its derivatives is enormous. The current work may guide 

numerous studies in this area. 

(2) Fourth-generation OLED technology often uses rare earth ions to assist with inter- 

system crossing (ISC) and reverse inter-system crossing (RISC) in thermally activated  

                Figure 9.1: PL intensity decay or fluorescence average lifetime plot  
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delayed fluorescence (TADF) and hyperfluorescence (TADF + fluorescence) OLEDs. 

 In these situations, all triplet excitons are harvested, and further work can be done using 

this method. Our current work can create fourth-generation OLEDs with narrow 

emission bands that are highly efficient. neodymium(III) and europium(III) doped Alq₃ 

may be a flexible, and affordable substitute.                  

This normalized PL intensity vs. time plot of Figure 9.1 clearly proves that Alq3 has 

higher optical band band gap 2.89 eV and ZnO NP has 3.53 eV.  For this reason, Alq3 

and ZnO cannot exhibit TADF and their average lifetime is low. But when Alq3 is 

doped with 0.3 wt %ZnO NP and 0.3 wt % europium(III) and neodymium(III) they all 

support TADF where average life times are 6.76ns, 9.23ns,12.74 ns.Theses results can 

open different way of interests in this field. 

(3) Our work revealed the existence of a novel non-emissive polymer, namely the oxide 

advancements. of Alq₃, which exhibits superior fluorescence and electroluminescence 

compared to pristine Alq₃, thereby offering a promising avenue for future research. Non-

emissive polymers provide improved electroluminescence and fluorescence, which will pave 

the way for future 

(4) Our inexpensive, effective, rollable, simple-structured OLED that uses ZnO/Alq₃, 

Eu/Alq₃, and neodymium may serve as the basis for numerous future research projects. 

As a result, we are quite optimistic that our current work will serve as the appropriate 

reference for many future studies. We believe that our results will encourage other 

researchers in the same field to explore the atomic structures of Alq₃, its advanced doped 

versions, and its new hybrid nanocomposites that include other rare earth elements like 

terbium, as well as other transition metals like vanadium, silver, and cadmium, or alkali 

metals like lithium, potassium, and sodium. 

9.2. Concise distillation of the thesis's main contributions: 

If I summarize the thesis’s main contribution in simple words. It will be as follows: 
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(1) The degraded and oxidized Alq3 due to thermal annealing in hot air forms a non-

emissive polymer(NEP) which gives 3-4 times higher electroluminescence (EL) 

and higher photoluminescence(PL) intensity compared to  pristine bulk Alq3.  

(2) At 150oC, due to thermal annealing under ambient condition forms aluminium salt 

of 8-Hq-N-oxide, a non-emissive polymer, which shows more thermal stability 

compared to pure Alq3 when it is used as electroluminescent emitters for an OLED. 

(3) Doping ZnO nanoparticle into host Alq3 matrix, as 0.3:1 wt% concentration 

performed as the best doping concentration to exhibit the highest EL and PL 

intensity compared to pure Alq3.It also lowers the optical band gap to 2.82 eV,and 

turn-on voltage of 2.81 V , EQE of 1.838 % CCT of 6019k CRI of 57 and gives 

whitish green emission of 539.8 nm. 

(4) Rare earth ion europium and neodymium ion doped Alq3 

nanocomposites exhibit higher EL and PL intensity compared to ZnO 

NP doped Alq3 nanocomposites and pristine bulk Alq3 powder  

(5) Europium doped Alq3 nanocomposite-based OLED device shows the 

highest EL and PL intensity and as low turn on voltage as 2.56V and 

higher EQE of  2.47% CCT of 8935k and CRI of 63 and gives yellowish  

green photoluminescence of 544.5 nm 

(6) 0.3 wt% Eu(III) doped Alq3 emitter-based OLED is an excellent 

alternatives for all OLED Solid-State Lighting applications and is a 

better option for constructing yellow OLED,green OLED and also 

white OLED (WOLED) 
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A ampere 

AC alternate current 

Alq3 aluminum (III) tris-(8-quinolinolate) 

BCP 2,9-dimethyl-4,7-diphenyl-1,10-henanthroline 

cd  candela 

CIE Commission Internationale d’Éclairage  

cm  centimeter 

C concentration 

CE current efficiency 

CV cyclic voltammetry 

DC direct current 

DFT  density functional theory  

E energy 

EL electroluminescence 

EML emissive layer 

EQE  external quantum efficiency 

ETL electron-transport layer 

Eu europium 

eV electron-volt 

fac facial 

HBL hole-blocking layer 

HOMO  highest occupied molecular orbital  

IQE internal quantum efficiency 

ITO indium tin oxide 

Λ                wavelength 

lm/W lumen/watt 

LUMO lowest occupied molecular orbital 
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m meter 

M molar (mol/lt) 

μm micron (10-6 m) 

mer    meridionnal 

nm nanometer 

OLED     organic light-emitting diode 

PEDOT  poly ethylene oxy thiophene  

PE  power efficiency 

PL photoluminescence 

PET poly ethylene tri ethylene terapthalate 

 PLED polymer light-emitting diode 

PMMA poly(methyl methacrylate  

PMOLED polymer matrix OLED  

PSS  polystyrene sulfonate 

RE rare earth element 

s second 

SMOLED small-molecule organic light-emitting diode  

TFT thin film transistor 

TV television 

UV ultra violet 

V volt 

ZnO NP zinc oxide nano particle 

 

 

 

 


