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ABSTRACT 

 

 Organic materials have emerged as an attractive component of electronics over 

the past few decades, particularly in the development of efficient and stable organic light-

emitting diodes (OLEDs) and organic neuromorphic devices. The electrical, chemical, 

physical, and optical studies of organic materials and their corresponding devices have 

been conducted for efficient and stable electronics. 

 The development of efficient and stable deep blue OLED devices remains a 

challenge that has obstructed the progress of large-scale OLED commercialization. One 

approach was taken to achieve a deep blue emitter through a color tuning strategy. A new 

complex, PtNONS56-dtb, was designed and synthesized by controlling the energy gap 

between T1 and T2 energy states to achieve narrowed and blueshifted emission spectra. 

This emitter material showed an emission spectrum at 460 nm with a FWHM of 59 nm at 

room temperature in PMMA, and the PtNONS56-dtb-based device exhibited a peak EQE 

of 8.5% with CIE coordinates of (0.14, 0.27). 

 A newly developed host and electron blocking materials were demonstrated to 

achieve efficient and stable OLED devices. The indolocarbazole-based materials were 

designed to have good hole mobility and high triplet energy. BCN34 as an electron 

blocking material achieved the estimated LT80 of 12509 h at 1000 cd m-2 with a peak 

EQE of 30.3% in devices employing Pd3O3 emitter. Additionally, a device with bi-layer 

emissive layer structure, using BCN34 and CBP as host materials doped with PtN3N 

emitter, achieved a peak EQE of 16.5% with the LT97 of 351 h at 1000 cd m-2.  
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 A new neuromorphic device using Ru(bpy)3(PF6)2 as an active layer was 

designed to emulate the short-term characteristics of a biological synapse. This 

memristive device showed a similar operational mechanism with biological synapse 

through the movement of ions and electronic charges. Furthermore, the performance of 

the device showed tunability by adding salt. Ultimately, the device with 2% LiClO4 salt 

shows similar timescales to short-term plasticity characteristics of biological synapses.  
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1. INTRODUCTION 

1.1 Organic semiconductor 

Organic semiconductors are under massive investigation as active layers in 

electronic devices owing to their low power consumption, low-temperature fabrication, 

capability to grow on flexible substrates, and tunability of their optical and electrical 

properties. These distinctive advantages make organic semiconductors desirable 

components in various applications such as organic light-emitting diodes (OLEDs) [1], 

organic photovoltaics (OPVs) [2], organic thin-film transistors (OTFTs) [3], and organic 

memristors [4]. Figure 1 shows the standard structures of the organic semiconductor 

devices. 

Fundamental properties of organic semiconductors are typically attributed to the 

combination of their atomic constituents and band structures, which will be demonstrated 

in detail by using a comparison between organic semiconductors and conventional 

inorganic semiconductors. 

First of all, inorganic semiconductors are mainly crystalline structures composed 

of one or a few atoms, such as silicon, germanium, or gallium arsenide. These atoms are 

covalently bonded to each other, making inorganic semiconductors generally hard and 

brittle with a high melting point [5]. On the other hand, organic semiconductors are 

typically pi-bonded molecules made up of carbon and hydrogen atoms. Their 

composition can also include nitrogen, oxygen, sulfur, or some transition metals. These 

molecules are bound by weak van der Waals force in bulk, which leads to amorphous 
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arrangements of organic molecules. This is why organic semiconductors are usually soft 

and light with a low melting point [6]. 

 

Figure 1. Schematic showing of the standard structures in organic semiconductor devices. 
(a) organic light-emitting diodes (OLEDs), (b) organic photovoltaics (OPVs), (C) organic 
thin-film transistors (OTFTs), and (d) organic memristor. 

 

Secondly, inorganic semiconductors usually consist of a single crystal with minor 

defects. This well-ordered and close-packed structure across the crystal allows the 

element to form continuous bands of electron orbitals known as conduction band and 

valence band. Also, there is a bandgap between the conduction and valence bands where 

no electronic states can exist (Figure 2a). The valence band is normally filled with 

electrons, while the conduction band is partially filled or vacant of electrons depending 

on temperature because the Fermi level of an intrinsic semiconductor is located in the 

bandgap. However, the inorganic semiconductor can conduct electrical current when the 

conduction band is occupied with electrons through electrical, optical, or thermal 

excitation [7]. On the other hand, organic semiconductors comprise randomly oriented 
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molecules that are loosely bound by van der Waals force based on weak dipole-dipole 

interactions [8]. This amorphous arrangement and chemical impurities let the charge 

carriers localize each molecule and form discontinuous energy levels.  

 

Figure 2. The density of states (DOS) diagram of (a) inorganic semiconductors and (b) 
organic semiconductors. 

 

The discrete energy levels in organic semiconductors are named highest occupied 

molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO), 

corresponding to the valence band edge (EV) and conduction band edge (EC) of the 

inorganic counterparts, respectively, as shown in Figure 2b. The molecular orbitals below 

the HOMO and above the LUMO are referred to as HOMO-1, HOMO-2, … and 
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LUMO+1, LUMO+2, …, respectively. The energy gap and the frontier molecular 

orbitals, including HOMO and LUMO, play a crucial role in determining the electrical 

and optical properties of the organic semiconductors, such as charge transport, 

absorption, and emission.  

The charge transport in organic semiconductors is primarily governed by the 

weak intermolecular coupling of amorphous materials. Therefore, the charge migration 

mechanism of organic semiconductors is limited by hopping between localized sites 

instead of delocalized charge transport in bands [9]. Compared with the inorganic 

semiconductor mobility (coherent band transport, µ > 1000 cm2/Vs for the electron in Si), 

the mobility of organic semiconductors (incoherent hopping transport) is limited to µ < 

0.1 cm2/Vs as demonstrated in Figure 3 [10]. 

 

Figure 3. The charge transporting mechanisms of (a) inorganic semiconductors and (b) 
organic semiconductors. 
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Due to the large energy gap of organic semiconductor (3-5 eV), its concentration 

of intrinsic charge carrier is negligible, which cause that the organic semiconductor is 

intrinsically an insulator, and its charge conduction depends on the injected charges from 

the electrodes or intentionally doped structure. 

When light is absorbed in organic semiconductors, an electron in the HOMO 

jumps to the LUMO or higher energy orbitals and leaves a hole in HOMO. Then these 

electrons and holes are attracted by Coulomb force and form Frenkel excitons localized 

on a single molecule. These excitons are transferred between molecules, and this exciton 

energy transfer can affect the performance of organic electronics such as OLEDs and 

organic memristors.  

Additionally, organic semiconductors can be grown on any medium substrate due 

to their amorphous characteristics, which is different from inorganic semiconductors that 

require lattice-matching. As long as the surface is atomically smooth, the organic 

semiconductors can be deposited on flexible substrates, which enable fordable, curved, or 

stretchable electronics. 

1.2 Organic light-emitting diodes 

Among the many applications of organic electronics, organic light-emitting diode 

(OLED) is one of the widely used components in electronic devices. Particularly, the 

advantages of the OLEDs such as low power consumption, ability to be fabricated on 

flexible substrates, and tunability of optoelectronic properties have made them to be used 

in the displays of smart phones and televisions as demonstrated in Figure 4 [11]–[13].  
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Figure 4. Personal electronics employing OLEDs. Images of Samsung fordable 
smartphone, LG curved television, and LG rollable television are included. 

 

1.2.1. A brief history of OLEDs 

The first electroluminescence spectra in organic materials were observed in the 

1960s by applying a voltage to anthracene and tetracene-doped anthracene crystals [14]. 

And the first efficient OLED was demonstrated by Tang and VanSlyke in 1987 using a 

fluorescent emitter, tris(8-hydroxyquinolinato)aluminum (Alq3) [1]. This first OLED 

device achieved high external quantum efficiency (EQE) of ~1% with a multilayer 

structure, composing indium-tin-oxide (ITO) as the anode, 4,4′-Cyclohexylidenebis[N,N-

bis(4-methylphenyl)benzenamine] (TATC) as the hole transporting layer (HTL), Alq3 as 

the electron transporting layer (ETL) and the emissive layer (EML), and Mg:Ag as the 

cathode. Then, the host-guest system was first applied by doping a small volume of 

fluorescent dopant in a host material by Tang in 1989 and achieved EQE of 2.5% [15]. 

These advanced systems, incorporating multilayer and host-guest structures, have been 

primarily adopted in OLED devices these days. The multilayer structure and host-guest 

systems will be discussed in Chapter 3 in detail. 
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The first generation of OLED devices has employed fluorescent emitters that 

only harvest singlet excitons. Since the singlet exciton is a quarter of the generated 

excitons, the internal quantum efficiency (IQE) is limited to 25%. However, Forrest and 

Thompson dramatically increased the efficiency of OLED devices by utilizing both 

singlet and triplet excitons through strong spin-orbit coupling (SOC) with heavy metals 

such as Pt(II) [16] and Ir(III) [17] in 1998. The devices using this mechanism, which is 

called phosphorescent OLED, could achieve 100% of IQE. Nowadays, efficient red and 

green OLED devices employ phosphorescent emitters because they show higher 

efficiency than fluorescent emitters. The phosphorescent emitters will be discussed in 

Chapter 2 in detail. Another important approach of utilizing both singlet and triplet 

excitons is the delayed fluorescence process through the lowest triplet energy state (T1) to 

the lowest singlet energy state (S1) up-conversion. In order to overcome the intrinsic 

limitation of fluorescent device efficiency, thermally assisted delayed fluorescence 

(TADF) OLEDs have been developed and achieved 100% IQE through a brilliant 

molecular design strategy in 2012 [18]. Although the high efficiency TADF OLED 

devices have been reported, the operational stability of devices is insufficient to be 

commercialized [19], [20]. 

1.2.2. OLED operational principals 

Advanced OLED devices are comprised of several functional organic and 

organometallic layers sandwiched between two electrodes. Figure 5 shows the standard 

OLED device structure. The organic layers adjacent to the electrodes are called the hole 

injection layer (HIL) and electron injection layer (EIL) that are for facilitating the charge 

injection. The injected holes and electrons are transported through the hole transporting 
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layer (HTL) and electron transporting layer (ETL), respectively. Then, charges can 

recombine within the emissive layer (EML), and the recombined electrons and holes 

generate photons via the electroluminescence process. Electron blocking layer (EBL) and 

hole blocking layer (HBL) can also be employed to confine charges within the EML 

because of the imbalanced electron and hole transporting abilities of organic materials. 

The requirements and examples of EBL will be discussed in Chapter 3 in detail. 

 

Figure 5. A standard OLED device structure. 
 

For the discussion of OLED operations, it is crucial to understand the concepts of 

hole and electron. The electron is a negatively charged subatomic particle. On the other 

hand, a hole, which does not physically exist, is a positive charge that occurs after an 

electron is missing. Figure 6 shows HOMO and LUMO level occupation in 4 different 

states.  
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The ground state is a neutral state of the molecule with a zero spin, representing 

the molecules in the OLED device before the external voltage is applied. A pair of 

electrons exist at the HOMO level, and the LUMO level is empty (Figure 6a). Figure 6b 

demonstrates a hole polaron which is a state of a positive charge on the molecule due to 

the missing of one electron. The positive charge pulls the HOMO and LUMO levels close 

to each other. The electron polaron state in Figure 6c is a molecule that gained an extra 

electron at the LUMO level, leading to a negative charge. In the OLED device structure, 

the hole polarons and electron polarons are generated at the anode, and cathode, 

respectively, when the external bias is applied. As mentioned above, the holes and 

electrons migrate via hopping towards the EML and form excitons as depicted in Figure 

6d.  

 

Figure 6. A Scheme of HOMO and LUMO level occupation in 4 different states, (a) ground 
state, (b) hole polaron, (c) electron polaron, and (d) exciton. 
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 Frenkel exciton is formed in OLEDs because of the amorphous nature of organic 

films. The Pauli exclusion principle demonstrates that two or more identical fermions 

must not occupy the same quantum state within a quantum system at the same time. This 

indicates that a pair of electrons trying to occupy the same state must have opposite spins. 

Two types of excitons exist, singlet excitons and triplet excitons. The spin 

statistics identify that only 25% of the electron pairs have opposite spins, and this exciton 

is commonly called a singlet exciton. The singlet excitons have a net spin value of 0 and 

show a short transient lifetime on the order of nanoseconds. On the other hand, the other 

75% of the electron pairs will have the same direction or out of phase spins, which is 

referred to as triplet exciton. The triplet excitons have a net spin value of -1, 0, or 1 and 

show longer lifetimes on the order of microseconds. Singlet and triplet excitons will be 

discussed in detail below because they are the driving mechanism of fluorescent and 

phosphorescent emission, respectively. 

 There are two main processes that can explain excion diffusion, Föster resonant 

energy transfer (or dipole-dipole coupling) and Dexter energy transfer (or electron 

exchange). The diagrams of these two processes are depicted in Figure 7.  
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Figure 7. Diagram showing Foster resonant energy transfer and Dexter energy transfer. 
 

 Föster resonant energy transfer is a non-contact process that generally appears 

between molecules with a length scale of 1-10 nm. Between an excited molecule and a 

ground state molecule, the intermolecular dipole interaction can occur. Figure 7 shows 

that the energy is transferred through dipole coupling to an electron in the ground state 

molecule’s HOMO level when an electron in the excited molecule’s LUMO level relaxes 

to its HOMO level. This leads to an energy transfer that excites an electron in the ground 

state molecule’s LUMO level. 

 On the other hand, Dexter energy transfer appears through a direct electron 

exchange when the excited molecule and ground state molecule are in close contact. 

Figure 7 demonstrates an electron in the excited molecule’s LUMO level hops to the 

ground state molecule’s LUMO level. At the same time, an electron in the ground state 

molecule’s HOMO level hops to the excited molecule’s HOMO level. Of these two 

processes, Föster resonant energy transfer occurs in OLEDs and is a driving process of 
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exciton diffusion. 

 Electroluminescence (EL) is a basic light-emitting process of OLEDs. When an 

exciton relaxes from the excited state to its ground state, a new generation of energy 

should accompany based on the law of conservation of energy. The newly generated 

energy is equal to the exciton starting energy. In the EL process in OLEDs, a photon is 

generated through the exciton relaxation. 

 A singlet exciton occupies a higher energy state comped to its triplet counterpart. 

In a pure organic material, singlet excitons generate fluorescent emission by decaying 

from their excited state to their ground state as shown in Figure 8. The timescale of 

transition from the S1 state to the ground state (S0) is around 1-100 ns. On the other hand, 

the transition from the S1 state to the T1 state is considerably slower (0.1-1 μs). These 

lead to nearly 100% radiative decay of singlet excitons. However, all the triplet excitons 

decay non-radiatively in fluorescent systems, which leads to a net exciton to the photon 

conversion efficiency of 25%. 

 In the case of phosphorescent systems, the triplet excitons can also decay 

radiatively by adding a transition metal to the organic molecule ligand. Spin-orbit 

coupling between the metal and the excitons allows radiative decay from the T1 state to 

the S0 state as depicted in Figure 8. This is because the S1 state to T1 state transition, 

which is called intersystem crossing (ISC), is faster than the S1 state to S0 state. Since the 

ISC process is fast and efficient, the phosphorescent emitters can achieve an exciton to 

the photon conversion efficiency of 100% by harvesting both singlet excitons and triplet 

excitons. 



 

13 
 

 

Figure 8. Jablonski diagram of fluorescence and phosphorescence processes. 
 

 Although the fluorescence and the phosphorescence are primarily used in 

commercial OLEDs, a new unique subset of fluorescent emission has been researched. It 

is referred to as Thermally activated delayed fluorescence (TADF). Delayed fluorescence 

is from reverse intersystem crossing (RISC), resulting in triplet excitons being up-

converted to the singlet state to decay radiatively. The RISC singlet transition to S0 shows 

much slower decay between microseconds and milliseconds than a standard singlet, 

which is a result of the excitons spending a long time in the triplet state. TADF occurs 

through the thermal excitations at room temperature, which provides enough energy to 

make RISC because the energy gap between S1 and T1 is reduced by designing organic 

materials. 

 OLED display emits the light directly from each RGB (Red, Green, and Blue) 

pixel, which is one of the reasons why OLEDs are preferable in display applications 

compared to conventional liquid crystal displays (LCDs). On the other hand, LCD has a 
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different mechanism filtering the white back-light to express the color, which makes it 

less efficient than OLEDs. Also, the improved contrast ratio and dynamic color range 

from the direct light-emitting demonstrate that the OLEDs are the future of displays. For 

a better understanding of the light emission process of OLED devices, the energy 

diagram in Figure 8 needs to be discussed in more detail. 

 Figure 8 shows a Jablonski diagram that has multiple vibronic states in organic 

molecules.  When an organic molecule is excited by absorbing light or other energy, 

electrons jump from S0 state to S1 or S2 state, depending on the applied energy. Then, the 

excited electrons will transit to S1 state or T1 state that was previously discussed. When 

the excited electrons decay from S1 state or T1 state to the S0 state, the energy difference 

between S0 state and those two excited states will stand for the emission energy of the 

material. Thus, it is crucial to consider all the vibronic states in organic emitters. In a real 

energy states system, there is a wide range of vibronic delocalized states due to the 

molecular distortions in the emitting molecule, thermal excitations, and vibrational 

energy. This results in the broad emission in OLEDs. 

 The electromagnetic spectrum is shown in Figure 9 to demonstrate a visual 

correlation between the wavelength and the emission color. In the next chapter, a more 

in-depth discussion of device testing, device physics, OLEDs performance parameters, 

and color coordinates will follow. 
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Figure 9. The electromagnetic spectrum in terms of wavelength. 
 

1.2.3. OLED performance and characterization 

 In this chapter, the characterization for OLEDs and performance parameters are 

introduced and discussed. A widely used testing for OLED devices is the JVL test that 

stands for current density for J, voltage for V, and luminance for L. Figure 10a indicates a 

diagram of JVL test processing. A glass substrate is placed on a substrate holder that is in 

close contact with a silicon photodiode. Then, the OLED device is hooked up to the 

Keithley machine as a voltage source, and the voltage is swept from 0 V to higher voltage 

(generally ranging from 5-20 V). The current and resistance changes of the OLED device 

can be measured during the voltage swept. At the same time, the emitted light can be 

collected to a silicon photodiode that generates current to record using a high-resolution 

ammeter. 
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Figure 10. (a) Diagram of OLED JVL test and (b) schematic of spectrometer operation. 

 

 On the other hand, the electroluminescent spectra of the OLED device can be 

measured by using a spectrometer. Figure 10b demonstrates a scheme of the spectrometer 

operational mechanism. When light enters into the spectrometer, a diffraction grating 

reflects the incoming light. Then, the light diffracts at different angles according to its 

wavelength and is directed to a photodetector. Through the spectrometer, the light 

intensity versus wavelength graph can be obtained. And the brightness of the light from 

the OLED device can be calculated through the combination of the electroluminescence 

spectrum and the photodiode responsivity by converting the photocurrent into a value of 

lumens. 

 Through the JVL test and spectrometer data, various performance parameters can 

be acquired for evaluating OLED devices. The first commonly used performance 

parameter, power efficiency (PE), is a ratio of the power of the emitted light to the 

electrical power input, and its unit is lumens per watt (Lm/W). The power efficiency of 

OLED devices is a generally used metric for comparing to other lighting sources. 
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 The second performance, EQE, is the efficiency of the injected hole-electron 

pairs to the emitted photon conversion process. The hole-electron pairs injected into the 

device and photons escaped from the device can be quantified by using the JV 

characteristic and the brightness, respectively. However, the JVL measurement cannot 

collect all the photons emitted from the device because there are losses of photons at high 

angle emission. This loss value (i.e., geometry factor) can be calculated through a 

calibrated device with brightness to avoid undercalculating the EQE of OLED devices. 

And the most accurate method to measure the brightness of the OLED device is 

integrating sphere. This technique can measure all directions of emitted light of the 

OLED device. 

 

Figure 11. Scheme of light out-coupling losses in ordinary OLEDs. 
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 The following performance parameter is the IQE of an OLED. The IQE is a ratio 

of the generated photons to injected hole-electron pairs in the OLED device. Therefore, 

the IQE is a parameter that does not consider the out-coupling losses from the EQE 

metric. Several techniques need to be combined to achieve an estimation of IQE. Figure 

11 demonstrates a variety of optical pathways through which generated photons can take 

in the OLED device. Surface plasmon quenching, optical absorption, and internal 

reflections in the organic layers, the transparent conductive oxide (TCO including ITO), 

and the glass substrate are responsible for around 80% of the loss of emitted light. The 

optical losses of emitted light make it difficult to quantify the total number of photons 

which are electrically generated in the OLED device. 

 The first technique that can be combined to estimate the IQE is photoluminescent 

quantum yield (PLQY). Electroluminescence is a method to emit photons through 

electrically generated excitons. On the other hand, photoluminescence is the other 

method to emit photons via optically generated excitons. When high energy light (such as 

UV light) irradiates an organic photoluminescent molecule, the material absorbs the high 

energy light, leading to electrons being excited to the LUMO level and making excitons. 

Then, the excitons relax to the molecule's ground state, and the material emits photons, 

which is a similar process with electroluminescence. For measuring a PLQY of organic 

material, a sample is placed in the integrating sphere that is fitted to a monochromatic 

light source, a high-resolution detector, and a spectrometer. 
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 During the PLQY measurement, the material is illuminated by the light source of 

a specific intensity, and the emitted light is collected in the detector and processed in the 

spectrometer. Then, the number of photons absorbed in the sample material can be 

quantified by the intensity of the excitation source, which will be compared with the final 

intensity of the source. The number of photons emitted from the sample material will also 

be measured. The ratio of absorbed photons to emitted photons indicates the PLQY of the 

sample material. This PLQY is correlated with the IQE; however, it cannot be assumed to 

be accurate because electroluminescence and photoluminescence have different 

mechanisms. 

 The following technique for estimating the IQE of OLED devices is optical 

modeling based on the dipole emission model. This can simulate the device structure that 

already has information of orientation, optical constants, thickness, and IQE with high 

accuracy. The dipole emission model will make a device, and the combination of the 

thickness, optical constants, and IQE will allow simulation of the quantity of light to 

reach the air. The optical model will not lead to any significant conclusions unless 

validated with real OLED devices. A series of devices can be made where the thickness 

of one or more layers is varied. For example, if an OLED device which has a well-known 

charge confining structure is employed, then the only losses in the device setting can be 

assumed to be optical losses. Also, the input IQE value of the model can be used to set 

the theoretical and experimental data by building an optical to match the devices with 

varying layer thickness. Currently, the combination of optical modeling and device test is 

the best way to achieve an accurate value of IQE. 
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 One of the most important performance parameters is the operational lifetime of 

the OLED device. The stability of the device is essential for commercialization. 

Therefore, the operational lifetime needs to be measured in a standardized way for an 

accurate comparison with other device performances. For calculating this, the 

luminescent decay of the OLED device is measured by driving at a constant current 

density and detecting the brightness decay over time through a silicon photodiode.  

Then, a time to some percentage decay of the initial brightness can be obtained.  

 The percentage decay values of 50% (LT50), 70% (LT70), 80% (LT80), 97% 

(LT97) and the initial brightness of 1000 cd/m2 are generally used for lifetime testing. For 

accelerated testing of the device, a higher starting brightness (10000-20000 cd/m2) is 

usually driven to reduce the time needed to screen the device. The stretched exponential 

decay model shows an equation that makes the lifetime of the OLED device be estimated 

from a lower starting brightness. 

Equation 1 

LT(L1) = LT (L0)*(L0/L1)N 

where LT(L0) is a lifetime of the device from an initial brightness of L0, LT(L1) is a 

calculated lifetime of the device at brightness L1, and N is the escalation factor. The value 

of N is dependent on the material and degradation mechanism of the device. However, it 

is widely estimated to be N=1.7. 

 The last parameter is the color rendering index (CRI) which is a quantitative 

measurement of the ability of a light source to reveal the colors of various objects in 

comparison with an ideal light source. This index is assigned to a number between 0 to 

100, where 0 means no matching and 100 means a perfect matching to standardized 
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daylight (blackbody). For a desirable light source, a CRI value above 80 is required.

 The most widely used characterizing the chromaticity of light is a coordinate plot 

developed by the Commission Internationale del’Eclairange (CIE) in 1931 as shown in 

Figure 12. The CIE coordinates only demonstrate in terms of x and y, which makes easy 

2D plotting on the CIE plot. The CRI and CIE coordinates provide a standardized method 

to quantify the color of light. 

 

 

Figure 12. Commission Internationale de l’Eclairange 1931 XY chromaticity plot. 
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1.3 Organic neuromorphic device 

The neuromorphic computing system was firstly described by Carver Mead [21]. 

It emulates the biological neural structures in the nervous system by employing electronic 

circuits based on both analog and digital components for future computing systems [22]. 

In order to understand the necessity of neuromorphic devices, the limitations of the 

conventional computing system will be firstly described. 

1.3.1 Limitations of the conventional computing system 

 Nowadays, with the growth of big data technologies, Internet-of-Things (IoT), 

and artificial intelligence (AI), high-performing and energy-efficient computing systems 

are required. However, conventional computing systems encounter formidable obstacles, 

such as the end of Moore’s Law and the von Neumann bottleneck. 

 Moore’s Law was proposed by Dr. Gordon Moore in 1965 to predict the number 

of transistors in a dense integrated circuit double about every 18 months [23]. It has been 

a relatively accurate guide to the growth of the semiconductor industry for decades. As a 

result, semiconductor industries could prepare long-term planning and set the targets of 

research and development, and now billions of transistors are on a tiny chip and show 

powerful computing systems. But, Moore’s Law no longer centered its research and 

development plan and will likely end soon because transistors eventually would reach the 

scaling limits of miniaturization at atomic levels [24], [25].  

 The other major limitation of the conventional computing system is the von 

Neumann bottleneck. John von Neumann proposed a computing architecture in 1945 

which separates logic computations, data memory, and program as shown in Figure 13 
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[26]. However, this computing architecture has a fundamental drawback that the 

separation of processing unit and memory requires a constant data movement taking 

significant time and energy to perform. Especially with the growth of big data 

technologies in recent years, the speed of data movement is restricted, which eventually 

decreases computing performance. This is called the von Neumann bottleneck that has 

become a significant hurdle by consuming enormous power and time during operation 

[27]–[30]. 

 

Figure 13. Scheme of the von Neumann Architecture. 

 

 To overcome these roadblocks, the semiconductor industries are required to 

explore solutions on the basis of a new computing system. And, inspired by the biological 

system, neuromorphic computing has been researched for decades as a promising 

candidate in the future. 
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1.3.2 Neuromorphic computing 

 An efficient computing framework is found in biological brain systems 

performing analog computations through massively parallel networks of neurons and 

synapses. The human brain, as an example, consumes only 20 watts from blood flow 

measurements to fulfilling all of its functions through analog computations, which store 

the synaptic weight and simultaneously regulate signal transmission [31]. Inspired by the 

brain systems, the idea of neuromorphic computing was introduced in 1990 by Carver 

Mead and has been researched for decades (Figure 14) [21], [32]. Mead pointed out that 

the key of the human brain’s energy efficiency is analog computation, integration of logic 

and memory through neuron’s parallel networks, and the learning ability. Therefore, 

many research groups have tried to find appropriate electronic devices that perform 

analog computing with simultaneously storing information and transmitting a signal to 

prevent the von Neumann bottleneck. By showing the information through the analog 

signals in computing hardware, the neuromorphic device can achieve orders of magnitude 

energy efficiency compared to conventional computing systems [33]. 
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Figure 14. Scheme of the neuromorphic computing Architecture. 

 

 On the one hand, complementary metal-oxide-semiconductor (CMOS) based 

neuromorphic devices have been developed to emulate event-driven and large-scale 

spiking neural networks with highly efficient computing architectures [34], [35]. Such 

architectures have been applied in neuromorphic hardware designs like Neurogrid, 

BrainScaleS, TrueNorth, SpiNNaker, and Loihi [36]–[40]. Despite this remarkable 

progress, there are crucial challenges for CMOS-based neuromorphic devices in terms of 

scalability and power consumption as an ideal neuromorphic system [41], [42]. On the 
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other hand, a new class of emerging neuromorphic devices, namely, memristor or 

resistive random access memory (ReRAM), has been vigorously investigated. 

1.3.3 Memristor 

Memristors (or memristive devices) are two-terminal electric devices that encode 

information in their resistance states according to the history of applied stimulations 

through the physical mechanism of ion or oxygen vacancy drift [43]–[45]. This 

portmanteau (i.e., memristor) is the combination of memory and resistor, which indicates 

its operational principle [46], [47]. It is important to note that such a character makes the 

memristors an alternative to the current computer architectures based on simultaneously 

performing the roles of memory and processor.  

The initial concept of memristor was introduced in 1971 by Dr. Leon Chua [43]. 

The original definition of the memristor was related to electric charge and magnetic flux 

linkage, as depicted in Figure 15. However, it has been vigorously investigated in the last 

few years owing to its similarity with the biological synapse mechanism with regard to 

computing and memorizing at the same time. 
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Figure 15. The four fundamental electrical elements: resistor, capacitor, inductor, and 
memristor [47]. 
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2. DEVELOPMENT OF NEW EMITTER MATERIALS FOR DEEP BLUE OLED 

DEVICES 

The development of efficient and stable OLEDs has been a challenging goal to 

pursue the next-generation display and solid-state lighting technologies [48]. Therefore, 

phosphorescent emitters which are able to harvest both electrogenerated single and triplet 

excitons due to the strong spin-orbit coupling (SOC) have primarily been developed and 

employed for highly efficient and stable OLED devices [49]–[53]. Through the 

phosphorescent emitters, 100% electron-to-photon conversion efficiencies can be 

achieved, and the operational lifetimes of state-of-the-art red and green OLED devices 

are long enough to satisfy the commercial requirements [53]–[56]. Despite this 

remarkable progress, the development of efficient and stable deep blue phosphorescent 

emitters remains a critical challenge [57], [58]. For further advancement of OLED 

technology, it is vital to surmount such a hurdle. 

 Recently, our group reported a series of tetradentate cyclometalated Pt(ppz-O-

CbPy-R) complexes, namely, PtON1 analogs, with various substitution groups on the 

pyridyl ring, where ppz is 3,5-dimethyl-1-phenyl-pyrazole and CbPy is carbazolyl- 

pyridine [59]. In the paper, the PtON1 analogs that added electron-donating groups (such 

as -tBu, -Me, or -NMe2) on the 4-position of the pyridyl ring exhibited significantly 

narrowed emission spectra with full-width at half-maximum (FWHM) values of 15-20 

nm and deep-blue colors at room temperature as shown in Figure 16. However, PtON1 

analogs have not demonstrated reasonable operational stability in the device settings 

owing to the potential instability of the phenyl-pyrazole moiety. On the other hand, a 

platinum metal with carbazolyl-pyridine-based tetradentate cyclometalated ligand, i.e., 
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PtNON, exhibited better stability with high triplet energy of 2.83 eV [56]. A PtNON-

based device with strong charge confinement demonstrated a peak external quantum 

efficiency (EQE) of 24.4% [56], while an optimized PtNON device exhibited an 

estimated operational lifetime to 70% of the initial luminance (LT70) over 1300 h with an 

EQE of 17.4% at 1000 cd/m2 [60]. Despite these progresses, the broad emission spectra 

of PtNON-based devices make unsatisfactory performance due to the poor quality of blue 

emission color. It is believed that the small energy gap between the lowest triplet state 

(T1) and the second-lowest triplet state (T2) of PtNON causes dual emission originated 

from T1 and T2, leading to the broad and sky blue emission spectrum of PtNON. 

 

Figure 16. Luminescence spectra of (a) PtON1, (b) PtON1-tBu, (c) PtON1NMe2, and (d) 
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PtON1Me at room temperature in CH2Cl2 (solid lines) and 77 K in 2-Me-THF (dash-
dotted lines). The chemical structures and CIE coordinates at room temperature of each 
material are shown in the inset [59]. 

 

 This chapter will report new platinum complexes, PtNONS56 and PtNONS56-dtb, 

designed to achieve narrower and blueshifted emission spectra through a color tuning 

strategy that increases the energy gap between T1 and T2 of PtNON. The electrochemical 

measurement exhibits that the structure modification from PtNON to PtNONS56 has a 

negligible effect on both oxidation and reduction potential of the complex while the 

structure modification from PtNONS56 to PtNONS56-dtb shifts the reduction potential to 

a more negative value without a change in the oxidation potential. Both new complexes 

are highly emissive in solution and PMMA films with reasonably short luminescent 

lifetimes. Also, they are thermally stable for sublimation. Notably, PtNONS56-dtb showed 

a significantly blueshifted and narrowed emission spectrum at 460 nm with a full-width at 

half-maximum (FWHM) of 59 nm compared to PtNON at 480 nm with a FWHM of 87 nm 

at room temperature in PMMA thin film. Additionally, PtNONS56-dtb in a device achieved 

a higher peak EQE of 8.5%, lower turn-on voltage of 2.5 V, and blueshifted emission peak 

at 470 nm with a narrowed FWHM of 60nm compared to PtNON, which showed peak 

EQE of 7.5%, turn-on voltage of 3 V, and emission peak at 494 nm with a FWHM of 86 

nm in the same device setting. 

2.1. Color tuning strategies for deep blue emitters 

Deep blue emitters are an essential component of efficient blue OLED devices. 

They require high emission energy in the range of 2.7 eV to 2.8 eV. Despite its only 25% 

of exciton harvesting efficiency, many commercial displays still use fluorescent blue 
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emitters owing to their good operational stability [61]. Therefore, the design of efficient 

and stable deep blue phosphorescent metal complexes is necessary. 

 The progress of blue phosphorescent emitters has primarily been accomplished 

through designing Ir complexes for high efficiencies and deep blue colors [58], [62], [63]. 

A suitable starting material of color tuning is typically studied green phosphorescent 

emitter, fac-Ir(ppy)3, which showed an estimated operational lifetime to 50% of the initial 

luminance (LT50) of 160,000 h [64]. Using this prototypical phosphorescent complex, 

fac-Ir(ppy)3, as a starting point, the green emission color can be sufficiently blueshifted 

through the modification of the phenyl-pyridine cyclometalated ligand as shown in the 

pathways of Scheme 1. 

 

Figure 17. Color tuning strategies for blue emitters from Ir(ppy)3 [56]. 
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 First, the emission energy is blueshifted by lowering the highest occupied 

molecular orbital (HOMO) energy by adding electron-withdrawing groups on the phenyl 

ring, which is the most widely used for the blue emitters such as FIrpic, FIr6, FPt, and Pt-

4 [65], [66]. This strategy successfully shifted the emission spectrum to higher energy 

and achieved high efficiencies. However, the poor electrochemical stability of fluorine-

containing emitters leads to rapid degradation of the molecules and consequently the low 

operational lifetime of the OLED devices. 

Second, another pathway is raising the lowest unoccupied molecular orbital 

(LUMO) energy by replacing the pyridine ring with isoelectronic azolyl rings, such as 

pyrazole or imidazole [66]–[69]. Through this route, deep blue emission color and high 

efficiencies have been achieved with OLED devices. As mentioned above,  PtON1, as 

an example, reached a peak EQE of 25.2% and CIE coordinates of (0.15, 0.13). 

Nevertheless, the operational lifetime of these emitter-based OLED devices is 

dramatically shorter than their phenyl-pyridine analogs. For either strategy, fluorinated or 

azole-based emitters, nearly all of the existing researches have demonstrated that their 

operational lifetimes are orders of magnitude lower than the green or red emitters 

employing phenyl-pyridine moieties. 

 An alternative method was recently introduced to achieve an efficient blue 

phosphorescent emitter by breaking the conjugation between the donor and acceptor 

portions and forming 6-membered metal chelation rings. From this strategy, PtNON was 

designed and achieved high efficiency with a long operational lifetime in a device, as 

mentioned above [56]. Despite its achievements, PtNON-based devices produce a broad 

emission spectrum that lies within the sky blue region of the visible spectrum. It is 
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believed that the small energy gap between T1 and T2 of PtNON leads to the T2 emission 

and consequently the broad and sky blue emission spectrum in OLED devices. Therefore, 

PtNONS56 and PtNONS56-dtb were designed to achieve narrower and blueshifted 

emission spectra through a color tuning strategy that increases the band gap between T1 

and T2 of PtNON. 

 

Figure 18. Structures of the (a) PtNON, (b) PtNONS56, and (c) PtNONS56-dtb. 
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2.2. Experimental section 

 Synthesis of Materials. The tetradentate Pt(II) complex, PtNON, has a 

symmetric structure Pt(CbPy-O-CbPy), where CbPy is carbazolyl-pyridine (Figure 18). 

Two CbPys are connected through an oxygen atom to form the N^C*C^N 

cyclometalating ligand. PtNONS56 is designed by extending the conjugation (i.e., 

addition of dihydrobenzothiophenes) on 5 and 6 positions of both phenyl rings in PtNON 

(Figure 18). And PtNONS56-dtb is formed through the incorporation of two tert-butyl 

groups (t-Bu) on the 4-positions (para positions) of both pyridyl moieties in PtNONS56 

(Figure 18). 

 

Figure 19. Synthesis of the ligands and complexes of PtNONS56 and PtNONS56-dtb. 

 

 PtNONS56 and PtNONS56-dtb were synthesized through the routes as described 

in Figure 19. The synthetic routes for intermediates A and B are depicted in Figure 20 and 
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Figure 21, respectively. NONS56 and NONS56-dtb ligands were synthesized through a 

direct C-O cross-coupling reaction of intermediates A and B catalyzed by copper(I) 

iodide. With these two ligands in hand, PtNONS56 and PtNONS56-dtb were then 

synthesized by metalation with potassium tetrachloroplatinate (K2PtCl4) in acetic acid. 

These two Pt(II) complexes were characterized by 1H NMR spectroscopy (Figure 22 and 

Figure 23). 

 

Figure 20. Synthetic route and conditions of compound A. 
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Figure 21. Synthetic route and conditions of compound B. 

 

 Platinum(II) 10,10'-oxybis(12-(pyridin-2-yl-κN)-12H-benzo[4,5]thieno[3,2-a]ca

rbazol-11-yl-κC) (PtNONS56):  

To a solution of NONS56 ligand (179 mg, 0.25 mmol) in HOAc (15 mL, 0.017 

M) were added K2PtCl4 (125 mg, 0.3 mmol) and n-Bu4NBr (8 mg, 0.025 mmol). 

The mixture was heated to reflux for 3 days. The reaction mixture was cooled do

wn to room temperature and filtered through a short pad of silica gel. The filtrate

 was concentrated under reduced pressure. Purification by column chromatography 

(hexanes:DCM = 1:1 to 1:2) gave the PtNONS56 (145 mg, 0.16 mmol, yield: 6

4%) as a light yellow solid. 1H NMR (400 MHz, DMSO-d6, δ): 9.36 (d, J = 5.9 

Hz, 2 H), 8.43 (d, J = 8.2 Hz, 2 H), 8.18 (t, J = 7.8 Hz, 4 H), 8.06 (d, J = 8.

2 Hz, 2 H), 7.89 (t, J = 7.8 Hz, 2 H), 7.61-7.52 (m, 4 H), 7.42 (t, J = 7.7 Hz, 
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2 H), 7.30 (d, J = 8.3 Hz, 2 H), 7.21 (d, J = 8.3 Hz, 2 H), 7.11 (d, J = 8.3 H

z, 2 H). 

 

Figure 22. 1H NMR spectrum of PtNONS56 at 400 MHz instrument in DMSO-
d6 solution. 

 

 Platinum(II) 10,10'-oxybis(12-(4-(tert-butyl)pyridin-2-yl-κN)-12H-benzo[4,5]thi

eno[3,2-a]carbazol-11-yl-κC) (PtNONS56-dtb):  

To a solution of NONS56-dtb ligand (156 mg, 0.189 mmol) in HOAc (11 mL, 0.

017 M) were added K2PtCl4 (94 mg, 0.227 mmol) and n-Bu4NBr (6 mg, 0.019 m

mol). The mixture was heated to reflux for 3 days. The reaction mixture was coo

led down to room temperature and filtered through a short pad of silica gel. The 

filtrate was concentrated under reduced pressure. Purification by column chromatog

raphy (hexanes:DCM = 1:1 to 1:2) gave the PtNONS56-dtb (133 mg, 0.13 mmol, 

yield: 69%) as a light yellow solid. 1H NMR (400 MHz, DMSO-d6, δ): 9.24 (d, 
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J = 6.3 Hz, 2 H), 8.45 (d, J = 8.2 Hz, 2 H), 8.19 (d, J = 7.9 Hz, 4 H), 8.07 

(d, J = 8.2 Hz, 2 H), 7.65 (dd, J = 6.4, 2.0 Hz, 2 H), 7.57 (t, J = 7.5 Hz, 2 

H), 7.40 (t, J = 7.5 Hz, 2 H), 7.30 (d, J = 8.3 Hz, 2 H), 7.16 (d, J = 8.3 Hz, 

2 H), 6.91 (d, J = 1.6 Hz, 2 H), 0.76 (s, 18 H).  

 

Figure 23. 1H NMR spectrum of PtNONS56-dtb at 400 MHz instrument in DMSO-d6 
solution. 

 

 Theoretical Calculation. Titan software package was used for all chemical 

calculations. Molecular geometry of materials were optimized with density functional 

theory method.  

 Electrochemistry. A CH Instrument 610B electrochemical analyzer was used for 

the Cyclic voltammetry (CV) and different pulsed voltammetry (DPV) measurements. 0.1 

M tetra(n-butyl) ammonium hexafluorophosphate was used as the supporting electrolyte 

and anhydrous dimethylformamide was used as the solvent under a nitrogen atmosphere. 

A platinum wire, silver wire, and carbon were used as the counter electrode, pseudo-
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reference electrode, and working electrode, respectively.  

 Photophysical Measurements. The absorption spectra were recorded on an 

Agilent 8453 UV-Visible Spectrometer. The room temperature photoluminescence (PL) 

spectra were obtained on a Horiba Jobin Yvon FluoroLog-3 spectrometer in a 

dichloromethane solution. The cryogenic PL spectra were experiments were performed in 

2-MeTHF at 77 K cooled with liquid nitrogen. PLQY was measured on a Hamamatsu 

absolute PL quantum yield spectrometer model C11347. 

 Device Fabrication and Characterization. Pre-patterned ITO coated glass 

substrates were cleaned by deionized water, acetone, and isopropyl alcohol. Organic 

materials were purified by sublimation with a four-zone thermal-gradient furnace under 

high vacuum. Organic layers were deposited in the custom-made vacuum thermal 

evaporation build by Travato Man. The based pressure was between 10-8 and 10-7 torr. 

The depositing rates of organic materials were between 0.2 and 1.0 Å s-1 monitored by 

quart crystal, and the aluminum cathode was deposited through a shadow mask without 

breaking vacuum, defining device area of 0.04 cm2. The current-voltage-luminance and 

EQE were measured by a Keithley 2400 source meter with a Thorlabs FDS10X10 Si 

photodiode under a nitrogen atmosphere. EL spectra were measured by a Horiba Jobin 

Yvon FluoroLog-3 spectrometer. 

2.3. Results and discussion 

 Theoretical Investigation. Density functional theory (DFT) calculations of 

PtNON and PtNONS56 were computed using the Titan software package (wave function, 

INC.) at the B3LYP/LACVP** level. Similar theoretical investigations have also been 
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used in the previously reported cyclometalated Ir(III) and Pt(II) complexes through 

minimizing singlet geometry for the approximation of ground and excited states [65], 

[70]–[73]. Both PtNON and PtNONS56 show considerable distortion on the carbazolyl-

pyridine (CbPy) portion to accommodate square planar coordination to the metal (Figure 

24 and Figure 25).  

 

Figure 24. Optimized molecular structure of PtNON based on the DFT calculation, top 
view (left) and side-view (right). 
 

 

Figure 25. Optimized molecular structure of PtNONS56 based on the DFT calculation, 
top view (left) and side-view (right). 
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 The structural modification from PtNON to PtNONS56 (i.e. extending the 

conjugation) significantly affects the geometric structure of the Pt(N^C^C^N) 

coordination. The bond lengths of Pt-C2 (1.99 Å) and Pt-C3 (1.99 Å) in PtNONS56 are 

identical to those in PtNON. On the other hand, bond lengths of Pt-N1 (2.24 Å) and Pt-N4 

(2.24 Å) in PtNONS56 are relatively longer than those of Pt-N1 (2.21 Å) and Pt-N4 (2.22 

Å) in PtNON. These bond lengths within the metal coordination are comparable to 

PtON1, PtON6, and PtON7 (Figure 26), which have a similar platinum core structure 

(Table 1) [57], [59]. The bond angles of PtNONS56 in the metal coordination are mostly 

similar to PtNON except the bond angles of N4-Pt-N1 (97.03○) and N1-Pt-C3 (171.79○) in 

PtNONS56 which are larger than those in PtNON (93.84○ and 167.81○, respectively) 

(Table 2). 

 

Figure 26. Chemical structures of PtNON, PtNONS56, PtON1, PtON6, and PtON7. 
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Table 1. Selected bond lengths for PtNON, PtNONS56 based on the DFT calculation. 

Pt complexes Pt-N1(C1) (Å) Pt-C2 (Å) Pt-C3 (Å) Pt-N4 (Å) 

PtNON 2.21 1.99 1.99 2.22 
PtNONS56 2.24 1.99 1.99 2.24 
PtON1 2.18 1.98 1.98 2.19 
PtON6 2.18 1.98 1.98 2.17 
PtON7 2.08 1.99 2.02 2.19 

 

Table 2. Selected bond angles for PtNON, PtNONS56 based on the DFT calculation. 

Pt 
complexes 

N1-Pt-C2 

(○) 
C2-Pt-C3 

(○) 
C3-Pt-N4 

(○) 
N4-Pt-N1 

(○) 
N1-Pt-C3 

(○) 
C2-Pt-N4 

(○) 
PtNON 91.03 91.62 86.50 93.84 167.81 165.48 

PtNONS56 90.35 90.18 84.35 97.03 171.79 165.18 

 

 Electrochemical properties. Cyclic voltammetry (CV) and differential pulsed 

voltammetry (DPV) were used to examine the electrochemical properties of PtNON, 

PtNONS56, and PtNONS56-dtb. The oxidation and reduction potentials reported here 

were measured relative to an internal ferrocenium/ferrocene (Fc+/Fc) reference in 

anhydrous dimethylformamide (DMF) solution under nitrogen atmosphere. The redox 

potentials are summarized in Table 3. All three complexes showed irreversible oxidation 

at around 0.42 V. The potential reactivity of the solvent with the square planar Pt(III) 

metal centers can contribute to the irreversible oxidation process of Pt(II) complexes 

[74], [75]. PtNON and PtNONS56 exhibited quasi-reversible reduction at -2.48 V 

and -2.44 V, respectively, while PtNONS56-dtb demonstrated a well-defined reversible 

reduction process at -2.6 V (Figure 27). It is found that the structural modification from 

PtNON to PtNONS56 (i.e., addition of dihydrobenzothiophenes on carbazoles) had a 
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negligible effect on both the oxidation and reduction potential of the complex. On the 

other hand, the reduction potential was dramatically influenced by introducing two t-

butyl groups on the 4-position of the pyridyl rings (i.e., from PtNONS56 to PtNONS56-

dtb) without a change in the oxidation potential. The reduction potential of PtNONS56-

dtb was found to be 160 mV more negative than PtNONS56. A similar trend has been 

observed in previously reported PtON1 analogs that the addition of electron-donating 

groups (such as -tBu, -Me, or -NMe2) on the 4-position of the pyridyl ring significantly 

shifted the reduction potential to 110-370 mV more negative with negligible changes in 

the oxidation potential [59]. The calculated HOMO levels of all three complexes are 5.2 

eV and the LUMO levels of PtNON, PtNONS56, and PtNONS56-dtb are 1.9 eV, 1.9 eV, 

and 1.77 eV respectively [76], [77]. 
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Figure 27. Cyclic voltammograms for PtNON (black dashed line), PtNONS56 (red solid 
line), and PtNONS56-dtb (blue dash-dotted line). 

 

 Photophysical Properties. The absorption and emission spectra of PtNON, 

PtNONS56, and PtNONS56-dtb were measured, and the data are summarized in Table 3. 

The absorption spectra at room temperature are shown in Figure 28. For these complexes, 

the strong absorption bands between 250 and 280 nm (ɛ > 5 × 104 cm-1 M-1) can be 

assigned to 1(π-π*) transitions on the ligands (LC) [78], [79]. The extinction coefficients 

of these bands at 258 nm for PtNONS56 (ɛ = 8.86 × 104 cm-1 M-1) and PtNONS56-dtb (ɛ 

= 8.8 × 104 cm-1 M-1) were greater than that of PtNON at 263 nm (ɛ = 5.62 × 104 cm-1 
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M-1) due to the greater amount of phenyl rings in both PtNONS56 and PtNONS56-dtb 

compared to PtNON. The weaker absorption bands between 350 and 425 nm (ɛ = 1000 - 

4500 cm-1 M-1) can be identified as metal-to-ligand charge-transfer (MLCT) transitions 

that involve both the ligands and the platinum metal ions [80]. The lowest energy 

absorption bands between 425 and 500 nm (ɛ < 400 cm-1 M-1) can be explained by 

transitions to the lowest triplet state based on the energy shift between absorption and 

emission [81]. The extinction coefficient of these bands at 449 nm for PtNONS56-dtb (ɛ 

= 90 cm-1 M-1) had smaller value than those of PtNON at 436 nm (ɛ = 370 cm-1 M-1) and 

PtNONS56 at 448 nm (ɛ = 380 cm-1 M-1) (Table 3).  

 

Figure 28. (a) Comparison of room temperature absorption spectra of PtNON (black 
squares), PtNONS56 (red triangles), and PtNONS56-dtb (blue solid circles) in CH2Cl2. 
The triplet absorption spectra are presented in (b). 

 

 The emission spectra of PtNON, PtNONS56, and PtNONS56-dtb at 77 K and 

room temperature are depicted in Figure 29. The structural modifications of the Pt 

complexes reveal substantial differences in their emission spectra and luminescent 
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lifetimes. Both PtNONS56 and PtNONS56-dtb had the redshifted emission peak (λmax) at 

452 nm, indicating lower T1 emission energy (ET1) of 2.74 eV, compared to those of 

PtNON (λmax = 438 nm and ET1 = 2.83 eV) at 77 K. And the three Pt complexes exhibited 

the luminescent lifetime (τ) values of 11.7 µs for PtNON, 12.3 µs for PtNONS56, and 

32.3 µs for PtNONS56-dtb at 77 K. On the other hand, at room temperature in 

dichloromethane solution, the emission spectrum of PtNONS56-dtb demonstrated a 

considerably blueshifted emission peak at 490 nm with a narrowed FWHM of 86 nm, 

while PtNON and PtNONS56 had an emission peak at 508 nm with a FWHM of 94 nm 

and 520 nm with a FWHM of 96 nm, respectively. Furthermore, the luminescent lifetime 

of PtNONS56-dtb was 6.7 µs, which is longer than PtNON with a τ of 2.6 µs and 

PtNONS56 with a τ of 1.9 µs at room temperature in solution. At room temperature in 

PMMA thin film, PtNONS56-dtb also showed a blueshifted emission peak at 460 nm 

with a significantly narrowed FWHM of 59 nm compared with those of PtNON (λmax = 

480 nm, FWHM = 87 nm) and PtNONS56 (λmax = 489 nm, FWHM = 87 nm). Moreover, 

at room temperature in the thin film, PtNONS56-dtb indicated an increased luminescent 

lifetime of 15.2 µs compared to PtNON (3.8 µs) and PtNONS56 (4.3 µs).  

 All three complexes were intensely emissive at room temperature both in 

solution (Φ = 31 ± 10% for PtNON, 48 ± 10% for PtNONS56, and 86 ± 10% for 

PtNONS56-dtb) and in PMMA film (Φ = 83 ± 10% for PtNON, 81 ± 10% for 

PtNONS56, and 90 ± 10% for PtNONS56-dtb). The radiative decay rate (kr) and 

nonradiative decay rate (knr) were calculated by the equations; 

Equation 2 

kr = Φ/τ and knr = (1 – Φ)/τ (35) 
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The kr values of PtNON, PtNONS56, and PtNONS56-dtb were in the range of 5.9 × 104 

s-1 to 21.8 × 104 s-1, and knr values of the complexes had a relatively narrower range of 7 

× 103 s-1 to 4.5 × 104 s-1 at room temperature in PMMA film. PtNON and PtNONS56 had 

similar kr and knr, whereas PtNONS56-dtb had a lower kr value of 5.9 × 104 s-1, indicating 

that kr was strongly affected by structural modification on the pyridyl ring. A similar 

phenomenon was found in PtON1 analogs that kr value was decreased by incorporating 

the electron-donating groups on the 4-position of the pyridyl ring [59]. Additionally, the 

close to unity emission efficiency of PtNONS56-dtb can be attributed to its small knr 

value of 7 × 103 s-1 (Table 3) [82]. 
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Figure 29. Plots of emission spectra of (a) PtNON, (b) PtNONS56, (c) PtNONS56-dtb in 
2-Me-THF (solid lines) at 77 K, in CH2Cl2 (dotted lines) and in PMMA thin film (dash-
dotted lines) at room temperature. 
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 Ground-state and Excited-state Properties. PtNON, PtNONS56, and 

PtNONS56-dtb have dominant emission peaks with vibronic emission sidebands at 77 K, 

as shown in Figure 29, which indicated that the lowest triplet excited state (T1) emission 

arises from the majority of ligand-centered charge-transfer (3LC) mixed with small metal-

to-ligand charge-transfer (1MLCT/3MLCT) character due to the strong spin-orbit 

coupling [17], [83], [84]. At 77 K, the dominant emission peak (λmax) of PtNONS56 is 

redshifted by adding dihydrobenzothiophenes on carbazoles which is the 3LC portion of 

PtNON as presented in Figure 18. Therefore, the structure modification from PtNON to 

PtNONS56 reduces the energy level of the 3LC state, and consequently, the T1 is lowered. 

On the other hand, PtNONS56-dtb has the same energy level of T1 as PtNONS56 despite 

incorporating the electron-donating group (-tBu) on the 4-position of pyridyl ring where 

1MLCT/3MLCT states are located (Figure S1). This indicates the structure modification 

from PtNONS56 to PtNONS56-dtb has a negligible effect on the T1. 

 At room temperature, the second-lowest triplet energy state (T2), which is 

assumed to be the same energy level as the 3MLCT state for these Pt complexes, is 

thermally accessible. Consequently, the emission spectra of PtNON, PtNONS56, and 

PtNONS56-dtb significantly vary at room temperature (Figure 29). The emission 

spectrum of PtNON at room temperature is believed to originate from both T1 and T2 

owing to their small energy gap, as depicted in Figure 30a. Therefore, PtNON exhibits 

broad and structureless emission spectra at room temperature in both solution and thin 

film, which can be attributed to the broad shape of T2 emission spectrum. In PtNONS56, 

the addition of dihydrobenzothiophenes on carbazoles of PtNON lowers the energy level 

of T1, which can lead to a larger energy gap between T1 and T2. However, it is assumed 
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that the emission spectrum of PtNONS56 is also originated from both T1 and T2 at room 

temperature due to their still small energy gap (Figure 30b). This can be assisted by the 

fact that PtNONS56 has broad and Gaussian-shaped emission spectra at room 

temperature in both dichloromethane solution and PMMA thin film. On the other hand, 

PtNONS56-dtb demonstrates significantly narrowed and blueshifted emission spectra at 

room temperature in both solution and thin film, which can be ascribed to the raised 

energy level of T2. The introduction of the electron-donating group (-tBu) on the 4-

position of the pyridyl ring shifts the reduction potential more negative and raises the 

1MLCT/3MLCT states since the electron-donating group can make pyridyl ring less 

electron poor region [59]. 

 

Figure 30. (a−c) Schematic energy level diagram related to T1 and T2 with the origin of 
emission in PtNON, PtNONS56, and PtNONS56-dtb at room temperature. 

 

 Thus, the PtNONS56-dtb emission is believed to originate from T1 owing to the 

sufficiently raised energy level of T2 through the structure modification (Figure 30c). 

This analysis can be further supported by the results that PtNONS56-dtb has a vibronic 

structure of emission spectrum, a longer luminescent lifetime, and a lower kr value 

compared to PtNON or PtNONS56 at room temperature. It is worth noting that the 

tetradentate Pt(II) complex's emission energy is easily tuned through a simple structural 
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modification, which is important to design a pure blue phosphorescent emitter. 

 Device performance. To evaluate the utility of PtNONS56-dtb as an emitter in a 

device setting, devices were fabricated and tested using a known stable structure, ITO 

/HATCN (10 nm) /NPD (40 nm) /TrisPCz (10 nm) /5% emitter:mCBT (10 nm) /BALq 

(10 nm) /BPyTP (40 nm) /Liq (2 nm) /Al where HATCN is 1,4,5,8,9,11-

hexaazatriphenylene-hexacarbonitrile, NPD is N,N′-diphenyl-N,N′-bis(1-naphthyl)-1,1′-

biphenyl-4,4″-diamine, TrisPCz is 9,9′,9″-triphenyl-9H,9′H,9″H-3,3′:6′3″-tercarbazole, 

mCBT is 2,8-di(9Hcarbazol-9-yl)dibenzo[b,d]-thiophene,  BAlq is bis(2-methyl-8-

quinolinolato) (biphenyl-4-olato)aluminum, and BPyTP is 2,7-di(2,2′-bipyridin-5-

yl)triphenylene [56], [60], [85]–[88]. The corresponding emitters are PtNONS56-dtb for 

device 1 and PtNON for device 2. mCBT and BALq were used as a host and a hole 

blocking material, respectively, for the narrowed electroluminescent spectra and stability 

of the device. 

 External quantum efficiency (EQE) versus luminance plots, power efficiency 

versus luminance plots, electroluminescent (EL) spectra, current density-voltage (J-V) 

characteristics, CIE coordinates, and normalized intensity versus device operational time 

of devices are presented in Figure 31, and the device performances are summarized in 

Table 4. 
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Figure 31. (a) External quantum efficiency versus luminance, (b) power efficiency versus 
luminance, (c) normalized electroluminescent spectra, (d) current density-voltage 
charactersitics (e) CIE coordinates, (f) normalized intensity versus device operational 
time of device 1 and device 2. Device structure: ITO/HATCN (10 nm)/NPD (40 
nm)/TrisPCz (10 nm)/ 5% emitter:mCBT (10 nm)/BALq (10 nm)/BPyTP (40 nm)/Liq (2 
nm)/Al with corresponding emitters of PtNONS56-dtb for device 1 and PtNON for 
device 2. 
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 Device 1 achieved a peak EQE of 8.5%, which is superior to a peak EQE of 

device 2 (7.5%), as shown in Figure 31a. These two devices exhibited EQEs lower than 

10%, which can be attributed to the thin emissive layer (10 nm). The peak power 

efficiency of device 1 is also higher than device 2 (Figure 31b). In the case of EL spectra 

in Figure 31c, device 1 exhibited an emission peak at 470 nm with a FWHM of 60 nm. 

On the other hand, device 2 showed an emission peak at 494 nm with a FWHM of 86nm, 

indicating the EL spectrum of the PtNONS56-dtb-based device is blueshifted and 

narrower than that of the PtNON-based device. The turn-on voltage, which is defined as 

the voltage required to reach an external brightness of 1 cd/m2, of both devices was at 

about 2-3 V (Figure 31d). 

 Device 1 exhibited blue emission with a CIE coordinate of (0.14, 0.27) while 

device 2 yielded aqua blue emission with a CIE coordinate of (0.17, 0.39) at room 

temperature. These results support the design strategy of PtNONS56-dtb that has only T1 

emission by increasing the energy gap between T1 and T2. The stability of complexes was 

examined by device operational lifetime at a constant driving current of 20 mA/cm2. 

Device 1 had the estimated operational lifetime to 70% of the initial luminance (LT70) of 

26.4 h at 1000 cd/m2, which was inferior to device 2 (62.5 h at 1000 cd/m2). The 

performances of operational lifetime indicate that the new complex, PtNONS56-dtb, has 

less molecular stability than PtNON in a device, which is possibly attributed to 

significant distortion on the extended conjugation and t-butyl portion of PtNONS56-dtb.
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2.4. Conclusion 

 In this chapter, new platinum complexes, PtNONS56 and PtNONS56-dtb, were 

designed and synthesized by the color tuning strategy that controls the energy gap 

between T1 and T2 to achieve narrowed and blueshifted emission spectra. For the 

characterization of these complexes, the electrochemical and photophysical properties 

were discussed in detail. The electrochemical properties of these Pt(II) complexes 

indicated that extending the conjugation has a negligible effect on both oxidation and 

reduction potential of the complex while introducing the electron-donating groups (-tBu) 

on the 4-position of the pyridyl rings shifts the reduction potential to more negative value 

without a change in the oxidation potential. Furthermore, these Pt complexes were highly 

emissive in solution and doped PMMA thin films with a luminescent lifetime in the range 

of microseconds. Additionally, the excited state properties of PtNONS56 and PtNONS56-

dtb were strongly reliant on the structure modification on carbazole and pyridyl rings. 

Consequently, PtNONS56-dtb at room temperature in PMMA thin film demonstrated a 

significantly narrowed and blueshifted emission spectrum at 460 nm with a FWHM of 59 

nm through the molecular structure modification strategy. Also, PtNONS56-dtb in a 

device achieved a peak EQE of 8.5% with CIE coordinates of (0.14, 0.27). With the 

incorporation of state-of-the-art host and blocking materials, the performance of 

PtNONS56-dtb devices will be further improved.   
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3. DEVELOPMENT OF NEW HOST AND CHARGE BLOCKING MATERIALS FOR 

EFFICIENT AND STABLE OLED DEVICES 

 Advanced OLED devices typically have multilayer structures including injecting, 

transporting, blocking, and emitting layers [89]. Therefore, it is essential to employ 

appropriate materials for each layer, which can greatly affect the recombination 

efficiency of holes and electrons in the emissive layer (EML) [60], [88]–[91]. In 

particular, the design of suitable host materials for the corresponding dopants is crucial 

because the high concentration of phosphorescent emitters can bring about triplet-triplet 

annihilation (TTA) or triplet-polaron quenching (TPQ) that possibly reduces device 

efficiency and operational lifetime [92]–[94]. Consequently, host-dopant systems are 

ordinarily adopted for EML in OLED devices. One of the important roles of host material 

is transferring the energy that is excited through the hole-electron recombination to the 

emitters effectively. Thus, host materials are required to have higher triplet energy (ET) 

than phosphorescent emitters for preventing the undesirable reverse transfer of energy 

and confining triplet excitons in the emitter molecules efficiently. Also, the ability to 

inject and transport the charge carriers is essential for host materials with respect to the 

operational mechanism of OLED. It is preferred that holes and electrons have high and 

balanced mobilities in the host material for high charge recombination efficiency within 

the EML [95]. Additionally, the electron blocking layer (EBL) is another critical element 

to fabricate stable and efficient OLED devices. In general, triplet excitons of host 

materials or emitters have a long diffusion length to the adjacent layers due to their long 

lifetime [96], [97]. Therefore, blocking materials are required to have high ET for 

preventing unwanted energy transfer and confining the triplet excitons within EML. The 
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appropriate HOMO and high LUMO levels of the EBL materials are desirable as well for 

injecting holes into EML and blocking electrons effectively [98].  

 Here, we designed two new regioisomer materials, i.e., 5,12-diphenyl-5,12-

dihydroindolo[3,2-a]carbazole (BCN34) and 5,7-diphenyl-5,7-dihydroindolo[2,3-

b]carbazole (BCN54), which can be employed as either host materials or EBL materials 

(Figure 32). The synthesis, electrochemical, and photophysical properties of two 

materials will be dicussed in detail. Both materials were used as EBL materials in devices 

employing Pd3O3 as an emitter to examine their molecular stabilities. Notably, the device 

using BCN34 as an EBL showed good molecular stability by achieving the estimated 

operational lifetime to 80% of the initial luminance (LT80) of 12509 h at 1000 cd m-2 with 

a peak EQE of 30.3%. And then, BCN34 was employed as a host material in devices. The 

device with a bi-layer EML structure, which used BCN34 and CBP as host materials 

doped with PtN3N emitter, achieved a peak EQE of 16.5% with the estimated operational 

lifetime to 97% of the initial luminance (LT97) of 351 h at 1000 cd m-2. 

 

Figure 32. Structures of (a) BCN34 and (b) BCN54. 
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3.1. Requirement and examples of host and electron blocking material 

 One of the important roles of host material is transferring the energy that is 

excited through the hole-electron recombination to the emitters effectively. Thus, host 

materials are required to have higher triplet energy (ET) than phosphorescent emitters for 

preventing the undesirable reverse transfer of energy and confining triplet excitons in the 

emitter molecules efficiently. Typically, host materials with ET over 2.8 eV are needed in 

OLED devices involving blue phosphorescent emitters [73]. Also, the ability to inject and 

transport the charge carriers is essential for host materials with respect to the operational 

mechanism of OLED. It is preferred that holes and electrons have high and balanced 

mobilities in the host material for high charge recombination efficiency within the EML 

[95]. 

 In the case of the electron blocking materials, they are required to have high ET 

for preventing unwanted energy transfer and confining the triplet excitons within EML. 

The appropriate HOMO and high LUMO levels of the EBL materials are desirable as 

well for injecting holes into EML and blocking electrons effectively [98]. 

 Based on the above requirements, the carbazole-based moiety has been widely 

used as the core structure of host materials or EBL materials. Some well-known 

carbazole-based host materials are 4,4′-bis(9-carbazolyl)-1,1′-biphenyl (CBP), 3,5-bis(9-

carbazolyl)benzene (mCP), and 3,3′-bis(9-carbazolyl)-1,1′-biphenyl (mCBP) [99]–[101]. 

And extensively used carbazole-based EBL materials are 9,9′,9″-triphenyl-9H,9′H,9″H-

3,3′:6′3″-tercarbazole (TrisPCz) and 4,4',4''-tris(carbazol-9-yl)-triphenylamine (TCTA) 

[100], [102]. The molecular structures are in Figure 33. 
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Figure 33. Structures of CBP, mCP, mCBP, TrisPCz, and TCTA. 

 

3.2. Experimental section 

 Synthesis of Materials. The regioisomer materials, BCN34 and BCN54, are 

designed by incorporating 1-phenyl-1H-indole on 3, 4 positions and 5, 4 positions of 9-

phenylcarbazole, respectively (Figure 32). Both materials have the indolocarbazole core 

structure that shows good hole mobility. BCN34 and BCN54 were synthesized through 

the routes as described in Figure 34. The initial step is the Suzuki coupling reaction of 9-

phenyl-9H-carbazol-3-yl-3-boronic acid (1) and 1-bromo-2-nitrobenzene (2) catalyzed by 

Pd(dppf)Cl2·CH2Cl2 to get the intermediate 3, where Pd(dppf)Cl2·CH2Cl2 is (1,1'-

bis(diphenylphosphino)ferrocene)palladium(II) dichloride. Then, ring closure was 

achieved through a reduction reaction induced by excess PPh3, which produces the 

regioisomer molecules A and B.  
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Figure 34. Synthetic routes of BCN34 and BCN54. 
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 The intermediates, A and B, were coupled with functionalized iodobenzene 

catalyzed by Pd2(dba)3/JohnPhos under nitrogen atmosphere, where Pd2(dba)3 is 

tris(dibenzylideneacetone)dipalladium and JohnPhos is (2-biphenyl)di-tert-

butylphosphine. BCN34 and BCN54 were prepared by this coupling reaction from the 

precursor A and B, respectively. Both two materials were characterized by 1H NMR 

spectroscopy (Figure 35 and Figure 36). 

 5,12-diphenyl-5,12-dihydroindolo[3,2-

a]carbazole (BCN34): To a solution of the precursor (5-phenyl-5,12- dihydroindolo [3,2-

a]carbazole, 1.39 g, 4.18 mmol) in toluene (30 mL, 0.14 M) were added iodobenzene (2.5

6 g, 12.54 mmol), Pd2(dba)3 (192 mg, 0.209 mmol), JohnPhos (125 mg, 0.418 mmol), an

d t-BuONa (804 mg, 8.36 mmol). The mixture was heated to reflux for 24 h and cooled d

own to room temperature. Then, purification through silica gel for column chromatograph

y (hexanes:DCM = 5:1) gave BCN34 (1.45 g, 3.55 mmol, yield: 85%) as a white solid. 1

H NMR (400 MHz, DMSO- d6, δ): 8.31 (d, J = 8.6 Hz, 1 H), 8.24 (d, J = 7.7 
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Hz, 1 H), 7.79-7.58 (m, 10 H), 7.40-7.20 (m, 6 H), 6.74 (m, 1 H), 5.85 (d, J = 

8.1 Hz, 1 H). 

 

Figure 35. 1H NMR spectrum of BCN34 at 400 MHz instrument in DMSO-d6 solution. 

 

 5,7 diphenyl 5,7 dihydroindolo[2,3 b]carbazole (BCN54): To a solution of the pr

ecursor (5-phenyl-

5,7 dihydroindolo[2,3b]carbazole, 910 mg, 2.74 mmol) in toluene (18 mL, 0.15 M) were 

added iodobenzene (1.68 g, 8.22 mmol), Pd2(dba)3 (126 mg, 0.137 mmol), JohnPhos (81.

8 mg, 0.274 mmol), and t-BuONa (526.68 mg, 5.48 mmol). The mixture was heated to re

flux for 24 h and cooled down to room temperature. Then, purification through silica gel f

or column chromatography (hexanes:DCM = 5:1) gave BCN54 (928.9 mg, 2.274 mmol, 

yield: 83%) as a white solid. 1H NMR (400 MHz, DMSO-d6, δ): 9.08 (s, 1 H), 8.34
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-8.28 (m, 2 H), 7.66-7.59 (m, 8 H), 7.52-7.44 (m, 2 H), 7.40-7.33 (m, 2 H), 7.32

-7.26 (m, 4 H), 7.10 (s, 1 H). 

 

Figure 36. 1H NMR spectrum of BCN54 at 400 MHz instrument in DMSO-d6 solution. 

 

 Material characterization. For the cyclic voltammetry (CV) and different 

pulsed voltammetry (DPV) measurements, a CH Instrument 610B electrochemical a

nalyzer was used.  0.1 M tetra(n-butyl) ammonium hexafluorophosphate and 

anhydrous dimethylformamide were used as the supporting electrolyte and the solvent, 

respectively, under a nitrogen atmosphere. Platinum, silver, and carbon were used as the 

counter electrode, pseudo-reference electrode, and working electrode, respectively.  

 Also, the absorption spectra were recorded on an Agilent 8453 UV-Visible 

Spectrometer. The photoluminescence (PL) spectra at room temperature were obtained on 

a Horiba Jobin Yvon FluoroLog-3 spectrometer in dichloromethane solution, and the 

cryogenic PL spectra were performed in 2-MeTHF at 77 K cooled with liquid nitrogen. 
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 Device fabrication and characterization. The pre-patterned ITO coated glass 

substrate was cleaned by deionized water, acetone, and isopropyl alcohol. Organic 

materials, which were purified under high vacuum by sublimation with a four-zone 

thermal-gradient furnace, aluminum, and substrates were loaded in the custom-made 

vacuum thermal evaporation build by Travato Man. The organic materials were deposited 

on the substrates under high vacuum (between 10-8 and 10-7 torr). The depositing rates of 

organic materials were between 0.2 and 1.0 Å s-1 and that of aluminum cathode was 1 – 2 

Å s-1 through a shadow mask. The current-voltage-luminance and EQE measurement 

were performed by a Keithley 2400 source meter with a Thorlabs FDS10X10 Si 

photodiode. EL spectra were measured by an Ocean Optics USB2000 spectrometer. All 

devices were tested in a nitrogen filled glovebox without encapsulation. 

3.3. Results and Discussion 

 Electrochemical properties. The electrochemical properties of BCN34 and 

BCN54 were examined by using cyclic voltammetry (CV) and differential pulsed 

voltammetry (DPV). The oxidation and reduction potentials were measured relative to an 

internal ferrocenium/ferrocene (Fc+/Fc) reference in anhydrous dimethylformamide 

(DMF) solution under a nitrogen atmosphere. All the redox potentials, the highest 

occupied molecular orbital (HOMO) energy levels, and the lowest unoccupied molecular 

orbital (LUMO) energy levels are summarized in Table 5. Both BCN34 and BCN54 

showed irreversible oxidation at 0.62 V and 0.64 V, respectively. The reduction potential 

of BCN54 also exhibited an irreversible process at -2.95 V, while BCN34 had a quasi-

reversible reduction process at -3.09 V (Figure 37). These results indicate that the 

position changes of the 1-phenyl-1H-indole group have a negligible effect on the 
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oxidation potentials. On the other hand, the reduction potential of BCN34 is found to be 

140 mV more negative than BCN54. The HOMO levels of both materials are 5.5 eV, and 

the LUMO levels of BCN34 and BCN54 are 2.07 eV and 2.1 eV, respectively [76], [77]. 

Figure 38 is a reference CV data of CBP for comparing oxidation and reduction potentials 

with BCN34 and BCN54. 

 

Figure 37. Cyclic voltammograms of BCN34 (blue solid line) and BCN54 (red dashed line). 

 

Figure 38. Cyclic voltammogram of CBP. (DMF: N,N-dimethylformamide; DCM: 
dichloromethane) 
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 Photophysical properties. The absorption and emission spectra of BCN34 and 

BCN54 were measured, and the data are recorded in Table 5. The absorption spectra at 

room temperature are presented in Figure 39a. The high energy absorption bands between 

250 and 290 nm (ɛ > 3.5 × 104 cm-1 M-1) are assigned to the aromatic group for both 

BCN34 and BCN54. Due to their identical amounts of phenyl rings, the extinction 

coefficient values of BCN34 at 272 nm (ɛ = 4.37 × 104 cm-1 M-1) and BCN54 at 276 nm 

(ɛ = 4.27 × 104 cm-1 M-1) are similar. The weaker absorption bands located in the 290-320 

nm demonstrate somewhat different absorption between BCN34 at 310 nm (ɛ = 2.67 × 

104 cm-1 M-1) and BCN54 at 308 nm (ɛ = 1.35 × 105 cm-1 M-1), which is possibly 

attributed to the position changes of the 1-phenyl-1H-indole group on carbazole moiety. 

The lowest energy absorption bands between 350 and 370 nm can be identified as the 

transitions to the lowest singlet energy state (S1) based on the small energy shift at room 

temperature between absorption and emission. The extinction coefficient values of 

BCN34 at 361 nm (ɛ = 2.02 × 104 cm-1 M-1) and BCN54 at 364 nm (ɛ = 2 × 104 cm-1 M-1) 

are almost identical. 
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Figure 39. (a) Comparison of room temperature absorption spectra of BCN34 and 
BCN54 in CH2Cl2. (b) The fluorescent spectra (F) of BCN34 and BCN54 in CH2Cl2 
solution at room temperature and their phosphorescent spectra (Ph) in 2-MeTHF solution 
at 77 K. 

  

 Figure 39b demonstrates the fluorescent spectra of BCN34 and BCN54 at room 

temperature in dichloromethane and their phosphorescent spectra at 77 K in 2-

methyltetrahydrofuran. Both BCN34 and BCN54 had structured fluorescent emission 

spectra at room temperature with emission peak (λmax) at short wavelengths of 364 and 

368 nm, respectively. And they showed the luminescent lifetime (τ) values of 3.7 and 3.8 

ns, respectively. The phosphorescent spectra of BCN34 and BCN54 at 77K exhibited 

peaks at short wavelengths of 428 and 430 nm with the luminescent lifetimes of 13.8 and 

14.1 μs, respectively. Therefore, the triplet energy of BCN34 and BCN54 can be 

calculated to be 2.9 and 2.88 eV, respectively, which are sufficiently high energy to be 

employed as blockers or host materials in OLED devices with typical blue emitters as 

well as the red and green emitters [103], [104]. 
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 BCN34 and BCN54 as blockers for stable and efficient OLEDs. The 

molecular stabilities of BCN34 and BCN54 were investigated in a device setting by 

employing a palladium-based stable phosphorescent emitter, Pd3O3, which shows 

aggregate emission in the orange-red region of the visible spectrum [105]. BCN34 and 

BCN54 were used as electron blocking layers (EBL) in the devices because they 

demonstrated high triplet energy and appropriate energy levels of HOMO and LUMO 

(Table 5). The devices were fabricated and tested using a known stable structure, ITO 

/HATCN (10 nm) /NPD (60 nm) /EBL (10 nm)/ Pd3O3 (15 nm) /BAlq (10 nm) /BPyTP 

(40 nm) /Liq (2 nm) /Al (100 nm) with corresponding EBLs of BCN34 for device 1, 

BCN54 for device 2, TrisPCz for device 3, and no EBL for device 4 where HATCN is 

1,4,5,8,9,11-hexaazatriphenylene-hexacarbonitrile, NPD is N,N′-diphenyl-N,N′-bis(1-

naphthyl)-1,1′-biphenyl-4,4″-diamine, BAlq is bis(2-methyl-8-quinolinolato) (biphenyl-

4-olato) aluminum, and BPyTP is 2,7-di(2,2′-bipyridin-5-yl)triphenylene (11, 32-35).  
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Figure 40. (a) External quantum efficiency versus luminance, (b) current density-voltage 
characteristics, (c) normalized electroluminescent spectra, (d) normalized luminance 
intensity versus operational time at constant current of 20 mA cm-2, and (e) power 
efficiency versus luminance for the devices 1-4. (f) photoluminescent spectra of emitter 
thin films on quartz, TrisPCz, BCN34. Device structure: ITO /HATCN (10 nm) /NPD (60 
nm) /EBL (10 nm) /Pd3O3 (15 nm) /BALq (10 nm) /BPyTP (40 nm) /Liq (2 nm) /Al with 
corresponding EBLs of BCN34 for device 1, BCN54 for device 2, TrisPCz for device 3, 
and no EBL for device 4. 
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 TrisPCz is a well-known stable EBL material, which has similar HOMO and 

LUMO levels (5.6 eV and 2.1 eV) with lower triplet energy (2.7 eV) compared to BCN34 

or BCN54 [100]. External quantum efficiency (EQE) versus luminance plots, current 

density-voltage (J-V) characteristics, electroluminescent (EL) spectra, luminance 

intensity versus operational time, power efficiency versus luminance of the devices and 

photoluminescent spectra of emitter thin films are presented in Figure 40, and the device 

performances are summarized in Table 6. 

 Device 1 and Device 2 demonstrated similar peak EQEs of 30.3% and 29.5%, 

respectively, which are superior to the peak EQE of device 3 (26.7%). Device 4 showed 

much lower peak EQE of 22.1%. Such different EQE values between device 1 and device 

3 can be attributed to the photoluminescent quantum yield (PLQY) of the emitter. The 

PLQY value of Pd3O3 on BCN34 thin film is 0.86 ± 0.1, which is higher than that of 

Pd3O3 on TrisPCz thin film (0.81 ± 0.1). All the devices exhibited low turn-on voltages 

at about 2-3 V and broad emission spectra in the orange-red visible region with peaks at 

about 596 nm. Device 1 and Device 2 showed similar peak power efficiency of 91.6%% 

and 91.4%, respectively, which are superior to the peak power efficiency of device 3 

(80.1%) and device 4 (74.1%). 



 

 

 73 Ta
bl

e 
6.

 S
um

m
ar

y 
of

 d
ev

ic
es

 1
- 3

 p
er

fo
rm

an
ce

s. 
 

a)
 St

ru
ct

ur
e 

of
 d

ev
ic

es
 1

-4
: I

TO
 /H

A
TC

N
 /N

PD
 /E

B
L 

/P
d3

O
3 

/B
A

lq
 /B

Py
TP

 /L
iq

 /A
l. 

b)
 Es

tim
at

ed
 fr

om
 th

e 
eq

ua
tio

n 
LT

(L
1)

 =
 L

T(
L 0

)·(
L 0

/L
1)

n , w
he

re
 n

 is
 c

ho
se

n 
to

 b
e 

1.
7.

 
 

 
 

EQ
E 

(%
) 

Po
w

er
 

Ef
fic

ie
nc

y 
 

 
 

 

de
vi

ce
 a)

 
EB

L 
pe

ak
 

10
0 

(c
d/

m
2 ) 

10
00

 (c
d/

m
2 ) 

(L
m

/W
) 

L 0
  

(c
d/

m
2 ) 

LT
80

 (h
) 

at
 L

0 
LT

80
 (h

) b)
 

at
 1

00
0 

cd
/m

2  
C

IE
 (x

,y
) 

1  
BC

N
34

 
30

.3
 

30
.0

 
29

.8
 

91
.6

 
12

47
0 

17
1.

5 
12

50
9 

(0
.5

5,
 0

.4
5)

 

2  
BC

N
54

 
29

.5
 

29
.4

 
29

.1
 

91
.4

 
12

32
4 

1.
6 

11
4 

(0
.5

4,
 0

.4
5)

 

3  
Tr

is
PC

z 
26

.7
 

26
.6

 
26

.3
 

80
.1

 
11

15
3 

15
6.

4 
94

36
 

(0
.5

5,
 0

.4
4)

 

4 
N

on
e 

22
.1

 
21

.5
 

18
.6

 
74

.1
 

75
67

 
64

.2
 

20
03

 
(0

.5
5,

 0
.4

4)
 



 

74 
 

 The stability of device was evaluated by operational lifetime at a constant driving 

current of 20 mA cm-2. Device 1 had the estimated operational lifetime to 80% of the 

initial luminance (LT80) of 12509 h at 1000 cd m-2, which was longer than that of device 

3 (9436 h at 1000 cd m-2). These performances indicated that the device with BCN34 had 

better EQE and operational stability than the device with TrisPCZ in this device setting. 

The device 4 showed 2003 h of LT80 at 1000 cd m-2. On the other hand, the device 2 

showed only 114 h of LT80 at 1000 cd m-2, indicating the instability of BCN54 in a device 

setting. This can be attributed to the fast degradation of BCN54 potentially induced by 

less stable molecular structure than BCN34.  

 Device 5 and device 6 are same structures with devices 1-4 but the thickness of 

EML is increased to 25 nm. The EBLs are BCN34 for device 5 and TrisPCz for device 6. 

EQE versus luminance plots, J-V characteristics, EL spectra, luminance intensity versus 

operational time, power efficiency versus luminance of the device 5 and device 6 are 

shown in Figure 41. 

 Device 5 and device 6 demonstrated peak EQEs of 33.5% and 26.1%, 

respectively. Both devices exhibited low turn-on voltages at about 2-3 V and broad 

emission spectra in the orange-red visible region with peaks at about 596 nm. Device 5 

and Device 6 showed peak power efficiencies of 99.3%% and 84.1%, respectively.  And 

the device 5 had the estimated operational lifetime to 80% of the initial luminance (LT80) 

of 2783 h at 1000 cd m-2, which was shorter than that of device 6 (4706 h at 1000 cd m-2). 
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Figure 41. (a) External quantum efficiency versus luminance, (b) current density-voltage 
characteristics, (c) normalized electroluminescent spectra, (d) normalized luminance 
intensity versus operational time at constant current of 20 mA cm-2, and (e) power 
efficiency versus luminance for the device 5 and device 6. Device structure: ITO 
/HATCN (10 nm) /NPD (60 nm) /EBL (10 nm) /Pd3O3 (25 nm) /BALq (10 nm) /BPyTP 
(40 nm) /Liq (2 nm) /Al with corresponding EBLs of BCN34 for device 5 and TrisPCz 
for device 6. 
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 BCN34 as a host for stable and efficient OLEDs. BCN34 could also be 

employed as a host in OLED devices due to its molecular stability, high triplet energy, 

and good charge transporting ability. Recently, our group reported CBP-based orange-red 

OLED devices employing platinum complex, PtN3N, as an emitter [99]. In the paper, 

despite its high peak EQE, the single EML device showed low operational lifetime, 

which was possibly attributed to the electron build-up at the EBL-EML interface. It is 

believed that higher electron mobility than hole mobility within CBP caused the charge 

build-up. Therefore, BCN34 was used as a host because its indolocarbazole moiety can 

lead to higher hole transporting ability than CBP. Devices 7 and 8 were fabricated and 

tested using a known stable structure, ITO /HATCN (10 nm) /NPD (40 nm) /TrisPCz (10 

nm) /10% PtN3N:Host (25 nm) /BALq (10 nm) /BPyTP (40 nm) /LiF (1 nm) /Al [99]. 

The corresponding host materials are CBP for device 7 and BCN34 for device 8.  

 The angle-dependent photoluminescence (PL) intensities of the p-polarized light 

for Pd3O3 in CBP and in BCN34 films are depicted in Figure 42a. The 10% doped 

PtN3N in CBP film (15 nm) on a bare glass maintained the horizontal emitting dipole 

ratio (Θ) value of 70%, where Θ is defined as the ratio of the horizontal emitting dipoles 

to the total emitting dipoles. On the other hand, the 10% doped PtN3N in BCN34 film 

(15 nm) on a bare glass showed lower Θ value of 67%. Additionally, the EQE versus 

luminance plots, J-V characteristics, luminance-device operational time, and 

electroluminescect spectra of device 7 and device 8 are plotted in Figure 42b-e, and the 

device performances are summarized in Table 7. As shown in Figure 42b, device 8 

displayed a smaller peak EQE of 12.6% compared to device 7 (peak EQE of 18.2%), 

which could be attributed to its smaller Θ value and PLQY value. The PLQY value of 
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PtN3N in CBP thin film is 0.63 ± 0.1, which is lower than that of PtN3N in BCN34 thin 

film (0.55 ± 0.1).  

 

Figure 42. (a) Experimentally obtained angle-dependent PL intensities of the p-polarized 
light for 15 nm thick of 10% doped PtN3N in CBP and in BCN34 films grown on glass 
substrate. (b) EQE versus luminance, (c) J-V characteristics, (d) normalized luminance 
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intensity versus time at constant current of 20 mA cm-2, and (e) normalized 
electroluminescent spectra for the devices 7-9. Device structure: ITO /HATCN (10 nm) 
/NPD (40 nm) /TrisPCz (10 nm) /EML /BALq (10 nm) /BPyTP (40 nm) /LiF (1 nm) /Al. 
The corresponding EMLs are 10% PtN3N:CBP (25 nm) for device 4, 10% 
PtN3N:BCN34 (25 nm) for device 5, and 10% PtN3N:BCN34 (15 nm) + 10% 
PtN3N:CBP (10nm) for device 6 [99]. 

 Furthermore, both devices exhibited low turn-on voltages at about 2-3 V. Device 

8 has an estimated operational lifetime to 97% of the initial luminance (LT97) of 102 h at 

1000 cd m-2, which is even shorter than that of device 7 (281 h at 1000 cd m-2), as shown 

in Figure 42d. This could be attributed to the imbalanced charge transporting ability of 

BCN34. Contrary to the property of CBP, it is believed that the hole mobility is higher 

than the electron mobility within BCN34, which can cause the hole build-up at the 

interface between EML and hole blocking layer (HBL). Therefore, the accumulation of 

holes at the interface potentially narrows the exciton formation zone, leading to the low 

operational lifetime of device 8.  

 To alleviate the charge accumulation at the EML-HBL interface, it is necessary 

to shift the exciton formation zone deep into the emissive layer, which can be achieved 

by employing a bi-layer EML with different host materials. BCN34 and CBP were used 

as host materials for the bi-layer structure with PtN3N as an emitter. Device 9 was 

fabricated and tested using a structure, ITO /HATCN (10 nm) /NPD (40 nm) /TrisPCz (10 

nm) /10%PtN3N:BCN34 (15 nm) + 10%PtN3N:CBP (10nm) /BALq (10 nm) /BPyTP (40 

nm) /LiF (2 nm) /Al. The EQE versus luminance plots, J-V characteristics, and 

luminance-device operational time for device 9 are plotted in Figure 42b-e, and the 

device performances are summarized in Table 7. Device 9 achieved a peak EQE of 16.5% 

and maintained EQE of 13.4% at the brightness of 1000 cd m-2, which are improved 

compared to device 8. 
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 Moreover, the LT97 of device 9 is 351 h at 1000 cd m-2, which is much improved 

than device 7 and device 8 with single EML structures, as depicted in Figure 42d. These 

improved EQEs and operational lifetimes can support our device design strategy that 

shifts the exciton formation zone deep into the EML. The exciton formation zone is 

believed to be formed between BCN34-based and CBP-based EMLs because the 

transporting ability of hole is higher than that of electron in BCN34, while the electron 

mobility is higher than the hole mobility within CBP. The structures of devices 7-9 was 

depicted in Figure 43. 

 

Figure 43. Energy level diagram for the PtN3N doped OLEDs (devices 4-6) using 
BCN34, CBP, or BCN34 and CBP as hosts. HIL, hole injection layer; HTL, hole 
transporting layer; EBL, electron blocking layer; EML, emissive layer; HBL, hole 
blocking layer; and ETL, electron transporting layer. 

 

3.4. Conclusion 

 In this chapter, new indolocarbazole-based materials, BCN34 and BCN54, were 

designed and synthesized to have good hole mobility and high triplet energy. The 

electrochemical and photophysical properties were discussed to characterize BCN34 and 

BCN54. Owing to their high triplet energy and appropriate energy levels of HOMO and 

LUMO, both new materials were used as EBLs in devices employing Pd3O3 emitter. The 
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device using BCN34 as an EBL showed its good molecular stability by achieving the 

estimated LT80 of 12509 h at 1000 cd m-2 with a peak EQE of 30.3%. Also, BCN34 was 

employed as a host material in OLED devices. The device with bi-layer EML structure, 

which used BCN34 and CBP as host materials doped with PtN3N emitter, were 

fabricated and achieved a peak EQE of 16.5% with the LT97 of 351 h at 1000 cd m-2. The 

device performances support our design principle of BCN34 to have higher hole 

transporting ability than electron transporting ability by employing the indolocarbazole 

moiety. With the incorporation of state-of-the-art blue phosphorescent emitters and 

device structures, efficient and stable devices employing BCN34 as an EBL or a host will 

be further fabricated. 
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4. EMULATING SHORT-TERM PLASTICITY WITH ORGANIC MEMRISTOR 

A new class of emerging neuromorphic devices, namely, memristor or resistive 

random access memory (ReRAM), has been vigorously investigated. Memristors encode 

information in their resistance states according to the history of applied stimulations 

through the physical mechanism of ion or oxygen vacancy drift [43]–[45]. Therefore, 

long-term plasticity (LTP) and short-term plasticity (STP), which are the fundamental 

properties of biological synapses, can be implemented through memristive devices. In a 

biological system, LTP is regarded as a primary cellular substrate for learning and 

memory owing to its non-volatile characteristic, while STP is generally considered to 

perform a crucial computational role because its memory lasts only seconds to minutes 

[32]. However, the development of memristive devices has primarily focused on 

emulating LTP through the formation of conducting filaments composed of metal ions or 

oxygen vacancies. Many research groups implemented LTP by using memristors such as 

Ag/Si, SiNx/a-Si, TiN/TaOx, TiOx/Al2O3, HfOx/AlOx based devices [106]–[110]. 

 

Figure 44. An example of LTP-based memristor: SiNx/a-Si bilayer memristor structure 
[107]. 
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 On the other hand, a relatively small number of STP-based memristors have been 

developed, although their volatile characteristics can be used in spatio-temporal or 

reservoir computing in the recurrent neural network [111], [112]. The STP memristors are 

also potentially applicable to a synaptic memory, which comprises both long-term and 

short-term partitions, to improve learning efficiency as shown in Figure 45 [113]. Wang 

et al. demonstrated short-term memory (STM) properties using a SiOxNy/Ag diffusive 

memristor, but the device shows too short relaxation time compared to the biological 

synapse [114]. The STP behavior can also be found in GeSe/Ag based memristor. 

However, their uncontrollable weak filament possibly makes incoherent experimental 

data [115]. 

 

Figure 45. An example of STP-based memristor application as a synaptic memory by 
combining with LTP-based memristor [113]. 
 

 Here, we mimic for the first time the STP properties of the biological synapse 

through an organic mixed ionic-electronic conductor (OMIEC) memristor. OMIECs have 

been used in various applications such as batteries, light-emitting devices, transistors, 

sensors, and neuromorphic devices [116]–[120]. Interestingly, non-volatile OMIEC 
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memristors have been studied in the literature, but some OMIEC materials can also be 

employed as STP-based memristors due to the mechanisms similar to biological synapse 

[121], [122]. In this study, a ruthenium complex with varying concentrations of salts was 

used as an OMIEC memristor to have timescales similar to STP in a biological synapse. 

The ion conductivities of our OMIEC memristors were extracted from electrochemical 

impedance spectroscopy measurements and found to be closely correlated with the salt 

concentrations. Current-voltage characteristics, turn-on time, relaxation time, and PPF 

indices of OMIEC memristors are described as well to explain the correlation with 

biological synaptic properties. Finally, short-term synaptic plasticity is emulated by 

applying 4 + 1 spikes and measuring current to confirm the STP characteristics of our 

memristive devices. 

4.1. Analogy between OMIEC memristor and biological synapses 

  Figure 46 shows similar operational mechanisms between a biological synapse 

and a ruthenium complex-based OMIEC memristive device. In a biological system, 

neurotransmitters were initially stored in synaptic vesicles (Figure 46a), which 

corresponds to the primary state of the OMIEC memristor as described in Figure 46b. 

The activation of the presynaptic neuron, i.e., a spike arrival in the biological presynaptic 

terminal, causes neurotransmitters to be released into the synaptic cleft and pile up on the 

AMPA receptors located in the postsynaptic membrane (Figure 46c) [123]. Similarly, 

applying an external voltage to the OMIEC memristor makes cations and anions migrate 

to the respective interfaces between the active layer and electrodes as shown in Figure 

46d. And then, the accumulation of ions brings about the formation of electric double 

layers (EDLs) at the electrode interfaces, leading to the strong bending of the energy level 
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due to their high charge concentrations at the interfaces [124]. Figure 46e illustrates that 

the neurotransmitters in the biological system trigger the AMPA ion channels to be 

opened, and thus particular positive ions can travel into the postsynaptic terminal to 

convey a spike signal [125]. Likewise, by applying a sufficiently high voltage to the 

OMIEC memristive device, more ions can be accumulated on the electrode surfaces, 

which leads to a sharp increase in the electric field at the interfaces. Subsequently, the 

injection of electrons and holes is induced, and then electrochemically doped zones are 

formed, causing the current flow in the device through the charge recombination in the 

intrinsic region (Figure 46f) [126]. 

 Therefore, the accumulation of ions plays a critical role in the OMIEC 

memristor, which demonstrates a similar operational mechanism with biological synapse 

for transmitting a signal by piling up neurotransmitters on receptors. For tuning the 

various short-term memory (STM) properties of OMIEC memristors, the ion conductivity 

in the device was optimized by adding salt. In this chapter, three devices with varied 

concentration of additive were designed; i.e., pristine Ru(bpy)3(PF6)2 device (Device 0), 

Ru(bpy)3(PF6)2 with 1 wt % of LiClO4 device (Device 1), and Ru(bpy)3(PF6)2 with 2 

wt % of LiClO4 device (Device 2). The schematic structure of our OMIEC memristive 

device is shown in Figure 47. 
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Figure 46. Schematic illustration of biological synapse and OMIEC memristor mechanisms. 
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Figure 47. Schematic structure of an OMIEC memristive device. The active layer consists 
of Ru(bpy)3

2+ ions and PF6
- ions with various concentrations of Li+ ions and ClO4

- ions. 

 

4.2. Experimental section 

 Preparation of active layer solution. Tris(2,2’-bipyridine)ruthenium(II) 

hexafluorophosphate (Ru(bpy)3(PF6)2), lithium perchlorate (LiClO4), and acetonitrile 
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were purchased from Sigma-Aldrich and used as received. Active layers consisted of 

Ru(bpy)3(PF6)2 with varied concentrations of LiClO4 salt additive. Ru(bpy)3(PF6)2 and 

LiClO4 solutions were separately prepared at the same concentration of 40 mg/mL in 

acetonitrile and mixed at a ratio by weight noted [127]. The mixed solution was kept on 

stirring overnight at room temperature and then filtered through a 0.2 µm PTFE 

membrane filter. 

 Device fabrication process. The overall OMIEC memristive device composition 

is as follows: ITO/PEDOT:PSS/active layer/Pd/Al. Indium tin oxide (ITO; 150 nm thick) 

coated glass substrates were cleaned with deionized water, acetone, and isopropyl 

alcohol. Then, the substrates were treated with oxygen plasma cleaning for 15 min. 

Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS; Clevious PH 

1000) filtered through a 0.45 µm nylon filter was spin-coated on the ITO substrates at 

3000 rpm for 30 s followed by thermal annealing on a hot plate at 120 ○C for 15 min 

(yielding 50 nm film). The active layer solutions were then spin-coated onto the 

PEDOT:PSS layers at 1500 rpm for 30 s. After the spin coating process of the active 

layer, the obtained films were annealed at 120 ○C for 2 h under the nitrogen atmosphere. 

The Ru(bpy)3(PF6)2 films with or without LiClO4 were generally 100 nm thick. Before 

depositing the top electrode, a small part of the deposited layers (i.e., PEDOT:PSS and 

active layer) was scratched off using a sharp tweezer to expose the conductive ITO layer 

underneath, where is a connection point of the bottom electrode. Finally, the devices were 

completed with the deposition of 5 nm thick Pd and 200 nm thick Al through electron 

beam evaporation. 

 Characterizations. The ionic conductivities of the devices were measured by 
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electrochemical impedance spectroscopy using a Solartron SI-1260 gain/phase analyzer. 

The devices were measured with alternating voltage (100 mV amplitude) in the frequency 

range from 1 to 106 Hz. Impedance spectra were then fitted using MATLAB. The other 

electrical characterizations were conducted by a Keithley 4200 source meter connected 

with a probe station under the nitrogen atmosphere. 

4.3. Results and discussion 

 Effect of salt concentrations on ion conductivity. Electrochemical impedance 

spectroscopy (EIS) was performed to understand how the concentration of LiClO4 salt 

affects the trend of ion conductivity in the active layer of the OMIEC memristor. To 

minimize the influence of electronic carriers, the offset voltage was set to 0 V so that the 

inherent potential of the contacts prevented the electronic charge injection into the active 

layer. The frequency-dependent impedance and phase spectra of OMIEC memristors are 

illustrated in Figure 48. 

 

Figure 48. EIS of Ru(bpy)3(PF6)2 memristor devices with different concentrations of 
LiClO4 additives. (a) Impedance versus frequency data and (b) phase versus frequency data 
for Device 0 (black square), Device 1 (red circle), and Device 2 (blue triangle). 
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 The impedance plateaus in the low-frequency range in Figure 48a indicate a 

strong correlation with the fraction of the lithium salt additive. Namely, with an 

increasing concentration of LiClO4 from 0 to 2 wt %, a decreased impedance plateau was 

observed. The ion conductivity of Device 0 only depends on the anions (PF6
- ions) as a 

result of negligible Ru(bpy)3
2+ ion mobility because the cations are bulky in their size. 

Therefore, the low cation conductivity was compensated by adding Li+ ions that are 

smaller in their size and thus have higher mobility than Ru(bpy)3
2+ ions. Consequently, 

the device with a higher concentration of LiClO4 salt showed a decreased impedance 

plateau in Figure 48a. A similar trend can be found in the previously reported literature 

[128]–[130]. 

 For additional analysis of the EIS data, an equivalent circuit was modified and 

employed for our memristor devices as shown in Figure 49 [131]–[133]. The selected 

equivalent circuit includes a parallel circuit which consists of total electrical resistance of 

active layer (RE), a constant phase element of geometric capacitance (CPEGEO), 

capacitors of the electric double layers (EDLs) at the anode and cathode (CEDL1 and 

CEDL2), resistances of the EDLs (REDL1 and REDL2), and bulk ionic resistance of active 

layer (Rions). This parallel circuit is connected with all external resistance (REXT) in series. 

Constant phase element (CPE) was used because it is a model of an imperfect capacitor 

in an equivalent electrical circuit [133]. The impedance of the CPE can be described by 

the function 

Equation 3 

ZCPE = 1 / (Q(iω)α) 
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where ω is the applied frequency, Q is the magnitude of 1/|Z| at ω = 1 rad/s, and α is the 

phase of the element. Q does not have meaningful physical value, but Q is a capacitor or a 

resistor when α is 1 or 0, respectively. 

 

Figure 49. Illustration of equivalent circuit employed for EIS fitting of OMIEC 
memristor devices. 

 

 The spectra data of Figure 48a and 48b were fitted to extract typical device 

parameters from the equivalent circuit (provided in Table 8). The decreased bulk ionic 

resistance (RION) was observed in the device with a higher Li+ concentration, which 

corroborates the trend of the impedance plateau. The calculated ion conductivities σ in 

the active layer are 2.79 × 10-11 S/cm for Device 0, 7.72 × 10-11 S/cm for Device 1, and 

1.9 × 10-10 S/cm for Device 2. 

 Pinched memristor hysteresis behavior. One of the distinctive signatures of the 

memristor is the hysteresis loop pinched at the I-V origin [134]. Figure 50a demonstrates 

a typical hysteresis loop with the ion distributions of our OMIEC memristive device 

while the voltage is swept. When a negative voltage is applied to the initial state (step 1) 
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of the device, the ions build up on the electrode surfaces, and then the recombination 

current starts to flow as shown in step 2. However, it is challenging for electrons and 

holes to be injected into the active layer owing to the relatively small amount of 

accumulated ions in step 2.
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 On the other hand, step 3 shows more accumulated ions on the electrode surfaces 

than step 2, which leads to a sharp increase in the electric field near the interfaces and 

promoting the injection of electrons and holes. Therefore, the value of recombination 

current in step 3 is much higher than that of step 2 despite their same applied voltage. It is 

worth noting that our OMIEC memristive device remembers its most recent resistance 

through the number of accumulated ions. Also, it can be observed that the accumulated 

ions on the electrode surfaces diffuse back to their stable state very fast, which is a 

characteristic of STM. Steps 4 and 5 indicate the same phenomenon as steps 2 and 3 

when a positive voltage is applied to the OMIEC memristor. 

 Figure 50b-d shows the hysteresis curves pinched at the origin in current-voltage 

(I-V) sweep graphs. The I-V curves of our OMIEC memristors were obtained by 

sequential direct voltage sweep from 0 V to -4 V and from 0 V to +4 V with a scan rate of 

0.1 V/s. In Figure 50b-d, a broad shape of hysteresis was obtained for Device 0, while the 

hysteresis shape is narrower for Device 1 and the narrowest for Device 2. The device 

with a higher concentration of additive acquired a narrower shape of the hysteresis 

because it shows faster ion accumulation and diffusion in the active layer. Figure 51, 

which is the I-V curves in semi-log scales of devices, demonstrated that the turn-on 

voltages of devices are between 2-3 V for all three memristive devices. 
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Figure 50. (a) A representative current versus voltage curve and the ion distributions of 
the OMIEC memristor describing each sequential step. The numbers on the curve 
indicate the initial state at 0 V for step 1 (➀), negatively biased states at -3.5 V for step 2 
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(➁) and step 3 (➂), positively biased states at 3.5 V for step (➃) and step 5 (➄). Current-
voltage curves of (b) Device 0, (c) Device 1, and (d) Device 2. The voltage was swept 
following the sequence 0 → -4 → 0 → +4 → 0 with a scan rate of 0.1 V/s. 

 

 

Figure 51. Current versus voltage curves in semi-log scales of (a) Device 0, (b) Device 1, 
and (c) Device 2. 

 

 turn-on time and relaxation time. Turn-on time is the time it takes for ions to 

accumulate on electrode surfaces due to the low ionic conductivity in solid-state. The 

turn-on time of the OMIEC memristor corresponds to the required time for released 

neurotransmitters to bind with AMPA receptors in the biological synapse. In previous 

literature, it has been studied that the turn-on time is related to the average consuming 
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time for crossing the half of two electrodes [126], [130], [135], [136]. As the variations of 

the device thickness were minimized during the fabrication process, it is believed that ion 

conductivity is a dominant factor to characterize the turn-on time of our OMIEC 

memristors. Figure 52a shows the time-dependent current spectra for measuring the turn-

on time of our OMIEC devices by applying a constant voltage of 3.5 V on unbiased 

devices. All three curves, which demonstrate current increasing from low to the saturated 

level, were fitted to an exponential equation 

Equation 4 

Y= Ao exp (-t / τon) + Yo 

where A0 and Y0 are constants, τon is the turn-on time as illustrated with green fitting 

curves in Figure 52a. The values of turn-on time are 3.8 s for Device 0, 1.7 s for Device 

1, and 640 ms for Device 2. These data indicate that the device with a higher 

concentration of LiClO4 salt has a short turn-on time due to its high ion conductivity. The 

values of turn-on time by varying the applied voltage were also measured and illustrated 

in Figure 53. It demonstrates that the turn-on time decreases with higher biased voltage 

for all devices. 
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Figure 52. The time-dependent current spectra for (a) turn-on time and (b) relaxation time 
of Device 0 (black square), Device 1 (red circle), and Device 2 (blue triangle) as 
indicated. The acquired data of turn-on time and relaxation time were fitted to Eq. 4 and 
Eq. 5, respectively, as depicted with solid green lines. 

 

 

Figure 53. The time-dependent current spectra for turn-on time of (a) Device 0, (b) 
Device 1, and (c) Device 2 by varying the applied voltage from 3 to 5 V as indicated. The 
acquired data were fitted to Eq. 4 as illustrated with solid red lines. 
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 On the other hand, relaxation time is defined as the time it takes for ions 

accumulated on the electrode surfaces to diffuse back to a stable state [137]. The 

relaxation time of the OMIEC memristor can be assumed to be correlated with the 

duration time of neurotransmitters to be bound with receptors. Figure 52b shows the 

time-dependent current spectra to measure the relaxation time of OMIEC devices by 

applying a read voltage of 1.5 V on the already turned-on devices. Since biased voltage 

dropped from 3.5 V to 1.5 V, the current level was also decreased and saturated. The 

curves were fitted to an exponential equation 

Equation 5 

Y= Ao exp (-t / τre) + Yo 

A0 and Y0 are constants, τre is the relaxation time as depicted with green fitting curves in 

Figure 52b. The values of relaxation time are 3.5 s for Device 0, 1.7 s for Device 1, and 

810 ms for Device 2. The data indicate that higher ion conductivity causes a faster 

relaxation time. For the accurate results, measurements of turn-on time and relaxation 

time were conducted on 10 virgin devices each, described with their average and standard 

deviation in Table 9 and Table 10, respectively.  

Table 9. Measured turn-on time values by conducting on 10 virgin devices and their 
average, standard deviation. 

  1 

(s) 
2 

(s) 
3 

(s) 
4 

(s) 
5 

(s) 
6 

(s) 
7 

(s) 
8 

(s) 
9 

(s) 
10 

(s) 
Average 

(s) 

Standard 
deviation 

(s) 

Device 0 3.8 4.1 3.9 4 3.4 3.8 3.7 3.5 3.9 3.8 3.8 0.21 

Device 1 1.7 1.3 2 2.2 1.8 1.5 1.7 1.7 1.5 1.9 1.7 0.26 

Device 2 0.64 0.49 0.74 0.66 0.71 0.52 0.58 0.62 0.79 0.6 0.64 0.09 
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Table 10. Measured relaxation time values by conducting on 10 virgin devices and their 
average, standard deviation. 

  1 

(s) 
2 

(s) 
3 

(s) 
4 

(s) 
5 

(s) 
6 

(s) 
7 

(s) 
8 

(s) 
9 

(s) 
10 

(s) 
Average 

(s) 

Standard 
deviation 

(s) 

Device 0 3.5 2.8 3.3 4.3 1.0 3.5 2.9 3.2 3.7 3.8 3.5 0.47 

Device 1 1.7 1.2 1.7 2.3 1.9 2.6 2.0 1.3 1.1 1.5 1.7 0.48 

Device 2 0.81 0.72 0.77 0.80 0.91 0.88 0.87 0.82 0.79 0.75 0.81 0.06 

 

 Paired-pulse facilitation. Fig. 54a illustrated the paired-pulse facilitation (PPF) 

in a biological synapse. PPF is a phenomenon of the synaptic enhancement to the second 

pulse when two presynaptic spikes closely follow [138]–[141]. For emulating the 

presynaptic spikes, two 3.5 V pulses (100 ms in duration and 50 ms in interval time) were 

applied to the OMIEC memristors as depicted in Figure 54b-d. 

 For all three memristive devices, the current level of the second spike (I2) is 

larger than the first one (I1), where I1 and I2 are the average values of measured current 

data in the range of duration time. Since the duration time of each spike and the interval 

time between two pulses are shorter than the turn-on time and relaxation time of the 

devices, respectively, the conductance was enhanced as shown in Fig. 54b-d. 
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Figure 54. (a) Schematic illustration of PPF phenomenon in a biological synapse between 
a presynaptic neuron and a postsynaptic neuron. Two 3.5 V applied pulses (100 ms in 
duration and 50 ms in interval time) and the consequent current are depicted for (b) 
Device 0, (c) Device 1, and (d) Device 2. 

 

 The PPF index is largely affected by the concentration of LiClO4 additive. 

Equation 6 

(I2 - I1)/I1 × 100% 

Their values are 24.2%, 44.4%, and 84.1% for Device 0, Device 1, and Device 2, 

respectively. These different values of the PPF index can be explained by ion 

conductivity. Device 2 shows a larger PPF index because the current level increased more 

than Device 0 or Device 1 during the same 100 ms, which is contributed to its high ion 

conductivity. Figure 55 presents the PPF data and its statistical distribution as a function 
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of the interval time. Here, the pulse magnitude and duration were fixed at 3.5 V and 100 

ms, respectively, and the pulse interval was increased from 50 ms to 20 s. The 

relationship between the PPF and interval time was fitted by the equation 

Equation 7 

PPF (%) = C1 exp (-t / τ1) + C2 exp (-t / τ2) + C0 

 are constants and τ1, τ2 are PPF relaxation times as shown with the green fitting curves in 

Figure 55a-c. In our fitting results, τ1 = 223 ms and τ2 = 3.28 s for Device 0, τ1 = 96 ms and 

τ2 = 2.14 s for Device 1, τ1 = 75 ms and τ2 = 1.07 s for Device 2 were calculated. In the 

biological synapse, the timescale of two phases (τ1 and τ2) are tens of milliseconds and 

hundreds of milliseconds [142]. Therefore, the fitting results of Device 2 showed closer 

PPF relaxation time with biological synapses compared to Device 0 or Device 1. 

 Figure 56 indicates the PPF as a function of pulse magnitude (ranged from 3 to 4.5 

V) with fixed 50 ms of interval time and 100 ms of pulse duration time. Also, the pulse 

duration time (ranged from 50 to 300 ms) dependent PPF data are shown in Figure 57 with 

fixed 50 ms of interval time and 3.5 V of pulse magnitude. These data demonstrated that 

the average PPF increases with higher pulse magnitude or longer pulse duration. 
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Figure 55. PPF data and its statistical distribution as a function of the pulse interval with 
fixed pulse magnitude and duration at 3.5 V and 100 ms, respectively, for (a) Device 0 
(black square), (b) Device 1 (red circle), and (c) Device 2 (blue triangle). The measured 
PPF data were fitted with Eq. 7 and illustrated with green curves. The acquired parameters 
by fitting are demonstrated in the inset of each graph. 

 

 

Figure 56. PPF data and its statistical distribution as a function of the pulse magnitude with 
fixed pulse interval and duration at 50 ms and 100 ms, respectively, for (a) Device 0 (black 
square), (b) Device 1 (red circle), and (c) Device 2 (blue triangle). 
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Figure 57. PPF data and its statistical distribution as a function of the pulse duration with 
fixed pulse interval and magnitude at 50 ms and 3.5 V, respectively, for (a) Device 0 (black 
square), (b) Device 1 (red circle), and (c) Device 2 (blue triangle). 

 

 Short-term synaptic plasticity. Dynamic change of a synapse, which decays back 

to its normal state within hundreds of milliseconds to a few seconds, is termed short-term 

synaptic plasticity (STP) in biological synapses [123]. The STP in biology can be measured 

by activating 4 presynaptic spikes sequentially and a fifth spike after a few seconds, 

observing the recovery of conductance level. To emulate the STP property, current changes 

of our OMIEC memristors were measured while 4 + 1 spikes were applied, as depicted in 

Figure 58.  

 During the 4 presynaptic spikes (3.5 V of pulse magnitude, 100 ms in duration, 

and 50 ms in interval time), the current was enhanced following the PPF index, which 

means the current level of Device 2 increased more than Device 0 or Device 1. After the 

fourth spike, a read voltage of 1.5 V was applied to the device for measuring the recovery 

of their initial current level. The decay curves were following the relaxation time, i.e., the 

pristine device takes a longer time to recover its initial state than the device with a higher 

concentration of additive salt. 
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Figure 58. Emulating short-term synaptic plasticity. The current change was measured 
while 4 + 1 presynaptic spikes were applied on (a) Device 0, (b) Device 1, and (c) Device 
2. 
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 The recovery timescale of Device 2 is similar to that of a biological synapse. The 

PPF indices between the first and fifth spikes, i.e., (I5 - I1)/I1 × 100%, are 1.9 % for Device 

0, 1.4 % for Device 1, and 2.3 % for Device 2, which indicates the current level of devices 

were recovered after enough decay time. Therefore, our OMIEC devices can be described 

as memristors that have STM properties. Furthermore, easily tunable property by adding 

salt shows the OMIEC memristor’s potential as a neuromorphic device for emulating the 

STP timescale of a biological synapse. All the device parameters of Device 0, Device 1, 

and Device 2 mentioned above are summarized in Table 11. 

4.3. Conclusion 

In this chapter, I demonstrated a new memristive device using Ru(bpy)3(PF6)2 as an active 

layer that emulates the short-term characteristics of a biological synapse. Besides, the 

performances of the memristors can be tunable by adding LiClO4 salt, which affects the 

ion conductivity of the active layer. EIS was performed to measure the ion conductivities 

of devices. Also, I-V characteristics, turn-on time, relaxation time, and PPF indices of 

OMIEC memristors were measured to explain the correlation with biological synaptic 

properties. Finally, short-term synaptic plasticity was mimicked by applying 4 + 1 spikes 

and measured current to verify the STM characteristics of our memristive devices. The 

above data confirmed that Device 2, which consisted of Ru(bpy)3(PF6)2 with 2% LiClO4, 

shows similar timescales to STP characteristics of biological synapses. These results make 

my OMIEC memristor a good candidate for the neuromorphic device, paving the way to 

implement electronic synapses in future applications. 
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5. CONCLUSIONS 

 In this dissertation, a number of materials, device structures, and techniques were 

presented for developing deep blue OLED devices, achieving efficient OLEDs through 

the newly designed host and blocking materials, and emulating short-term plasticity of 

biological synapse with organic materials. 

 For the blue emitter of OLEDs, a new platinum complex, PtNONS56-dtb, was 

designed through the color tuning strategy that controls the energy gap between T1 and T2 

to achieve deep blue color. Consequently, the new complex showed an emission spectrum 

at 460 nm with a FWHM of 59 nm at room temperature in PMMA film, which is 

significantly narrowed and blueshifted compared to the parent structure, PtNON. 

PtNONS56-dtb in a device achieved a peak EQE of 8.5% with CIE coordinates of (0.14, 

0.27). The development of deep blue emitters in OLED devices has remained a challenge 

for more than a decade. However, the new Pt complex, PTNONS56-dtb, and its color 

tuning strategy can pave the way to solve the remained challenge. 

 Advanced OLED devices generally have multilayer structures, and it is crucial to 

employ appropriate materials for each layer. In this respect, designing host/blocking 

materials with high triplet energy is meaningful. A newly developed host/charge blocking 

materials, BCN34 and BCN54, and their performances were presented in detail. BCN34 

as an EBL in devices employing Pd3O3 emitter achieved the estimated LT80 of 12509 h 

at 1000 cd m-2 with a peak EQE of 30.3%. Also, a device with bi-layer emissive layer 

structure, using BCN34 and CBP as host materials doped with PtN3N emitter, achieved a 

peak EQE of 16.5% with the LT97 of 351 h at 1000 cd m-2.
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 The OMIEC devices that employed Ru(bpy)3(PF6)2 with different concentrations 

of LiClO4 salt demonstrated a similar operational mechanism with biological synapses. 

Therefore, optimizing the salt concentration was essential for OMIEC devices to have 

similar timescales to biological synapses. Ultimately, the device with 2% LiClO4 salt 

shows similar timescales to short-term plasticity characteristics of biological synapses.  

 All the research in this dissertation will have an impact on the OLED research 

field, neuromorphic device engineering field, and help to bring these technologies closer 

to widespread adoption.  
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