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1-1. Introduction 

 Vacuum deposited organic amorphous films play an important role in the enhancement of 

organic devices, such as organic light-emitting diodes (OLEDs),[1] organic field-effect 

transistors (OFETs),[2] and organic solar cells (OSCs).[3] Amorphous films having smooth 

interfaces are essential in the manufacture of practical pinhole-free multilayer films using 

simplified vacuum deposition techniques. Also, they offer the advantages of nanometerscale 

surface smoothness, readily controlled thickness, flexibility in the choice of underlying layers, 

and a simple high-purity fabrication process. Recently, it has been found that organic molecules 

in vacuum-deposited amorphous films are not always randomly oriented.[4-6] Yokoyama et al. 

have investigated the molecular orientation, its mechanism, and its effect on the electrical 

properties in many kinds of organic amorphous films. It has been found that linear-shaped 

molecules are horizontally oriented on a variety of substrates and molecules with longer 

molecular length possess a larger optical anisotropy.[5,6] Figure 1-1 shows a schematic 

illustration of condensed structures for organic semiconducting materials depending on 

molecular orientation. Compared with random orientation in amorphous films, horizontal 

orientation leads to larger intermolecular charge-transfer integrals[7] and smaller energetic and 

positional disorders,[8] which should in turn improve the charge-transport characteristics of the 

materials. Therefore, the correlation between the optoelectronic properties and the molecular 

orientation in organic vacuum deposited amorphous films is of highly importance to understand 

and improve the electrical properties of organic electronic devices. 

 

 

Figure 1-1. Schematic illustration of organic semiconducting materials with various molecular 

orientation. 
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1-2. Horizontal molecular orientation in amorphous films 

For a long time, the molecular orientation in ‘‘amorphous’’ films has been thought to be 

completely random and isotropic because of difficulty detecting the molecular orientation in 

thin films. Since the amorphous materials used in organic devices have weak intermolecular 

interactions, which is the result of numerous molecular conformation structures and steric 

hindrance by bulky substituents, their films do not have a long-range ordered structure like 

crystalline films. This makes it difficult to investigate the molecular orientation and alignment 

by X-ray diffraction (XRD) measurement or other conventional methods. However, the optical 

anisotropy of films can be detected and analyzed to evaluate the molecular orientation in 

amorphous films. Anisotropic optical properties can be observed when there is a preferential 

orientation or alignment of molecules even in condensed organic system without long-range 

ordering. Variable angle spectroscopic ellipsometry (VASE) is one of the best methods to 

analyze the molecular orientation in amorphous organic films.[9,10] In addition, VASE provides 

a nondestructive approach to probe the optical properties of thin films. 

 

1-2-1. Variable angle spectroscopic ellipsometry 

 

 

Figure 1-2 illustrates the measurement principle of ellipsometry. In VASE, p- and s-polarized 

light waves are irradiated onto a sample at the Brewster angle, and the optical constants and 

Figure 1-2. Schematic representation of variable angle spectroscopic ellipsometry. 
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film thickness of the sample are determined from the change in the polarization state of reflected 

and transmitted by light. Linearly polarized light is incident with different incident angle of θ 

on to an organic film deposited on an Si substrate. The ellipsometry parameters, Ψ and Δ, which 

represent the ratio of the amplitudes of s- and p-polarized components of the incident light and 

the phase difference between them after reflection, respectively, are obtained for multiple 

incident angles and wavelengths. In this way, optical properties of the thin film are probed by 

the change in polarization state upon reflection.  

In VASE analysis, thin films are initially treated as isotropic with the optical constants of real 

and imaginary parts (refractive index n and extinction coefficient k, respectively). The thickness 

of the films is first determined by assuming that n in the transparent region obeys the Cauchy 

equation and fitting the equation the experimental values of Ψ and Δ. With the determined 

thickness, n and k are then varied independently across the whole spectral region, including the 

transparent and absorptive regions, to fit the ellipsometric values at each wavelength (i.e., point-

by-point fitting). However, in the case of anisotroic films, normal-incidence absorption spectra 

calculated using the thus obtained k show substantial mismatch with the ones measured by UV-

Vis spectroscopy. In order to determine the optical constants of uniaxially anisotropic films, 

ellipsometric data obtained at several incident angles are necessary. The point-by-point fitting 

procedure described above does not require Kramers–Kronig consistency,[11] which is a 

required condition that n and k should necessarily satisfy. To meet this requirement, a Kramers–

Kronig consistent model using a combination of one Cauchy background and several Gaussian 

oscillators for the ordinary and extraordinary optical constants can be constructed and thus used 

to fit the measured ellipsometric data. 

This method of obtaining spectra under variable angles is called VASE and makes it possible 

to analyze the complicated optical properties of amorphous films. In particular, VASE is 

sensitive to the optical anisotropy in films because light propagating in an anisotropic film 

experiences different optical properties depending on the incident angle. The values of Ψ and Δ 

significantly depend on the anisotropy of the optical constants, and the optical anisotropies in 

films can be estimated from this dependence. Thus the anisotropies in n and k of films can be 

determined. 
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1-2-2. Relationship between the optical anisotropy and molecular orientation 

As shown in Figure 1-3, when an anisotropic film has the same optical constants (n and k) in 

both horizontal directions (x and y) but a different property in the vertical direction (z), the film 

is said to have optical uniaxially anisotropy. In this case, the optical constants are different for 

horizontally and vertically polarized light (x=y≠z), yielding ordinary refractive indices and 

extinction coefficients (no and ko) and extraordinary ones (ne and ke), respectively. This 

anisotropy in the optical constants of organic films is related to the anisotropy of the molecular 

orientation of the film. To make this relationship clear, the optical properties of the films must 

be correlated with the electronic properties of the molecules comprising the film. 

The extinction coefficient of a film is directly related to the transition dipole moment of the 

molecule. The extinction coefficient is represented as  

݇ ൌ ൬
ߣ
ߨ4
൰ߙ 

where α is the absorption coefficient of the film and λ is the wavelength of light. The extinction 

coefficient has the largest value in the direction of the transition dipole moment for the lowest 

energy excited state, which is almost parallel to the molecules. For example, the transition 

dipole moment of rod-like organic molecules is along the longest molecular axis, whereas a 

smaller transition dipole moment exists perpendicular to the longest molecular axis. Thus, the 

orientation of the transition dipole moments and, therefore, the molecular axes in the film can 

be interpreted through the anisotropy in the extinction coefficient of the film determined from 

the VASE measurement. 

On the other hand, the refractive index of a film is not directly related to the anisotropy of 

the molecular orientation because each molecule itself has an anisotropy of molecular 

polarizability and the number density of the molecules in the film via the Lorentz–Lorenz 

equation.[12] In other words, films with higher molecular polarizability or number density 

possess a higher refractive index. The molecular polarizability is the relative tendency of a 

charge distribution, such as the electron cloud, to be distorted from its normal shape by an 

external electric field. Generally, the molecular polarizability in rod-like organic molecules has 

a larger value in the direction of the longest molecular axis than in the other directions (Fig. 1-

3), because of the larger electron cloud within the area of molecule. Thus, the orientation of 
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molecules with an anisotropic shape can be deduced from the anisotropy in the refractive index 

of the film. 

 

 

 

1-2-3. Structure of horizontal orientation in amorphous films 

In the analysis of vacuum-deposited amorphous organic films by VASE, the in-plane rotation 

of the sample usually does not change the result of the analysis even when the film has large 

anisotropy. The van der Waals intermolecular interactions in amorphous materials are not as 

strong as the interactions in polycrystalline materials, leading to loose binding of molecules in 

the amorphous films with no ordered structure in plane (Fig. 1-4a). This molecular behavior in 

amorphous materials is quite different from that in polycrystalline materials, which often show 

a vertical orientation caused by strong intermolecular interactions. This means that the 

molecular orientation is random in the plane even when the properties of the molecular 

orientation are different between the horizontal and vertical directions, as shown in Figure 1-

4b. After the formation of the horizontal orientation of the first molecular layer on the 

underlying layer, successive molecular orientation will occur due to the weak van der Waals 

interactions between the molecules without significant aggregation and crystallization. [13-15] 

Figure 1-3. Optical anisotropy in vacuum-deposited amorphous organic films and relationship 

between the optical properties of films and electronic properties of molecules. 
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Figure 1-4. (a) Schematic illustration of crystalline aggregation of molecules having linear-shaped 

structure, horizontal orientation of molecules having linear-shaped structure. (b) Schematic of the 

horizontal orientation of linear-shaped molecules in amorphous films. 
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1-3. Organic light-emitting diodes (OLEDs) 

  Organic light-emitting diodes (OLEDs) have attracted much attention due to their potential 

application in flat panel displays. The basic OLED structure consists of a stack of thin organic 

layers between a transparent anode and a metallic cathode (Fig. 1-5). The thickness of each 

layer is in the range of several tens of nanometer. An OLED is a simple electronic device that 

converts electricity into light. Therefore, an OLED display needs no backlight units and can 

emit various colors without any color filters. Due to their self-emissive property and thin 

profiles, OLED displays have many advantages over other conventional display technologies: 

bright and high-contrast images, wide viewing angles, fast response, and lightweight. OLEDs 

can also be fabricated on plastic substrates that are thinner and lighter than glass. Therefore, 

OLEDs have the potential for realizing flexible displays. These features have led many to 

expect that OLEDs will form the basis for next-generation flat panel display devices. 

 

 

1-3-1. History of OLEDs 

  Electroluminescence (EL) from an organic material was first reported for anthracene single 

crystals-based devices in 1960s.[16,17] Blue emission was successfully observed form the devices, 

however, the conductivity σ of such materials was significantly, so low that the devices required 

very high driving voltages (V > 400 V). After this report, various attempts have been made to 

reduce the driving voltage of the devices by using vacuum deposition of small molecules and 

spin coating of polymers. In parallel, in the 1970s, the EL from polymer films was first observed 

by Roger Partridge at the National Physical Laboratory in the United Kingdom, and the first 

polymer LEDs (PLEDs), consisting of a film of poly(N-vinylcarbazole) (PVK) up to 2.2 µm 

Figure 1-5. Schematic diagram of an OLED structure. 
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thick located between two charge injecting electrodes, was reported.[18,19] In particular, 

significant outcome was achieved in 1987 by Tang and Van Slyke.[20] They reported efficient 

and low-voltage OLED characteristics based on a p-n heterostructure using thin films of vapor-

deposited small molecule organic materials. The device structure was simple vertical device, 

comprising thin layers of organic compounds, which were 1,1-bis-(4-bis(4-methylphenyl)-

aminophenyl)-cyclohexane (TAPC) and tris(8-hydroxyquinolinato)aluminum (Alq3), 

sandwiched between transparent indium-tin oxide (ITO) as an anode and a magnesium-silver 

alloy as a cathode (Fig. 1-6a). They successfully developed the first OLEDs with a luminance 

of over 1000 cd/m2 at V ~ 10 V. In 1990, Burroughes et al. at the Cavendish Laboratory in 

Cambridge reported the first low-V PLEDs using 100-nm thick films of poly(p-

phenylenevinylene) (PPV) (Fig. 1-6b).[21] 

 

 

In the late 1990s and early 2000s, the groundbreaking work of S. R. Forrest, M. E. Thompson 

and their cowokers on phosphorescent OLEDs overcame the 25% limit on the internal quantum 

efficiency ηint of fluorescent OLEDs. It is well known that only the singlet excitons, which 

comprise 25% of the excited states, generate light in fluorescent organic materials. The other 

75% of the excited states, which are triplet excitons, are almost entirely lost through 

nonradiative decay. However, the phosphorescent materials, which usually contain a heavy 

metal atom at the center of the molecule, for example iridium and platinum, generate light from 

both triplet and singlet excitons by the fast and efficient intersystem crossing (ISC), allowing 

ηint of such materials to reach nearly 100%. Thus phosphorescent OLEDs (PHOLEDs) with 

power efficiency over 100 lm/W have been realized so far.[22,23] 

Figure 1-6. Schematic structure of OLEDs: (a) p-n heterostucture OLED composed of small molecular 

materials. (b) Single-layer OLED composed of conjugated polymer. 
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1-3-2. Structure of OLEDs 

  As mentioned, before the first small-molecule bilayer heterojunction OLEDs (SMOLEDs) 

contained two organic layers, the TAPC hole transport material and the Alq3, emitting and 

electron transport material.[20] By inserting the separated hole transport layer, the quantum 

efficiency of the SMOLEDs was drastically improved, approximately ~100 fold, to ~ 1%, 

compared with thermally deposited anthracene electroluminescent devices.[20] After decades of 

fast developments in OLED technology, the structure of advanced OLEDs has become more 

and more complicated, especially in SMOLEDs fabricated by thermal vacuum evaporation. The 

multilayered OLEDs can consist of as many as seven different organic layers situated between 

two electrodes. The layers typically include a hole injection layer (HIL), hole transport layer 

(HTL), electron blocking layer (EBL), emitting layer (EML), hole blocking layer (HBL), 

electron transport layer (ETL), and electron injection layer (EIL) (Fig. 1-7). The organic 

materials are typically classified according to their functions. The HIL (EIL) is the buffer layer 

between the anode (cathode) and adjacent HTL (ETL), which reduces the hole (electron) 

injection barrier and facilitates charge injection.[24] 

 

 
 

1-3-3. Operating principles of OLED 

OLEDs are current-driven devices that utilize emissions form the electrically excited states 

of molecules. Figure 1-8 shows the basic principles of the emission mechanism in single-layer 

Figure 1-7. Schematic representation of single-heterostuctures (a, b) and multilayer structures (c, d, e) 

in OLEDs. 
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OLED. When a voltage is applied between electrodes, charge are injected in the organic 

material, holes from the anode and electron form the cathode. The injected hole/electron carrier 

move inside the organic layer by hopping processes[25,26] and then holes and electrons 

recombine to generate electrically excited states of molecules. Finally, emissions from organic 

materials are obtained via transition from excited states to ground states. In case of multilayer, 

the HTL (ETL) rapidly transports the injected holes (electrons) to the recombination zone, 

which is located within the EML, so the hole transport materials (HTM) or electron transport 

materials (ETM) are designed to have high hole or electron mobility, µh and µe, respectively. 

Thus, the fundamental physical processes of OLED include carrier injection, transport, 

recombination, and radiative excition decay. Also, the color of the emission depends on the 

energy difference between the excited state and ground state of the emitter material. 

 

 

a. Carrier injection process 

The process of carrier injection from electrodes to organic layer perform an important role 

in the optimization of the carrier balance in OLED. Figure 1-9 shows energy-level diagram of 

a multi-layer OLED. Shown are the highest occupied and lowest unoccupied molecular orbitals 

(HOMO and LUMO). Energy barriers for hole and electron injection (ΔEh and ΔEe) are also 

indicated. Under operational condition of layer, electron injection takes place from the Fermi 

level of the cathode into the LUMO level of the organic layer. At the same time, hole injection 

takes place from the Fermi level of the anode into the HOMO level of the organic layer. In the 

both process, energy barriers, ΔEh and ΔEe, have to be overcome. It is therefore important to 

reduce barrier heights for the carrier injections at the interface to realize low drive voltages, 

Figure 1-8. Schematic diagram of emission mechanism in OLED. 
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which can lead to high OLED efficiency.  

 

 

Generally, indium-tin oxide (ITO) has been widely used as a transparent anode. For efficient 

hole injection from anode, ITO needs to be properly treated, such as ultra-violet ozone 

cleaning,[27] argon ion bombardment,[28] and oxygen plasma exposure.[29] In addition, hole 

injection layer with suitable energy level at organic/metal interface can be used to enhance hole 

injection efficiency. On the cathode side, a low injection barrier (ΔEe) is requested for efficient 

electron injection. Low work function metals such as Ca and Mg are required but they are very 

sensitive to moisture and oxygen, and more stable cathodes have been introduced, such as 

Mg/Ag alloys or Al in combination with alkali metal compound.[30,31]  

 

a-1. Fowler-Nordheim-Tunneling  

An energy barrier with a height of ΦBn is formed if a metal and an insulator (the organic 

material in this case) are contacted and an electric field is applied. Thereby, the value of ΦBn 

results from the LUMO energy level relative to the Fermi energy of the contact. For high values 

of ΦBn, a triangular-shaped barrier is formed within the electric field in the absence of charge 

accumulation at the interface. Electrons can transfer from the metal into the organic layer by a 

tunneling process as illustrated in Figure 1-10a. 

The tunneling distance and thus, the tunneling probability, strongly depends on the applied 

electric field (E). How the shape of the barrier changes with the field E is shown in the same 

figure qualitatively. The injected current density can be calculated from the tunneling 

probability according to by the following equation.[32,33] 

Figure 1-9. Energy-level diagram of Anode/Organic layer/Cathode interface. 



 13

ܬ ൌ ቆ
ଶ݉଴ܧଷݍ

୆୬݉∗ቇߔ݄ߨ8 exp	൭െ
୆୬ߔ∗ඥ2݉ߨ8

ଷ

ܧݍ3݄
൱ 

In this equation, m* is the effective mass of the electrons in the organic material, h is the 

Planck constant and q the elementary charge. This process is called Fowler-Nordheim tunneling, 

in which further effects such as the image force and hot electron contribution to the current are 

neglected.  

 

 

a-2. Thermionic Injection / Image Charge Potential 

The image charge potential reduces the height of the triangular barrier which was described 

in the previous subsection.[32] An electron at a distance x from the metal can induce a positive 

(image) charge in the metal. The reduction of the barrier, the so-called Schottky-effect, δ is 

determined by  

ߜ ൌ ඨ
ܧଷݍ
଴ߝߝߨ4

 

where ε is the relative dielectric constant and ε0 the permittivity in vacuum. Due to this barrier 

reduction, the thermal energy can be sufficient to enable the transfer from the contact into the 

organic material (Fig. 1-10b). The current density which results from the thermal injection can 

be calculated by[34-36] 

ܬ ൌ
୆݇ݍߨ4

ଶ݉∗

݄ଷ
ܶଶexpቆെ

୆୬ߔ െ ߜ√
݇୆ܶ

ቇ 

This model neglects tunneling through the barrier as well as inelastic backscattering.[37] 

Figure 1-10. Energy barrier (a) Fowler-Nordheim-Tunneling through a triangular barrier ΦBn and 

(b) Schottky injection of organic/metal interface. 



 14

b. Carrier transport process 

Injected charge carriers from the electrode into the organic layer are transported under an 

applied electric field towards the counter electrode. The carrier transport mechanism in 

disordered organic amorphous thin films are different from those for the bulk state of inorganic 

semiconductor materials. While inorganic semiconductors form energy band structures, valence 

band and conduction band, organic semiconductors are composed of molecules bound by weak 

intermolecular interactions such as van der Waals forces. Especially, the films of small-

molecule organic semiconductors consist of units of small molecules, and each molecule has 

specific characteristics as a single molecule, such as geometric and electronic structures. Thus 

the dominant carrier transport mechanism is associated with charge hopping from one molecule 

to another. Hole and electron in organic semiconductors corresponds to the radical cation and 

radical anion of molecules. Holes are sequentially transferred from the radical cations to the 

neutral molecules through HOMO level for hole transport and electrons are sequentially 

transferred from the radical anions to the neutral molecules through LUMO level for electron 

transport. 

Understanding of the carrier transport in disordered organic amorphous films is related to 

measure carrier mobility. Electronic transport is described by the (local) electric field-induced 

directional velocity component, <ν>, of the mobile charge carriers (superimposed on their 

random thermal motion as a time and ensemble average of a fast sequence of acceleration and 

scattering events) which is associated with a current density j:[38] 

	݆ ൌ ݁ ∙ ݊ ∙൏ ߥ ൐ 

where e is the electronic charge unit and n the local charge carrier density. The <ν> is 

proportional to the strength of the applied electrical field (F) and is expressed as follows: 

൏ ߥ ൐	ൌ ߤ ∙  ܨ

where, μ is the charge carrier mobility. It should be noted that μ is dependent on the electric 

field for organic disorder systems. The temperature and electric field dependence of carrier 

mobility in disordered amorphous films has been analyzed using formula based on such as 

Poole-Frenkel model[25] and Gaussian disorder model.[26] The electrical dependence of μ can be 

described by: 

ߤ ൌ  ൯ܨ√ߚ଴exp൫ߤ
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where μo is the zero mobility and is the slope of the filed dependence of carrier mobility. For 

organic amorphous films, carriers are trapped in disordered structures and localized states. In 

the Poole-Frenkel model, a carrier mobility can be described as electric filed and temperature 

assisted detrapping process of a carrier from coulomb potential of a charged trap. The mobility 

is then given by  

,ܨሺߤ ܶሻ ൌ ଴expቆെߤ
ܧ∆ െ ܨ√ߚ
݇୆ܶୣ ୤୤

ቇ ,
1
ܶୣ ୤୤

ൌ
1
ܶ
െ
1

଴ܶ
 

where, ΔE, β, kB, and T0 are the activation energy in the absence of electric filed, the Poole-

Frankel coefficient, the Boltzmann constant, and the temperature at which the extrapolated data 

of Arrhenius plots for various electric fields intersect with one another, respectively. The 

experimental results obtained for many organic disorder systems have been reported to fit this 

empirical equation well. 

The Gaussian disorder model is based on the concept of carrier hopping in disordered 

amorphous films whose transport states have an energy distribution that can be described by a 

Gaussian. The Gaussian disorder model had been quite successful in explaining carrier transport 

in a wide variety of amorphous films.[39,40] In the hopping process, the carriers are subject to 

built-in energetic disorder (σ), and positional disorder (Σ). The σ can be understood as the width 

of the Gaussian distribution of energy states while the Σ can be understood as the spatial 

disorder arising from structural or chemical defects.[41,42] The essence of Gaussian disorder 

model can be embodied in the following equation for the carrier mobility, 

ߤ ൌ ଴expߤ ቈെ ൬
ߪ2
3݇୆ܶ

൰
ଶ

቉ exp൛ܥሾߪଶ െ ߑሺ		ൟܨ√ଶሿߑ ൐ 1.5ሻ 

ߤ ൌ ଴expߤ ቈെ൬
ߪ2
3݇୆ܶ

൰
ଶ

቉ exp൛ܥሾߪଶ െ 2.25ሿ√ܨൟ		ሺߑ ൏ 1.5ሻ 

where μ0 is the zero mobility, C is an empirical constant (3×10-4 cm1/2·V−1/2) which reflects the 

hopping distance that a charge carrier has to overcome to be transferred from one site to another. 

The energetic disorder arises from the distribution of conjugation length, while the positional 

disorder arises from the fluctuations of intermolecular distances or morphological variations. 

Therefore, carrier mobility in organic disordered amorphous films is markedly dependent on 

the molecular structures and morphology. 
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c. Recombination process 

c-1. Fluorescence emitter 

Excitons formed by the recombination of the hole-electron pairs may either be in a singlet or 

triplet state, depending on how the spins of two particles combine. Statistically, 25% of the 

excitons are singlet excitons and 75% of them are triplet excitons.[23,43] Radiative decay of the 

excitons results in the production of light through spontaneous emission. In OLEDs using 

fluorescent organic emitters, there is almost no light generated from the decay of the triplet 

state, which decays through nonradiative channels. Hence, this places a theoretical limit on ηint 

(the ratio of the total number of photons generated within the OLEDs to the number of electrons 

injected) of 25% (Fig. 1-11a).[23,24] 

 

c-2. Phosphorescence emitter  

The phosphorescent organic emitters usually contain a heavy metal atom at the center of 

the molecule, for example platinum[22] and iridium,[24] of which the green emitting complex 

tris[2-(p-tolyl)pyridine]iridium(III) (Ir(mppy)3) is one of the representative examples.[44] The 

large spin-orbit interaction experienced by the molecule due to this heavy metal atom 

facilitates ISC. This reduces the lifetime of the triplet state, so phosphorescence is readily 

observed.[23,45] The phosphorescent OLEDs generate light from both triplet and singlet 

excitons, allowing ηint of such devices to reach nearly 100% (Fig. 1-11b).[23] 

 

 

 

Figure 1-11. Emission mechanism of typical fluorescent (a) and phosphorescent (b) materials. 
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d. OLED efficiency 

 The internal and external quantum efficiencies are important factors to describe the 

performance of OLED. The internal quantum efficiency ηint is defined as the fraction of 

generated photons nph to injected electron hole pairs neh.[46] 

୧୬୲ߟ ൌ
݊୮୦
݊ୣ୦

 

How many charge carriers are converted to photons depends on several factors and is given by 

the product of the probabilities of the different processes according to[47] 

୧୬୲ߟ 	ൌ 	ߛ	 ൉ ௥ߟ	 	 ൉  ୔୐ߟ	

where, ηPL is the quantum efficiency of fluorescence which represents the number of excitons 

which recombine radiatively. ηr is the efficiency of formation of an emissive exciton from an 

electron hole pair, which is 25% only for fluorescent emitters and can be up to 100% for 

phosphorescent emitters according to spin statistics.[48] The γ denotes the carrier balance factor 

which describes the numerical ratio of injected electrons and holes and therefore reflects the 

charge carrier balance in the device. The carrier balance factor is unity (γ = 1) if all injected 

holes and electrons recombine in the device. If an imbalance of charge carriers exists in the 

organic layers, the majority type of charge carrier can reach the opposite electrode and 

eventually reduce the efficiency of the OLED. 

The external quantum efficiency (EQE) is defined as the fraction of photons escaping the 

OLED to the number of injected charge carrier pairs. In other words, it differs from the internal 

quantum efficiency by taking the outcoupling efficiency ηout into account and thus is given by 

୶୲ୣߟ 	ൌ 	 	୧୬୲ߟ ൉  ୭୳୲ߟ	

The typical outcoupling efficiency of OLED is about 20%. 80% of the generated photons are 

absorbed either in the organic layers, the electrode materials or the glass substrate. In addition 

to this, the spectrum and the outcoupling of an OLED is influenced by micro cavity effects. An 

optical micro cavity is a structure formed by reflecting faces on the two sides of a spacer layer. 

In the case of OLED, the spacer layer is formed by the organic materials, while the metal 

cathode as well as the transparent conductive oxide (TCO) on glass are the reflecting faces. The 

glass/ITO interface is not a mirror, of course, but partially reflects the generated light. More 

crucial is the metal cathode and its distance to the emissive layer. 
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  Conventional bottom-emitting OLEDs, which have light out through the bottom substrate, 

consist of thin organic films (norg, 1.6-1.8) sandwiched in between an ITO (nITO ~1.9) coated 

glass substrate (nsub ~1.5) and a highly reflective cathode. According to classical ray optics, the 

emitted light suffers total internal reflection at the substrate/air and organic-ITO/substrate 

interfaces due to different refractive index of constituent layers (Fig. 1-12). As the result, the 

emitted light can be roughly classified into three modes as escaped, substrate, and ITO-organic 

modes. Based on the assumptions of homogeneous, isotropic emission and a perfectly refractive 

cathode, the fraction of light out-coupled through the surface can be estimated in a first 

approximation using classical ray optics, following ηout = 1 − (1 − 1/norg
2)1/2. With the refractive 

index of organic films around 1.7, the calculation indicates that no more than 20% of the light 

generated inside can be extracted from the device surface.[49,50] 

 

 

  

Figure 1-12. Different radiative modes in OLEDs. External modes available for the face detection 

(ηext) constitutes only a fraction of light generated in the EML, the remainder being lost due to various 

wave guide modes. 
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1-4. Outline of this thesis 

This thesis focuses mainly on the design and synthesis of new horizontally oriented 

amorphous materials for high performance OLEDs, with high carrier transport ability and 

efficient emission by considering relationship between molecular orientation and electrical 

properties. 

In Chapter 2, two-dimensional disk-like molecules, diaminobenzene derivatives are designed 

and synthesized to induce horizontal molecular orientation on substrates. OLEDs based on 

these materials as a hole transport layer (HTL) are expected to have enhanced electrical 

performance because the molecular orientation affects the overlap of the wave functions at the 

interface. 

In Chapter 3, the synthesis and design of derivatives utilizing N,N,N',N'-tetraphenyl-p-

phenylenediamine (PDA) or triphenylamine (TPA) core with triphenylethene (TPE) units are 

discussed. This TPE units are chosen because they can offer unique aggregation induced 

emission (AIE) characteristics. The characterization of these derivatives with both horizontal 

orientation and AIE phenomenon are investigated. Using films with different molecular 

orientation of the same molecules, the direct comparison of both the carrier mobilities in the 

films and the outcoupling efficiency in OLEDs, and discussion on the effect of molecular 

orientation are conducted. 

Chapter 4 reports on polymorphism in 9,9-diarylfluorene-based organic semiconductors. The 

effects of rich phase behavior on the charge transport and photoluminescence properties of these 

semiconductors are investigated. Polymorph control is a rational way to tailor the 

optoelectronic functions of their films.  
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Chapter 2 

 
Horizontal Orientation of Disk-Like Hole Transport 

Molecules and Their Application to Organic Light-Emitting 

Diodes Requiring a Lower Driving Voltage 
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2-1. Introduction 

A wide variety of improvements in organic light-emitting diodes (OLEDs) have been made 

using novel materials and device structures to achieve superior external electroluminescence 

efficiency (ηEL) at lower driving voltages.[1-5] Since OLEDs usually require formation of a very 

thin (typically 100-200 nm) film, organic layers with amorphous morphologies that provide 

pin-hole free thin films have been widely used. However, amorphous films are not the best 

morphology for maximizing electrical and optical characteristics. Although one of the best film 

morphologies for improved OLED performance is a polycrystalline texture, it always results in 

failure, such as shorting between the cathode and anode because of the presence of 

discontinuities like grain boundaries. Thus, to obtain a practical solution, advanced control of 

amorphous morphologies (for example via molecular orientation) is a potentially important tool 

to enhance OLED characteristics. Although one might assume that molecules in amorphous 

layers would have completely random orientations, our recent studies using wide-range variable 

angle spectroscopic ellipsometry (VASE)[6] showed that molecules with a long rod-like 

structure such as 4,4'-bis[(N-carbazole)styryl]biphenyl (BSB-Cz),[7] and a planar structure such 

as 1,3-bis[2-(2,2'-bipyridin-6-yl)-1,3,4-oxadiazo-5-yl]benzene (Bpy-OXD)[8,9] and N,N,N',N'-

tetrakis(biphenyl-4-yl)benzidine (TPD15) show horizontal orientation regardless of the 

underlying layers.[10–12] In fact, the higher carrier mobilities in these molecules are attributed to 

the enhancement of π-π interactions between adjacent molecules relative to the system where 

the molecules have completely random orientation.[12,13] In this study, novel disk-like molecules: 

N1, N1, N4, N4-tetra(biphenyl-4-yl)benzene-1,4-diamine (B-DDP)[14]; N1,N1,N4,N4-tetrakis(4-

(thiophen-2-yl)phenyl)benzene-1,4-diamine (T-DDP); and N1,N1,N4,N4-tetrakis(4-

(benzo[b]thiophen-2-yl)phenyl)benzene-1,4-diamine (BT-DDP) were proposed. The two-

dimensional planar structures of these molecules should lead to enhanced horizontal orientation, 

enabling more intense π-π interaction between adjacent molecules, and thus leading to 

improved OLED characteristics. In particular, the relationship between driving voltage and 

molecular orientation of these molecules is investigated. It can be found that the horizontal 

molecular orientation at anode interfaces results in significant decrease in hole injection barriers. 
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2-2. Design and synthesis  

Scheme 2-1 shows the synthetic route for DDP derivatives. The diaminobenzene core with 

its starburst shape and excellent electron donating ability has been widely used as a hole-

transporting molecule in OLEDs.[15] Although most of benzidine backbones are twisted 

between the two central benzene rings, the DDP cores provides direct conjugation between the 

two amines. Therefore, the diaminobenzene cores provide a shallower HOMO level compared 

with that of benzidine cores.[16] This is related to the small conformational change accompanied 

by bond rotation.[17,18] With the increase in π-conjugation associated with the introduction of 

substituents into the diaminobenzene core, to give DDP derivatives, it can be expected 

molecular orientation due to the planar structure. In this study, B-DDP, T-DDP and BT-DDP 

having phenyl, thiophene, and benzothiophene substituents around a diaminobenzene core. 

DDP were synthesized derivatives were synthesized based on the Suzuki coupling reaction of 

N1,N1,N4,N4-tetrakis(4-bromophenyl)benzene-1,4-diamine (DDP) with the corresponding 

boronic acids in the presence of tetrakis(triphenylphosphine)palladium(0) in tetrahydrofuran 

(THF). All materials were purified thoroughly by recrystallization from THF solution and 

vacuum train sublimation, and were identified by 1H NMR spectroscopy and elemental analysis. 

 

Scheme 2-1. Synthetic route of DDP derivatives. 
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Figure 2-1. Stable conformers of B-DDP, T-DDP and BT-DDP and their HOMOs calculated by 

molecular mechanics and B3LYP/6-31G(d).
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2-3. Experimental 

2-3-1. Measurement of optical properties 

The highest occupied molecular orbital (HOMO) levels of DDP derivatives were estimated 

from their ionization energies (Ip) in the film states. Ip values were measured by ultraviolet 

photoelectron spectroscopy (AC-2, Riken-keiki Co.). The lowest unoccupied molecular orbital 

levels were estimated by subtracting the optical energy gaps (Eg) from the HOMO energies. 

The Eg values were determined by the onset energies of absorption spectra of the films. The 

films (50 nm-thick) were formed on quartz substrates by thermal vacuum deposition. UV 

spectra were recorded with a spectrometer (UV-2550, Shimadzu). 

 

2-3-2. Variable angle spectroscopic ellipsometry (VASE) 

Thin films for ellipsometry measurement were deposited on silicon (100) substrates, which 

were pre-cleaned by detergent and organic solvents. All organic films were thermally 

evaporated onto the substrates under a vacuum of <3×10-4 Pa with an evaporation rate of ~0.1 

nm/s. The thicknesses of all the samples were 100 nm. VASE was performed using a fast 

spectroscopic ellipsometer (M-2000U, J. A. Woollam Co. Inc.). Seven different angles of the 

incident light from 45° to 75° with steps of 5° were used. At each angle, the experimental 

ellipsometric parameters Ψ and Δ were obtained simultaneously in 1.6-nm step from 245 to 

1000 nm. The VASE data was analyzed using a ‘‘WVASE32’’ (J. A. Woollam Co., Inc) software. 

 

2-3-3. OLED device fabrication and measurements 

Organic layers and metal electrodes were deposited by high-vacuum (~1.0×10-4 Pa) thermal 

evaporation onto ITO-coated glass substrates, which had been degreased with solvents and 

cleaned using detergent and organic solvents and subjected to a UV-ozone chamber for 15 min. 

Standard OLEDs are composed of a 50 nm-thick hole transport layer (HTL), and a 50 nm-thick 

Alq3 layer as an emitting layer. To clarify injection and transport mechanism of DDP derivatives, 

OLEDs having x-nm-thick DDP derivative/ 50-x nm-thick α-NPD/ 50 nm-thick Alq3 layer were 

examined. In all devices, a cathode (MgAg layer with the weight ratio of 10:1) and a 10-nm-

thick Ag capping layer were deposited through a 1 mm-diameter opening in a shadow mask. 

The current density (J)-voltage (V)-external EL quantum efficiency characteristics of the 
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OLEDs were measured using a semiconductor parameter analyzer (Agilent E5273A) and an 

optical powermeter (Newport 1930-C). 

 

2-3-4. Materials and syntheses 

N1,N1,N4,N4-tetraphenylbenzene-1,4-diamine (1).  Diphenylamine (2.97 g, 18 mmol) 

was dissolved in dry THF (30 mL) at room temperature in a 100 mL flask fitted with a dropping 

funnel and argon inlet. Ethyl magnesium bromide (2.42 g, 18 mmol) was then added dropwise 

slowly over 1 h and the mixture was stirred for 4 h. The solvent was removed under vacuum 

after deprotonation of diphenylamine, and then dry toluene, NiCl2(dppp) (2.09 g, 0.4mmol), 

triphenylphosphine (2.02 g, 0.8 mmol) and 1,4-dibromobenzene (1.80 g, 7.6 mmol) were added. 

The mixture was stirred and refluxed overnight at 80 °C, and was then poured into a solution 

of HCl (20 mL) and water (100 mL) and stirred for 5 h. The solution was neutralized with 

sodium carbonate, followed by extraction with dichloromethane. The organic phase was 

washed with water and dried over anhydrous Na2SO4 before the solvent was evaporated. After 

removing the solvent, the crude product was recrystallized in acetone and THF to give a white 

solid N1,N1,N4,N4-tetraphenylbenzene-1,4-diamine (1.88 g, 59.8% yield).  1H NMR (400 MHz, 

CDCl3): δ 7.24 (dd, 8H, J = 8.8, 7.3 Hz), 7.10 (d, 8H, J = 8.8 Hz), 6.98 (t, 4H, J = 7.3 Hz), 6.98 

(s, 4H).  MS (MALDI-TOF): m/z 411.98 [M+H]+.  Anal. calcd (%) for C30H24N2: C 87.35, H 

5.86, N 6.79; found: C 87.11, H 5.93, N 6.80. 

N1,N1,N4,N4-tetrakis(4-bromophenyl)benzene-1,4-diamine (2).  A solution of 3,4-

ethylenedioxythiophene (6.00 g, 14 mmol) in dimethylformamide (DMF; 50 mL) was cooled 

to 0 °C, blanketed by argon. A solution of N-bromo succinimide (11.4 g, 64 mmol) in DMF (50 

mL) was added dropwise and the temperature was maintained below 10 °C. After addition, the 

reaction mixture was brought to room temperature and stirred for another hour. The reaction 

mixture was then poured into ice water (1 L) and filtered, and the residue was washed with 

water. After crystallization from ethanol, pure product was obtained as a white crystalline 

material (9.7 g, 92% yield).  1H NMR (400 MHz, CDCl3): δ 7.35 (d, 8H, J = 8.8 Hz), 6.94 (d, 

8H, J = 8.8 Hz), 6.95 (s, 4H).  MS (MALDI-TOF): m/z 723.72 [M+H]+.  Anal. calcd (%) for 

C30H20Br4N2: C 49.49, H 2.77, N 3.85; found: C 49.67, H 2.70, N 3.79. 

Synthesis of B-DDP.  Based on the Suzuki-coupling reaction, a mixture of phenyl boronic 
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acid (5.00 g, 41 mmol), tetrakis(triphenylphosphine)palladium (0.47 g, 0.4 mmol), sodium 

carbonate (2 M, 20 mL), compound 2 (5.00 g, 6.9 mmol), and THF (50 mL) was added into a 

100 mL flask and refluxed for 48 h under argon. The reaction mixture was then poured into ice 

water and extracted twice with CH2Cl2. The combined organic fractions were washed with 

water, dried (Na2SO4), filtered, and concentrated. The residue was purified by recrystallization 

from toluene to give pure B-DDP (3.30 g, 66% yield). m.p. 314 oC.  1H NMR (400 MHz, 

DMSO-d6): δ 7.65 (d, 16H, J = 8.8 Hz), 7.45 (t, 8H, J = 5.1 Hz), 7.33 (t, 4H, J = 7.3 Hz), 7.17 

(d, 8H, J = 8.4 Hz), 7.14 (s, 4H).  MS (MALDI-TOF): m/z 716.21 [M+H]+.  Anal. calcd (%) 

for C54H40N2: C 90.47, H 5.62, N 3.91; found: C 90.47, H 5.62, N 4.00. 

Synthesis of T-DDP.  2-Thiophene boronic acid (5.30 g, 41 mmol), compounds 2 (5.00 g, 

6.9 mmol), and tetrakis(triphenylphosphine)palladium (0.47 g, 0.4 mmol), and sodium 

carbonate (2 M, 20 mL) were reacted by using the procedure described for B-DDP. After the 

reaction, the mixture was cooled to room temperature, filtered, and washed with ethanol. T-

DDP was purified by recrystallization from toluene (3.54 g, 69% yield). m.p. 300 oC.  1H NMR 

(400 MHz, DMSO-d6): δ 7.61 (d, 8H, J = 8.8 Hz), 7.49 (d, 4H, J = 5.1 Hz), 7.42 (d, 4H, J = 5.1 

Hz), 7.12 (t, 4H, J = 5.1 Hz), 7.10 (d, 8H, J = 8.8 Hz), 7.09 (s, 4H).  MS (MALDI-TOF): m/z 

740.03 [M+H]+.  Anal. calcd (%) for C46H32N2S4: C 74.56, H 4.35, N 3.78; found: C 74.64, H 

4.37, N 3.84. 

Synthesis of BT-DDP.  2-Benzo[b]thiophene boronic acid (7.20 g, 41 mmol), compounds 

2 (5.00 g, 6.9 mmol), tetrakis(triphenylphosphine)palladium(0.47 g, 0.4 mmol), and sodium 

carbonate (2 M, 20 mL) were reacted by using the procedure described for B-DDP. After the 

reaction, the mixture was cooled to room temperature, filtered, and washed with ethanol. BT-

DDP was purified by recrystallization from toluene (4.10 g, 63 % yield). m.p. 372 oC.  1H 

NMR (400 MHz, CDCl3): δ 7.82 (d, 4H, J = 7.7 Hz), 7.76 (d, 4H, J = 7.7 Hz), 7.65 (d, 8H, J = 

8.8 Hz), 7.49 (s, 4H), 7.35–7.31 (m, 8H), 7.21 (d, 8H, J = 7.7 Hz), 7.14 (s, 4H).  MS (MALDI-

TOF): m/z 940.11 [M+H]+.  Anal. calcd (%) for C62H40N2S4: C 79.11, H 4.28, N 2.98; found: 

C 79.15, H 4.23, N 2.93. 
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2-4. Wide-range variable angle spectroscopic ellipsometry (VASE) analysis 

Figure 2-1 shows geometric and electronic structures of DDP derivatives obtained by 

molecular mechanics (MMFF94s)[19] and quantum chemical calculation (B3LYP/6-31G(d)). 

The central DDP backbone units, i.e., tetraphenylbenzene-1,4-diamine, have a highly planar 

structure since the nitrogen atoms are sp2-hybridized. Table 2-1 shows the transition dipole 

moments and transition energies for the three lowest excited states of DDP derivatives estimated 

by a time-dependent density functional theory calculations.[20] Although most of rod-like 

molecules have one direction of transition dipole moment along the longest molecular axis,[13] 

two different directions for transition dipole moments in DDP derivatives were found, nearly 

parallel to the x and y molecular axes. The two transition dipole moments have similar 

amplitudes, and the excitation energies attributed to them are also very close. This result 

indicates that DDP derivatives have two-dimensional planar electronic structures. 

Figure 2-2 shows the results of VASE analysis of 100 nm-thick films of DDP derivatives 

deposited on silicon (100) substrates. The surface morphology of the DDP films was 

investigated by atomic force microscopy. These surfaces are very smooth with small root-mean-

square (RMS) values of the surface roughness: B-DDP (0.7 nm), T-DDP (0.5 nm), and BT-

DDP (0.4 nm). To determine the effects of the molecular orientation of these films, we 

investigated the optical anisotropy of the films by using VASE. When the molecules are 

anisotropically oriented in their films, the ordinary refractive indices and extinction coefficient 

are different from the extraordinary ones. It has been found that DDP derivatives clearly show 

a horizontal orientation based on the VASE measurement (Fig. 2-2). 
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Table 2-1. Components of the transition dipole moments (μx, μy, and μz) and excitation energies (Eexc) and 

wavelengths (λexc) for the five lowest energy excited states of BSB-Cz obtained from TD-B3LYP/6-

311+G(d,p)//B3LYP/6-31G(d) calculations. The x-axis and z-axis lie along molecular axis of the DDP 

derivatives. 

 B-DDP T-DDP BT-DDP 

Transition state  1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd 

μx [debye] 0 0 -7.62 0 0 8.82 0 -10.73 0 

μy [debye] 0 0 -0.49 0 0 -0.23 0 0.21 0 

μz [debye] 7.98 0 0 0 7.96 0 0 0 9.15

Eexc [eV] 3.14 3.16 3.20 2.97 3.00 3.01 2.86 2.90 2.93

λexc [nm] 394 392 387 418 413 412 433 428 423 

 

 

 

The orientation order parameter S, which is an index of molecular orientation, has been 

considered to explain the relationship between molecular orientation and the molecular 

structure.[10,21] For rod-like molecules such as BSB-Cz, Srod is given by: 

ܵ୰୭ୢ ൌ
ଷ

ଶ
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ଶ
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௞౛ାଶ௞౥
,                   (1) 

where <. . .> indicates an ensemble average, θ is the angle between the long molecular axis and 

the direction perpendicular to the substrate surface, and ko and ke are the ordinary and 

extraordinary extinction coefficients at the peak wavelength, respectively. For rod-like 

molecules, the last term in Eq. (1) is calculated using extinction coefficients that are determined 

Figure 2-2. Ordinary (solid line) and extraordinary (dashed line) refractive indices (no and ne) and 

extinction coefficients (ko and ke) of DDP derivatives determined by wide-range VASE measurement 

and analysis using uniaxial anisotropic model. Inset: direction of optical constants. 
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with uniaxial anisotropic models (Srod = −0.5: completely parallel orientation; Srod = 0: random 

orientation; Srod = 1: completely perpendicular orientation). This is based on the assumption that 

the transition dipole moments parallel to the long molecular axis. However, for disk-like 

molecules, the transition dipole moment is extended into a two dimensional π-plane in the 

molecules.[22, 23] In the case of disk-like molecules with a four-fold rotational symmetry and two 

equivalent orthogonal transition dipole moments, such as phthalocyanines, the orientation order 

parameter can be re-defined Sdisk: 

ܵୢ୧ୱ୩ ≡
௞౛ି௞౥
௞౛ାଶ௞౥

,                            (2) 

݇ୣ ൌ ݇ ൏ cosଶߠ ൐,                          (3) 

݇୭ ൌ
ଵ

ଶ
ሺ݇ ൅ ݇ ൏ sinଶߠ ൐ሻ ൌ ݇ሺ1 െ ଵ

ଶ
൏ cosଶߠ ൐ሻ,             (4) 

Combining Eqs. 2-4 gives: 

	ܵୢ୧ୱ୩ ൌ
௞౛ି௞౥
௞౛ାଶ௞౥

ൌ ଷ

ସ
൏ cosଶߠ ൐ െଵ

ଶ
,                     (5) 

where k is the hypothetical extinction coefficient in the case where all molecular planes are 

parallel to the direction of the electric field of incident light, and θ is the angle between the z-

axis and the molecular plane (see also the inset in Fig. 2-3). The molecular orientation order 

parameter for disk-like molecules can then be obtained (Sdisk = −0.5: completely parallel 

orientation, Sdisk = 0: random orientation, Sdisk = 0.25: completely perpendicular orientation) as 

shown in Figure 2-3. The values of Srod and Sdisk are determined from VASE analysis. The θ 

values for the “magic angle”, which give the orientation parameter of zero, are 54.7° (rod-like) 

and 35.3° (disk-like), as can be calculated using Eqs. (1) and (5), respectively.  
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This orientation parameter for disk-like molecules can be used correctly only for molecules 

having two equivalent orthogonal transition dipole moments. Since the two transition dipole 

moments of the DDP derivatives are nearly equivalent and orthogonal, as shown in Table 2-1, 

this parameter can be approximately used to quantify the molecular orientation of these 

derivatives well. For the DDP derivatives, the Sdisk values are BT-DDP (−0.23) < T-DDP (−0.18) 

< B-DDP (−0.11) < N,N'-diphenyl-N,N'-bis(1-naphthyl)-1,1'-biphenyl-4,4'-diamine (α-NPD)[1] 

(−0.01), indicating that DDP derivatives show a high tendency for horizontal orientation and 

that this can be enhanced by modifying the substituents of the end groups. 

 

  

Figure 2-3. Orientation angle dependence of order parameter, when we hypothetically assume no 

distribution of the orientation angle. Inset: definition of θ for disk-like molecules having a four-fold 

rotational symmetry. 

θ γ
N
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2-5. Effects of molecular orientation on carrier mobility. 

Since DDP derivatives provide no clear transient photo-currents in time-of-flight (TOF) 

measurements, the carrier mobilities based on space-charge-limited currents (SCLCs) were 

evaluated.[24-26] The SCLC can be described by: 

ܬ ൌ ଽ

଼
ߤߝ଴ߝ

ாమ

௅
,                           (6) 

where E is the electric field, ε and ε0 are the relative dielectric constant and the permittivity of 

the free space, respectively, and L is the thickness of the organic layer. The relative dielectric 

constant ε is assumed to be 3.0 and the permittivity of the free space ε0 is 8.85×10−14 C/Vcm. 

Figure 2-4 compares the J-V characteristics of hole only devices comprising indium tin oxide 

ITO/ MoO3 (0.8 nm)/ HTL (300 nm)/ MoO3 (10 nm)/ Al (100 nm) with α-NPD and DDP 

derivatives as the HTL. Here, the Poole-Frenkel compensation was introduced, since the 

mobility is dependent on the electric field. The Poole-Frenkel equation is given by 

ሻܧሺߤ ൌ  ሻ,                      (7)ܧ√ߚሺ	଴expߤ

where μ0 is the zero-field mobility and β is the Poole-Frenkel factor. By combining Eqs.(6) and 

(7), the field-dependent SCLC can be expressed by[27] 

ܬ ൌ ଽ

଼
ߝ଴ߝ

ாమ

௅
 ሻ,                     (8)ܧ√ߚሺ	଴expߤ

Figure 2-4 shows that the fitted lines based on Eq. 8 agree well with the experimental data, and 

the SCLC mobility value of 6.74×10−4cm2/Vs was obtained for the 300 nm-thick α-NPD film, 

which is in good agreement with the previously reported value.[26] it has been found that the 

DDP derivatives and α-NPD have almost the same carrier mobilities of approximately 1×10−3 

cm2/Vs. Thus, the SCLC mobility measurements show that molecular orientation does not 

provide increased carrier mobilities in the DDP derivatives, although BSB-Cz films having 

strong horizontal orientation have been reported to have higher TOF mobility, compared with 

that of the unoriented films.[13] 
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Figure 2-4. Current density (J) vs driving voltage (V) characteristics of hole-only devices comprising 

ITO/ MoO3 (0.8 nm)/ HTL (300 nm)/ MoO3 (10 nm)/ Al (100 nm) with α-NPD and DDP derivatives. 

The solid line represents the calculated J-V curve based on SCLC theory modified by Poole-Frenkel 

equation. 
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2-6. OLED characteristics 

OLEDs with B-DDP, T-DDP, BT-DDP, and α-NPD as HTL were fabricated. As shown in 

Figure 2-5a, the devices with B-DDP, T-DDP, and BT-DDP demonstrated lower driving 

voltages (11.8 V, 10.2 V and 9.4 V, respectively) at 500 mA/cm2, compared with that of α-NPD 

(12.4 V). In particular, BT-DDP showed the lowest driving voltage, i.e., a decrease of 3.5 V 

compared with the α-NPD-based OLED, which is consistent with the orientation result.  

 

  

To clarify the mechanism of the low driving voltages, the relationship between the driving 

voltage at 500 mA/cm2 and the orientation parameter, S, were plotted in Figure 2-6a. The 

driving voltage and orientation parameter were closely correlated, indicating that increased 

horizontal orientation of the HTLs provides lower driving voltage. Since the SCLC mobilities 

of these layers are almost same, the decrease in driving voltage from α-NPD to B-DDP, T-DDP, 

and BT-DDP can be attributed to a decrease in the hole injection barrier from the ITO anode. 

Figure 2-6b compares the HOMO levels of DDP layers and corresponding driving voltages. 

However, no clear correlation was observed between them.  

Figure 2-5. (a) Current density (J) vs driving voltage (V) and (b) external EL quantum efficiency (ηEL) 

vs J characteristics of double-layered OLEDs with DDP derivatives as HTL in ITO/ HTL (50 nm)/ 

Alq3 (50 nm)/ MgAg (100 nm)/ Ag (10 nm). Symbols indicate the material and order parameters for 

the HTLs. Inset (a): Electric filed (E) vs J characteristics. 



 37

 

 

Although lower driving voltage was achieved using the DDP derivatives, an appreciable 

decrease in the external EL quantum efficiencies was observed with these HTLs as shown in 

Figure 2-5b. This can be ascribed to a decrease in the charge carrier balance because of the 

enhancement of the hole current relative to the electron current. Thus, in other to enhance 

electron injection efficiency, a LiF/Al cathode was used instead of a MgAg/Ag one. The LiF 

(0.8 nm)/Al layer led to an enhancement of the electron injection, resulting in balanced carrier 

injection and transport and increased ηext as shown in Figure 2-7 and Table 2-2.[28-30] 

 

 

Figure 2-6. (a) Driving voltage of MgAg/Ag electrode at J = 500 mA/cm2 (V) vs orientation parameter 

(S) and (b) driving voltage at J = 500 mA/cm2 vs HOMO levels of HTLs.  

Figure 2-7. J-V characteristics of OLEDs comprising in ITO/ HTL (45 nm)/ α-NPD (5 nm)/ Alq3 (50 

nm)/ LiF (0.8 nm)/ Al (80 nm). Inset: J-ηext characteristics. 
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TABLE 2-2. Driving voltage (V) at J = 500 mA/cm2 and maximum EL efficiency (ηmax) with electrode of 

MgAg/Ag and LiF/Al in OLEDs, and HOMO, LUMO, and orientation parameter (S) of hole transport layers.  

 V (V) ηmax (%) V (V) ηmax (%) HOMO 

(eV) 

LUMO 

(eV) 
S 

 (MgAg/Ag) (LiF/Al) 

α-NPD 12.4 1.01 8.65 0.89 5.48 2.41 -0.01 

B-DDP 11.8 0.70 8.13 0.78 5.30 2.42 -0.11 

T-DDP 10.2 0.46 7.58 0.94 5.22 2.27 -0.18 

BT-DDP 9.40 0.47 6.75 0.92 5.37 2.50 -0.23 

 

Next, three OLEDs with different thickness of BT-DDP layers, i.e., (50-x)-nm-thick α-NPD 

(Fig. 2-8) were prepared. By comparing these devices, the contribution of the carrier injection 

barrier can be separated at the anode and the carrier transport mobility in the bulk of a BT-DDP 

layer. As shown in Figure 2-8, lower driving voltages were observed in all BT-DDP devices, 

almost independent of the BT-DDP thickness. Since the 2- and 5-nm-thick BT-DDP layers 

resulted in a significant decrease in driving voltage compared with that of the OLED having a 

neat α-NPD layer, it can be concluded that the ITO/BT-DDP interface provides a smaller barrier 

for hole injection, which can be ascribed to the planar orientation of the DDP molecules on the 

ITO surface. 

 

 

Figure 2-8. Characteristics of OLEDs comprising ITO/ BT-DDP (x nm)/ α-NPD (50-x nm) / Alq3 

(50nm)/ Mg:Ag (100 nm)/ Ag (10 nm) for various values of x. Inset: OLED structure. 
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To obtain clear evidence of molecular orientation affecting the OLED characteristics, we 

changed the molecular orientation by changing the substrate temperature during deposition of 

the organic layers. Molecular orientation in organic amorphous films can be systematically 

changed by controlling the substrate temperature during vacuum deposition.[13,31] The 

temperature-dependent VASE study revealed that BT-DDP showed the largest anisotropy at 

room temperature and the smallest anisotropy (i.e., complete randomization) at 150 °C on a 

silicon substrate, as shown in Figure 2-9. Here, it has been noted that the RMS value was 

slightly increased up to 1.7 nm at 150 °C, though the randomization of orientation and the 

increase of RMS values tend to depend on the roughness of substrate surface.[13]  

 

 

Then, the BT-DDP layer was deposited at 150 °C during fabrication of an OLED and this 

OLED was compared to another one fabricated at room temperature. The OLED structure is 

ITO/ BT-DDP (5 nm) /α-NPD (45 nm)/ Alq3 (50 nm)/MgAg (100 nm)/Ag (10 nm). In device 

A, all organic layers were deposited at room temperature, while for device B, the deposition of 

BT-DDP was conducted at a substrate temperature of 150 °C and the other organic layers were 

deposited at room temperature. As shown in Figure 2-10, in device B, the driving voltage was 

significantly increased, indicating that the randomization of BT-DDP molecules in the film 

resulted in a significant increase of driving voltage.  

Figure 2-9. Ordinary (solid line) and extraordinary (dashed line) refractive indices (no and ne) and 

extinction coefficients (ko and ke) of BT-DDP films deposited on Si substrate at (a) 25 °C and (b) 

150 °C. Insets: schematics of (a) horizontal orientation and (b) random orientation. 
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The HOMO levels of the BT-DDP layers formed at room temperature and 150 °C are nearly 

same: 5.37 and 5.34 eV, respectively. This result clarified that the horizontal molecular 

orientation of BT-DDP molecules reduces the net carrier injection barrier at the anode interface, 

although the HOMO levels remain the same. When the factors that affect charge injection were 

thought in OLEDs, the energy levels (e.g. HOMO/LUMO levels vacuum levels) were usually 

discussed, but an overlap of wave functions between an the electrode and molecules was rarely 

discussed at the electrode interface, although the overlap of the wave functions certainly affects 

the injection.[32] Even if the HOMO levels of two films are the same, the overlaps of the wave 

functions at the interface with an electrode can be different, e.g., because of a difference in their 

molecular orientation. As shown in Figure 2-1, the HOMOs of DDP derivatives are distributed 

mainly at the central part of the molecules. A horizontal orientation is thus superior to a random 

orientation in terms of overlap between the wave function of a cathode and the HOMO of the 

molecules. 

 

  

Figure 2-10. J-V characteristics of multi-layered OLEDs with different molecular orientation of BT-

DDP (different annealing temperature). Inset: schematic illustration of molecular orientation. 
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2-7. Conclusion 

The DDP derivatives with a planar molecular structure, which showed enhanced horizontal 

molecular orientation compared with conventional hole transport materials such as α-NPD, 

were synthesized. Devices based on B-DDP, T-DDP, and BT-DDP demonstrated superior 

electrical characteristics in OLEDs, which was achieved because of a decrease in the hole 

injection barriers at the anode interfaces. The lowering of driving voltage even by a very thin 

layer of 2 nm supported this hypothesis. It has been found that the molecular orientation of BT-

DDP affects not only carrier mobilities but also carrier injection barriers. Although it can be 

demonstrated in our previous study that BSB-Cz and Bpy-OXD films having strong horizontal 

orientation showed higher TOF mobility compared with that of the unoriented films,[12,13] DDP 

derivatives clearly showed large effect in reducing carrier injection barrier rather than 

enhancing carrier mobility by molecular orientation. Thus, the resultant physical improvement 

seems to be strongly dependent on molecular structures. The comprehensive study was further 

needed to clarify the relationship between carrier injection barrier and carrier mobility on 

molecular orientation and molecular structures. 
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Chapter 3 

 
Bifunctional Star-Burst Amorphous Molecular Materials for 

OLEDs: Achieving Highly Efficient Solid-State 

Luminescence and Carrier Transport Induced by 

Spontaneous Molecular Orientation 
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3-1. Introduction 

The rational design of organic molecular materials displaying efficient luminescence in solid 

states is a crucial research subject for achieving high-performance optoelectronic devices,[1] 

such as organic light-emitting diodes (OLEDs),[1a-c] light-emitting transistors,[2] and organic 

lasers.[3] For organic semiconductors to be used in such devices, it would be ideal to have 

luminophores with both efficient solid-state emission and high carrier transport capabilities.  

However, it is well-known that for most of organic semiconductors, the efficient luminescence 

observed in dilute solutions is generally weakened or quenched when the molecules aggregate 

in their condensed phase.[4] Such aggregation-caused fluorescence quenching is believed to 

dominate by the formation of delocalized excitons via strong intermolecular π– π interactions, 

which result in a long lifetime of excitons, red-shifted emission, and low luminescence quantum 

efficiency. An intriguing molecular approach to overcoming the concentration quenching was 

reported by Tang and coworkers in 2001, which they termed aggregation-induced emission 

(AIE).[5] They and other groups have been reported a series of AIE-active luminescent 

molecules including siloles,[5,6] cyanostilbenes,[7] and tetraphenylethene derivatives[1d,8] and 

iridium(III) complexes[9] so far, which are almost non-luminescent in dilute solution but turn 

into highly luminescent in concentrated (colloidal) solution or in films. Especially, the AIE-

active tetraphenylethene derivatives[8] have recently been explored as an emitter for the 

fabrication of efficient OLEDs. Hence, the exploitation of innovative materials and design 

principles achieving both efficient luminescence and carrier transport properties in amorphous 

films remains an important challenge toward the development of further efficient devices. 

In this study, two novel AIE-active star-burst molecules, named as PDA-TPE and TPA-TPE 

(Fig. 3-1), is designed by combining a hole-transporting N,N,N',N'-tetraphenyl-p-

phenylenediamine (PDA) or triphenylamine (TPA) core with triphenylethene (TPE) units.  

The resulting molecules can function as a bright solid-state emitter and an effective hole-

transport amorphous material in OLEDs. Furthermore, it can be disclosed herein that 

spontaneous molecular orientation of the star-burst molecules in their amorphous thin films 

significantly affects the charge carrier transport properties as well as OLED efficiencies. 
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Figure 3-1. Chemical structures (left) and optimized geometries (right) of PDA-TPE and TPA-TPE 

determined by molecular mechanics and B3LYP/6-31G(d) calculations. 
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3-2. Synthesis and characterization 

PDA-TPE and TPA-TPE were synthesized via Suzuki–Miyaura coupling reactions of 2-

bromo-1,1,2-triphenylethylene with the corresponding boronic esters of PDA and TPA, 

respectively. The optimized molecular geometries of PDA-TPE and TPA-TPE have been 

determined using molecular mechanics (MMFF94s)[10] and density functional theory (DFT) 

B3LYP/6-31G(d) calculations. As illustrated in Figure 3-1, the multiple phenyl rings in the 

peripheral TPE units adopt a nonplanar, propeller-shaped conformation, which prevent the 

central PDA or TPA cores from the detrimental excimer formation in condensed solid states. To 

analyze the thermal properties of these materials, thermogravimetric analysis (TGA) and 

differential scanning calorimetry (DSC) have been carried out. PDA-TPE and TPA-TPE are 

thermally stable materials with 5% weight-loss temperature (Td) over 490 °C. These star-burst 

molecules also possess good morphological stability, as confirmed by their high glass-transition 

temperature (Tg) of 151 °C (PDA-TPE) and 127 °C (TPA-TPE), respectively, which should 

arise from the rigid aromatic scaffolds of the TPE units. These Tg values are substantially higher 

than those of the commonly used triphenylamine-based hole-transporting materials, such as 

4,4'-bis[N-(1-naphthyl)-N-phenyl]biphenyl diamine (α-NPD; Tg ~ 95 °C) and N,N'-bis(3-

methylphenyl)-N,N'-diphenyl-1,1'-biphenyl-4,4'-diamine (TPD; Tg ~ 65 °C).[11] The high 

thermal and morphological stabilities of PDA-TPE and TPA-TPE as hole-transporting and 

emitting materials are advantageous for the fabrication of stable and durable OLED devices. 

 

 
Figure 3-2. DSC thrmograms of PDA-TPE and TPA-TPE at 5 °C min−1. 
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3-3. Experimental 

3-3-1. General 

1H and 13C NMR spectra were recorded on a Bruker Avance III 500 spectrometer. Chemical 

shifts of 1H and 13C NMR signals were quoted to tetramethylsilane ( = 0.00) and CDCl3 ( = 

77.0) as internal standards. Matrix-assisted laser desorption ionization time-of-flight (MALDI-

TOF) mass spectra were collected on a Bruker Daltonics Autoflex III spectrometer using 

dithranol as the matrix. Elemental analyses were carried out with a Yanaco MT-5 CHN corder.  

UV/Vis absorption and photoluminescence (PL) spectra were measured with a Shimadzu UV-

2550 spectrometer and a Horiba Fluoromax-4 spectrophotometer, respectively. PL quantum 

yields were measured using an integration sphere system coupled with a photonic multichannel 

analyzer (Hamamatsu Photonics C9920-02, PMA-11). The HOMO energy levels of thin films 

were determined using a Riken-Keiki AC-3 ultraviolet photoelectron spectrometer. The LUMO 

energy levels were estimated by subtracting the optical energy gap (Eg) from the measured 

HOMO energy levels; the Eg values were determined from the onset position of absorption 

spectra of the thin films. The density-functional theory (DFT) calculations were performed on 

the Gaussian 03 program package, using the B3LYP functional with the 6-31G(d) basis set.  

X-ray diffraction (XRD) patterns were obtained using a Rigaku Ultima IV diffractometer with 

CuK radiation. Thermogravimetric analysis (TGA) and differential scanning calorimetry 

(DSC) measurements were performed on a Shimadzu DTG-60AH at a scanning rate of 10 °C 

min−1 and a Netzsch DSC204 Phoenix calorimeter at a scanning rate of 5 °C min−1, respectively 

 

3-3-2. OLED device fabrication and measurements 

ITO-coated glass substrates were cleansed with detergent, deionized water, acetone, and 

isopropanol, followed by UV-ozone treatment. Organic layers and metal electrodes were 

deposited by high-vacuum thermal evaporation onto the ITO substrates. The layer thickness 

and the deposition rate were monitored in situ during the deposition by an oscillating quartz 

thickness monitor. The current density–voltage–luminance characteristics of the devices were 

measured using a semiconductor parameter analyzer (Agilent E5273A) and an optical 

powermeter (Newport 1930-C). 
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3-3-3. Variable-angle spectroscopic ellipsometry (VASE) 

Thin films for the ellipsometry measurements were deposited onto Si (100) substrates, which 

were precleaned by detergent and organic solvents. VASE was performed using a fast 

spectroscopic ellipsometer (M-2000U, J. A. Woollam Co. Inc.). Seven different angles of the 

incident light from 45° to 75° with steps of 5° were used. At each angle, the experimental 

ellipsometric parameters  and  were obtained simultaneously in 1.6-nm steps from 245 to 

1000 nm. The VASE data were analyzed using WVASE32 software. 

 

3-3-4. Materials and syntheses 

Commercially available reagents and solvents were used without further purification unless 

otherwise noted. All of the reactions were performed under an N2 atmosphere in dry solvents.  

The synthetic routes for PDA-TPE and TPA-TPE are outlined in Scheme 3-1. Tris(4-

bromophenyl)amine (3) and 2-bromo-1,1,2-triphenylethylene were purchased from Tokyo 

Chemical Industry (TCI). N,N,N',N'-Tetrakis(4-bromophenyl)benzene-1,4-diamine (1) and 

tris[4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl]amine (4) were prepared according 

to the literature. All of reactions were performed under an Ar atmosphere in dry solvents unless 

otherwise noted.   
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Scheme 3-1. Synthesis of PDA-TPE and TPA-TPE. 

 

Synthesis of compound 2.  To a stirred solution of 1 (1.00 g, 1.37 mmol) in dry THF (100 
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mL) was added dropwise n-butyllithium (1.62 M in hexane, 3.6 mL, 5.8 mmol) at −78 °C, and 

the mixture was allowed to react for 1 h at that temperature. 2-Isopropoxy-4,4,5,5-tetramethyl-

1,3,2-dioxaborolane (1.12 g, 6.0 mmol) was then added, and the mixture was stirred overnight 

at room temperature. The reaction mixture was poured into a large amount of water, and 

extracted with chloroform. The combined organic layers were washed with water, and dried 

over anhydrous Na2SO4. After filtration and evaporation, the product was recrystallized from 

chloroform/ethanol, and dried under vacuum to afford 2 as a white solid (yield = 1.19 g, 95%).  

1H NMR (500 MHz, CDCl3):  7.69 (d, J = 8.5 Hz, 8H), 7.08 (d, J = 8.5 Hz, 8H), 6.99 (s, 4H), 

1.33 (s, 48H).  13C NMR (125 MHz, CDCl3):  150.01, 142.79, 135.94, 126.32, 122.65, 83.61, 

24.88.  MS (MALDI-TOF): m/z 916.74 [M]+·. 

  Synthesis of PDA-TPE.  To a mixture of 2 (1.00 g, 1.1 mmol) and 2-bromo-1,1,2-

triphenylethylene (2.04 g, 6.1 mmol) in dry THF (40 mL) were added Pd(PPh3)4 (0.13 g, 0.11 

mmol) and aqueous Na2CO3 (2.0 M, 15 mL; Ar bubbled before use). The mixture was 

vigorously stirred under reflux for 48 h. After cooling to room temperature, the formed 

precipitate was collected by filtration and then washed with water and ethanol. The product was 

recrystallized from THF/methanol, and dried under vacuum to afford PDA-TPE as a yellow 

solid (yield = 1.12 g, 71%). This compound was further purified by repetitive temperature-

gradient sublimation before use.  1H NMR (500 MHz, CDCl3):  7.11-7.00 (m, 60H), 6.83 (d, 

J = 9.0 Hz, 8H), 6.83 (s, 4H), 6.72 (d, J = 9.0 Hz, 8H).  13C NMR (125 MHz, CDCl3):  145.69, 

144.06, 143.84, 143.66, 140.73, 140.41, 137.67, 132.05, 131.40, 131.37, 131.34, 127.62, 

127.59, 127.57, 126.40, 126.33, 126.27, 125.34, 122.45.  MS (MALDI-TOF): m/z 1429.93 

[M+H]+.  Anal. calcd (%) for C110H80N2: C 92.40, H 5.64, N 1.96; found: C 92.14, H 5.57, N 

1.92. 

  Synthesis of compound 4.  To a stirred solution of 3 (3.30 g, 6.84 mmol) in dry THF (120 

mL) was added dropwise n-butyllithium (1.62 M in hexane, 13.0 mL, 21.1 mmol) at −78 °C, 

and the mixture was allowed to react for 1 h at that temperature. 2-Isopropoxy-4,4,5,5-

tetramethyl-1,3,2-dioxaborolane (4.20 g, 22.6 mmol) was then added, and the mixture was 

stirred overnight at room temperature. The reaction mixture was poured into a large amount of 

water, and extracted with chloroform. The combined organic layers were washed with water, 

and dried over anhydrous Na2SO4. After filtration and evaporation, the product was 
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recrystallized from chloroform/ethanol and dried under vacuum to give 4 as a white solid (yield 

= 3.80 g, 89%).  1H NMR (500 MHz, CDCl3):  7.67 (d, J = 8.5 Hz, 6H), 7.07 (d, J = 8.5 Hz, 

6H), 1.33 (s, 36H). 

Synthesis of TPA-TPE.  This compound was synthesized in a fashion similar to that above, 

using 4 (1.00 g, 1.6 mmol), 2-bromo-1,1,2-triphenylethylene (2.25 g, 6.7 mmol), and Pd(PPh3)4 

(0.18 g, 0.16 mmol). The product was obtained as a yellow solid (yield = 0.94 g, 58%), and 

further purified by repetitive temperature-gradient sublimation.  1H NMR (500 MHz, CDCl3): 

 7.11-7.00 (m, 45H), 6.82 (d, J = 9.0 Hz, 6H), 6.69 (d, J = 9.0 Hz, 6H).  13C NMR (125 MHz, 

CDCl3):  157.48, 144.00, 143.82, 143.62, 140.69, 140.48, 137.99, 132.01, 131.40, 131.37, 

131.34, 127.62, 127.60, 127.56, 126.40, 126.36, 126.29, 122.95.  MS (MALDI-TOF): m/z 

1007.70 [M]+·.  Anal. calcd (%) for C78H57N: C 92.91, H 5.70, N 1.39; found: C 93.01, H 5.71, 

N 1.38 . 
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3-4. Optical properties 

PDA-TPE and TPA-TPE show the lowest-energy absorption peak (λabs) at about 375 nm in 

tetrahydrofuran (THF) solution, which is 65 nm red-shifted compared to the π–π* absorption 

maximum of tetraphenylethene (λabs = 310 nm). The red-shifted absorption of PDA-TPE and 

TPA-TPE implies that the π -conjugation system should be elongated from the peripheral TPE 

units to the central PDA or TPA core through sp2-hybridized nitrogen atoms. The absorption 

spectra for vacuum-deposited thin films are similar to those in solution (Fig. 3-3).  

 

 

Whilst both PDA-TPE and TPA-TPE are almost non-fluorescent in molecularly-dissolved 

solutions,[12] they emit green light intensely when irradiated with UV light in their both powdery 

aggregates and solid thin films (Fig. 3-4). The photoluminescence (PL) spectra of the PDA-

TPE and TPA-TPE thin films exhibit the emission peak (λPL) at 520 and 510 nm, and indeed 

the PL quantum yields (ΦPL) of those films measured using integrating sphere reach 73 ± 2% 

and 56 ± 2%, respectively, which values are higher than that of unsubstituted tetraphenylethene 

(ΦPL = 27 ± 2%).  Such remarkable PL enhancement in the solid states should be attributed to 

the AIE effect[1c,5] caused by the formation of molecular assemblies. It is noteworthy that the 

restriction of the intramolecular fragmental rotations in the propeller-shaped TPE moieties can 

suppress the non-radiative decay process and allow the star-burst molecules to emit light 

strongly even in the molecularly-condensed solid state. 

Figure 3-3. UV/vis absorption spectra of PDA-TPE (red) and TPA-TPE (blue) in THF solution (solid 

lines) and thin films (dashed lines). 
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Figure 3-4. Photographs of (a) PDA-TPE and (b) TPA-TPE in 10−4 M THF solution (left), as powdery 

solids (center), and in vacuum-deposited thin films (right) under 365-nm UV light irradiation. (c) PL 

spectra of the thin films of PDA-TPE and TPA-TPE. 
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3-5. Charge carrier mobilities 

Hole mobility, μ, is another important parameter for hole-transporting amorphous materials. 

The carrier transport properties of the PDA-TPE and TPA-TPE thin films were investigated 

by means of the space-charge-limited current (SCLC) tequnique.[13,14] Figure 3-4 shows the 

current density–voltage (J–V) characteristics of the hole-only devices based on PDA-TPE, 

TPA-TPE, as well as α-NPD, with the device configuration of ITO/MoO3 (0.8 nm)/hole-

transporting layer (HTL; 330–370 nm)/MoO3 (10 nm)/Al (70 nm). As the voltage is increased, 

the current becomes space-charge limited with a nearly quadratic dependence on voltage, and 

the electrical characteristics can be expresses by the Mott–Gurney equation[13] (Eq. 1): 

ܬ ൌ
9
8
ߤߝ଴ߝ

ଶܧ

ܮ
 

where E is the electric field, ε0 is the free-space permittivity (ε0 = 8.85 × 10−14 C/V cm), ε is the 

relative dielectric constant (assumed to be 3.0), L is the thickness of the HTL. Generally, the 

carrier mobility of the organic semiconductors is dependent on the electric field, and is thus 

described by the Poole–Frenkel formalism (Eq. 2): 

ߤ ൌ  ൯ܧ√ߚ൫݌ݔ଴݁ߤ

where μ0 is the zero-field mobility and β is the Pool–Frenkel factor. Based on equations 1 and 

2, it has been revealed that the hole mobilities of the PDA-TPE and TPA-TPE thin films 

exceed 10−2 cm2/Vs (Fig. 3-5). Obviously, the mobility values of PDA-TPE and TPA-TPE are 

of the highest level among those reported for hole-transporting amorphous molecular 

materials,[15] and the values are about one order of magnitude higher than that of α-NPD. 
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Figure 3-5. Double logarithmic plots of current density (J) versus applied voltage (V) characteristics 

of hole-only devices comprising ITO/MoO3 (0.8 nm)/HTL (330–370 nm)/MoO3 (10 nm)/Al (70 nm). 

The solid lines represent the best fits to the SCLC model. The inset shows the electric field dependence 

of hole mobility (μ) for the thin films of PDA-TPE (red), TPA-TPE (blue), and α-NPD (black) 

measured at room temperature. 
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3-6. Wide-range variable angle spectroscopic ellipsometry (VASE) analysis 

To obtain deeper insights into the origin of such high carrier transport capability, the 

molecular orientation and optical anisotropy for the PDA-TPE and TPA-TPE thin films were 

analyzed using variable-angle spectroscopic ellipsometry (VASE).[16,17] As depicted in Figure 

3-6, significantly large differences between the ordinary (i.e. in-plane) and extraordinary (i.e. 

out-of-plane) components of the extinction coefficients (ko and ke) and refractive indices (no 

and ne) can be observed for both PDA-TPE and TPA-TPE amorphous thin films. The 

pronounced anisotropy in ko and ke at the peak of the π–π* absorption (388 and 384 nm, 

respectively) should be regarded as an implication of preferential orientation of the transition 

dipole moments parallel to the surface plane even in the amorphous thin films. The anisotropies 

in the molecular orientation can be rationalized by the orientation order parameter S, as given 

by the equation (Eq. 3): 

ܵ ൌ
݇ୣ െ ݇୭
݇ୣ ൅ 2݇୭

 

Here, S = 0 when the molecules are randomly oriented, and S = −0.5 when they are 

completely oriented horizontally onto the substrate. The order parameters of the PDA-TPE and 

TPA-TPE thin films are calculated to be −0.28 and −0.27, respectively (Fig. 3-6), which 

suggests that the molecules involving two-dimensional prolonged π-systems have a strong 

tendency toward the parallel alignment onto the substrate, in spite of their bulky propeller-

shaped TPE units. In contrast, it was previously reported that a vacuum-deposited thin film of 

α-NPD exhibited negligible anisotropy with respect to molecular orientation (S = −0.01).[17a] 

Therefore, the spontaneous horizontal molecular orientation would dominantly contribute to 

the enhancement of the hole mobility in the PDA-TPE and TPA-TPE thin films, because of a 

decrease in the positional and energetic disorders in the molecular-oriented states. The PDA 

and TPA cores retain their intrinsic hole-transporting functionality even after being substituted 

with the TPE peripheries. It should be noted here that for PDA-TPE and TPA-TPE, the 

molecular orientation was almost completely randomized after annealing the thin films for 5 

min at elevated temperatures above Tg (e.g., 150–170 °C), which resulted in a decrease of the 

hole mobilities by an order of magnitude, compared to those with the horizontal molecular 

orientation (Fig. 3-7 and Fig. 3-8). 
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Figure 3-6. Ordinary (solid lines) and extraordinary (dashed lines) extinction coefficients (ko and ke) 

and refractive indices (no and ne) determined by VASE measurements for the thin films of (a) PDA-

TPE and (b) TPA-TPE. 

Figure 3-7. Double logarithmic plots of J–V characteristics (left panel) of hole-only devices based on 

PDA-TPE before and after thermal annealing for 5 min at 170 °C. The solid lines represent the best 

fits to the SCLC model. The inset shows the electric field dependence of hole mobility (μ) of the PDA-

TPE thin film.  
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Figure 3-8. VASE measurements for thin films of (a) PDA-TPE and (b) TPA-TPE after thermal 

annealing for 5 min at 170 and 150 °C, respectively (right panel). No noticeable change in the 

orientation order parameter (S) has been observed even if varying the annealing time from 5 to 30 min.
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3-7. OLED characteristics 

Given the foregoing efficient solid-state emission and high carrier transport properties, PDA-

TPE and TPA-TPE have been utilized as bifunctional materials, namely light-emitting and 

hole-transporting layers (LEL and HTL) in OLEDs. Simple bilayer OLEDs (Devices I and II) 

were fabricated with the device configuration of ITO/PDA-TPE or TPA-TPE (65 nm)/BPhen 

(35 nm)/LiF (0.8 nm)/Al (70 nm) (Fig. 3-9a), where 4,7-diphenyl-1,10-phenanthroline (BPhen) 

is chosen for an electron-transporting and hole-blocking layer, and LiF on the Al cathode is 

used as an electron-injection material. The current density–voltage–luminance (J–V–L) 

characteristics and the external electroluminescence (EL) quantum efficiencies (ηext) of Devices 

I and II are shown in Figure 3-9b and c, and the OLED performances are also summarized in 

Table 3-1. It can be seen that the devices employing PDA-TPE and TPA-TPE as both HTL 

and LEL possess extremely low turn-on voltages (Von) in the range of 2.4–2.6 V, and emit green 

light with EL maxima (λEL) at 523 and 510 nm, respectively. A match between the EL and PL 

spectra (Fig. 3-4c) manifests that the observed EL emission originates solely from the PDA-

TPE and TPA-TPE luminophores in the devices; no emission at a longer wavelength due to 

exciplex species could be detected. These data attest that PDA-TPE and TPA-TPE work well 

as excellent bifunctional materials in the bilayer OLEDs. In comparison with Device II, Device 

I based on PDA-TPE shows better performances with higher maximum ηext up to 4.5% on 

account of its higher ΦPL in the thin film. 
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Figure 3-9. Energy-level diagrams (top panels; a, d), current density–voltage–luminance (J–V–L) plots 

(middle panels; b, e), and external EL quantum efficiency versus current density plots (bottom panels; 

c, f) of OLEDs incorporating PDA-TPE and TPA-TPE as light-emitting layer (LEL), with device 

configurations of ITO/LEL/BPhen/LiF/Al (Devices I and II; a–c) and ITO/α-NPD/LEL/BPhen/LiF/Al 

(Devices III and IV; d–f). The insets of the bottom panels represent EL spectra of each device taken at 

10 mA/cm2. 
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Table 3-1. OLED performances of PDA-TPE and TPA-TPE[a] 

Device LEL HTL EL 

[nm] 

Von 

[V] 

Lmax 

[cd m−2] 

c 

[cd A−1] 

p 

[lm W−1] 

ext 

[%] 

I PDA-TPE – 523 2.4 54200 14.4 14.1 4.5 

II TPA-TPE – 510 2.6 48300 8.3 8.7 3.6 

III PDA-TPE -NPD 523 2.4 53600 15.9 16.2 5.9 

IV TPA-TPE -NPD 515 2.6 58300 14.3 15.0 4.5 

   

To further enhance the device performances, multilayer OLEDs (Devices III and IV) with the 

configuration of ITO/α-NPD (40 nm)/PDA-TPE or TPA-TPE (25 nm)/BPhen (35 nm)/LiF 

(0.8 nm)/Al (70 nm) have also been constructed and tested (Fig. 3-9d), in which PDA-TPE and 

TPA-TPE function as LEL and α-NPD serves as HTL. Both Devices III and IV with an 

additional α-NPD layer exhibit superior OLED performances in terms of the device efficiencies 

(Fig. 3-9e and f) compared to Devices I and II, while they give the same Von and comparable 

luminance characteristics. Among the devices fabricated, Device III employing PDA-TPE as 

the LEL shows the best performance with a current efficiency (ηc) of 15.9 cd/A, power 

efficiency (ηp) of 16.2 lm/W, and ηext of 5.9% (Table 3-1), presumably due to an optimal charge 

balance in the multilayer devices. Besides, the ηext remains nearly 5% when the luminance is 

increased to ca. 10000 cd/m2. According to the energy-level diagram of Devices III and IV (Fig. 

3-9d), the additional α-NPD layer should also act as an electron blocker, and electron migration 

to the anode might be diminished, leading to efficient charge recombination within the LEL. 

 

  

[a] Device configuration: for Devices I and II, ITO/LEL (65 nm)/BPhen (35 nm)/LiF (0.8 nm)/Al (70 

nm); for Devices III and IV, ITO/HTL (40 nm)/LEL (25 nm)/BPhen (35 nm)/LiF (0.8 nm)/Al (70 nm). 

Abbreviations: LEL = light-emitting layer; HTL = hole-transporting layer; λEL = EL emission maximum; 

Von = turn-on voltage at 1 cd m−2; Lmax = maximum luminance; ηc = current efficiency at 100 cd m−2; ηp 

= power efficiency at 100 cd m−2; ηext = maximum external EL quantum efficiency. 
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3-8. Effect of light out-coupling efficiency 

The ηext, that corresponds to the number of photons emitted from the OLED per charge 

carriers injected into the device, is generally given by the following equation[18] (Eq. 4): 

௘௫௧ߟ ൌ ߛ ൈ ௦௧ߟ ൈ ௉௅ߔ ൈ  ௢௨௧ߟ

where, γ is the charge balance factor (ideally, γ = 1 if holes and electrons are fully balanced and 

recombined to form excitons), ηst is the singlet/triplet ratio (fluorescent emitters were assumed 

ηst = 25% because of the spin statistical limit of 1:3 for singlet-to-triplet excitons), ΦPL is the 

quantum efficiency of the emitting material (ΦPL = 73% for PDA-TPE and 56% for TPA-TPE), 

and ηout represents the light out-coupling factor. Typically, ηout is around 20%, which is derived 

from ηout = 1 − (1 − 1/n2)1/2, where n is the refractive index of the organic layers (normally about 

1.7).[19] Taking those parameters into account, the theoretical values of ηext for Devices III and 

IV can be estimated to be 3.6% and 2.8%, respectively. Apparently, the experimentally obtained 

ηext of 5.9% (for Device III) and 4.5% (for Device IV) are approximately 1.6 times higher than 

the theoretical limits. It has been envisaged that the origin accounting for higher EL efficiencies 

should be attributed to the enhancement of ηout by horizontal orientation of the PDA-TPE and 

TPA-TPE molecules within the LEL. Recently, it has been reported that the transition dipoles 

of some linearly π-extended luminophores are not isotropic, but preferentially aligned 

horizontally in the OLED devices,[20] which should give rise to an increase of ηout by a factor of 

up to 1.6.[21] 

In order to clarify the relationship between the molecular orientation and the OLED 

performances, the PDA-TPE and TPA-TPE layers featuring random molecular orientation, 

instead of the horizontally oriented LEL in Devices I and II, were adopted for the bilayer devices.  

For these devices, the deposition of only PDA-TPE or TPA-TPE layer was performed at 

substrate temperatures in the range of 150–170 °C, and the other layers were afterward 

deposited at room temperature, so that the orientation of PDA-TPE and TPA-TPE molecules 

was randomized in the LEL, as confirmed by the VASE measurements. It has been observed 

that the devices employing the randomly molecular-oriented PDA-TPE or TPA-TPE layer 

exhibit much lower maximum ηext (3.2% and 1.7%, respectively) and maximum luminance 

(Lmax = 21200 and 12900 cd/m2, respectively) than those of Devices I and II (Fig. 3-10). These 

results indicate that the randomization of the luminescent molecules in LEL leads to 
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deterioration of the external EL efficiency as a consequence of lowering the hole mobility, i.e., 

unbalanced carrier recombination, and ηout. 

 

 

 

  

Figure 3-10. J–V–L plots (a,c) and external quantum efficiencies (b,d) of OLEDs incorporating 

randomly molecular-oriented PDA-TPE or TPA-TPE emitting layer, with device configuration of 

ITO/PDA-TPE or TPA-TPE (65 nm)/BPhen (35 nm)/LiF (0.8 nm)/Al (70 nm). The insets show 

energy-level diagrams of the OLEDs. 
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3-9. Conclusion 

A versatile design strategy for achieving both efficient solid-state luminescence and high 

carrier transport properties has been exploited in this study. By introducing the multiple TPE 

peripheries onto the PDA-TPE and TPA-TPE cores, the resulting star-burst PDA-TPE and 

TPA-TPE molecules are endowed with strong AIE and horizontal orientation characteristics, 

and have indeed served as efficiently light-emitting and hole-transporting bifunctional 

amorphous materials in OLEDs. When utilized as the LEL in OLEDs, these materials display 

bright green EL emission at 510–530 nm with significantly high external quantum efficiencies 

up to 5.9%. It has been demonstrated that the spontaneous horizontal molecular orientation of 

the PDA-TPE and TPA-TPE luminophores in their thin films contributes to high external EL 

efficiencies of the devices by virtue of the enhancement of the hole mobility and the light out-

coupling efficiency. 
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Chapter 4 

 
Polymorphism in 9,9-Diarylfluorene-Based Organic 

Semiconductors: Influence on Optoelectronic Functions 
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4-1. Introduction 

Polymorphism is the ability of a single molecular species to self-organize in at least two 

different solid-state packing structures that display different physical and chemical properties.[1] 

Controlling polymorphism has been a subject of intense scrutiny in solid-state chemistry.[2] 

Recently, polymorphic behavior in π-conjugated molecules has attracted great deal of attention 

as a route to develop high-performance electro- and photofunctional organic materials.[3–6] 

Different polymorphs have been found in some organic semiconductor systems, such as 

pentacene,[3] oligothiophenes,[4] tetrathiafulvalenes,[5] and tris(8-hydroxyquinoline)aluminum 

(Alq3),[6] which provide evidence for the large influence of solid structure on electronic 

properties. It is inferred that high charge carrier mobility can be attained when semiconducting 

molecules have strong interactions with neighboring ones to maximize intermolecular π-orbital 

overlap. However, the relationship between specific polymorphic solid structures and their 

(opto)electronic functions has not been thoroughly clarified. Hence, it will be extremely useful 

if there is a rational way for engineering polymorphism in organic semiconductors. 

In this study, a new platform to control solid structure in organic semiconductors while 

enabling electronic functionality to be tailored without sacrificing phase purity is proposed. 

Two fluorene-based π-conjugated compounds (Fig. 4-1), 2,7-bis(5-phenylthiophen-2-yl)-9,9'-

spirobifluorene (SFPT) and 2,7-bis(5-phenylthiophen-2-yl)-9,9-bis(1,1'-biphenyl-4-yl)-

fluorene (BFPT), were focused because 9,9-diarylfluorene derivatives are promising 

candidates as efficient blue emitters and charge transport materials.[7] Herein, how variation of 

the C9 substituents and thermal treatment of these novel 9,9-diarylfluorene-based 

semiconducting materials can affect their polymorphic behavior and, as a consequence, their 

charge transport and luminescent properties is demonstrated. 

 

 

Figure 4-1. (a) Chemical structures of SFPT and BFPT. (b) ORTEP diagrams of the X-ray crystal 

structure of SFPT. Hydrogen atoms are omitted for clarity. 
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4-2. Experimental 

4-2-1. General 

1H and 13C NMR spectra were recorded on a Bruker Avance III 500 spectrometer. Chemical 

shifts of 1H and 13C NMR signals were quoted to tetramethylsilane (δ = 0.00) and CDCl3 (δ = 

77.0) as internal standards. Matrix-assisted laser desorption ionization time-of-flight (MALDI-

TOF) mass spectra were collected on a Bruker Daltonics Autoflex III spectrometer using 

dithranol as the matrix. Elemental analyses were carried out with a Yanaco MT-5 CHN corder.  

UV/Vis absorption spectra were measured with a Shimadzu UV-2550 spectrometer. The 

HOMO energy levels were determined using a Riken-Keiki AC-3 ultraviolet photoelectron 

spectrometer. X-ray diffraction (XRD) patterns were obtained using a Rigaku Ultima IV 

diffractometer with CuKα radiation. Thermogravimetric analysis (TGA) and differential 

scanning calorimetry (DSC) measurements were performed on a Shimadzu DTG-60AH at a 

scanning rate of 10 °C min−1 and a Netzsch DSC204 Phoenix calorimeter at a scanning rate of 

5 °C min−1, respectively, under N2 atmosphere. AFM was performed using a JEOL JSPM-5400 

scanning probe microscope with tapping-mode in air. X-ray crystallographic analysis was made 

on a Rigaku VariMax with a Saturn 724+ system with graphite monochromated MoKα radiation.  

The structures were solved by direct methods (SIR2008)[8] and refined by full-matrix least-

square techniques based on F2 (SHELXL-97).[9] 

 

4-2-1. Variable-angle spectroscopic ellipsometry (VASE)  

Thin films for the ellipsometry measurements were deposited onto Si (100) substrates, which 

were precleaned by detergent and organic solvents. VASE was performed using a fast 

spectroscopic ellipsometer (M-2000U, J. A. Woollam Co. Inc.). Seven different angles of the 

incident light from 45° to 75° with steps of 5° were used. At each angle, the experimental 

ellipsometric parameters  and  were obtained simultaneously in 1.6-nm steps from 245 to 

1000 nm. The VASE data were analyzed using WVASE32 software. 

 

4-2-2. Amplified spontaneous emission (ASE) measurements  

Thin films of SFPT and BFPT (thickness = 100 nm) were deposited on glass substrates.  

The films were optically pumped using a N2 gas laser (MNL200, Laser Technik) at a 
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wavelength of 337 nm with a pulse width of 500 ps and a repetition rate of 20 Hz. The ASE 

measurements were conducted by focusing the excitation light with an irradiation area of 400 

μm × 10 mm. A detector (PMA-11, Hamamatsu Photonics) to observe the photoluminescence 

spectra was located on the edge of the films. 

 

4-2-3. OFET device fabrication and measurements 

SFPT and BFPT were incorporated into OFETs with a bottom-gate and top-contact 

geometry. For all of the OFET devices, heavily doped n-type Si wafers with a thermally grown 

300-nm-thick SiO2 layer were used as substrates. The SiO2/Si substrates were pretreated with 

a piranha solution at 90 °C for 0.5 h, and then copiously cleaned by sonication in deionized 

water, acetone, and isopropanol in that order. The SiO2/Si surface was treated with a self-

assembled monolayer of hexamethyldisilazane (HMDS) by thermal evaporation for 1 h in air. 

The organic semiconductor layer of SFPT and BFPT was thermally evaporated on the 

substrates under high vacuum conditions. The devices were completed by evaporating gold 

(thickness = 50 nm) through a shadow mask to define the source and drain electrodes with a 

channel length of 20–100 μm on top of the organic layer. The output and transfer characteristics 

of the OFETs were measured using an Agilent B1500A semiconductor parameter analyzer 

under ambient conditions at room temperature. Field-effect mobilities (μFET) of the OFET 

devices were calculated in the saturation regime using the following equation: ID = (W/2L) μFET 

Ci(VG−Vth)2, where ID is the source–drain current, W and L are channel width and length, 

respectively, Ci is the capacitance per unit area of the gate dielectric (11 nF/cm2), VG is the gate 

voltage, and Vth is the threshold voltage. 

 

4-2-4. Materials and syntheses 

Commercially available reagents and solvents were used without further purification unless 

otherwise noted.  All of the reactions were performed under an N2 atmosphere in dry solvents.  

The synthetic routes for SFPT and BFPT are outlined in Scheme 4-1. 2,7-Dibromo-9,9'-

spirobifluorene (1) and 2,7-dibromofluorenone (2) were purchased from TCI.   
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Scheme 4-1.  Synthesis of SFPT and BFPT. 

 

Synthesis of SFPT.  To a mixture of 1 (2.00 g, 4.2 mmol) and 2-phenylthiophen-5-yl-

boronic acid (1.82 g, 11.2 mmol) in dry THF (40 mL) were added Pd(PPh3)4 (0.30 g, 0.26 

mmol) and aqueous Na2CO3 (2.0 M, 15 mL; Ar bubbled before use). The mixture was 

vigorously stirred under reflux for 48 h.  After cooling to room temperature, the formed 

precipitate was collected by filtration and then washed with water and ethanol. The product was 

recrystallized from THF/methanol, and dried under vacuum to afford SFPT as a yellow solid 

(yield = 1.50 g, 56%). This compound was further purified by repetitive temperature-gradient 

sublimation before use.  1H NMR (500 MHz, CDCl3): δ 7.90 (d, J = 8.0 Hz, 2H), 7.84 (d, J = 

8.0 Hz, 2H), 7.65 (dd, J = 7.5 Hz, 1.5 Hz, 2H), 7.54 (dd, J = 7.5 Hz, 1.0 Hz, 4H), 7.41 (d, J = 

7.5 Hz, 2H), 7.33 (t, J = 7.5 Hz, 4H), 7.24 (t, J = 7.0 Hz, 2H), 7.16 (d, J = 4.0 Hz, 2H), 7.14 (t, 

J = 7.0 Hz, 2H), 7.11 (d, J = 4.0 Hz, 2H), 6.94 (d, J = 1.5 Hz, 2H), 6.82 (d, J = 7.5 Hz, 2H).  

13C NMR (125 MHz, CDCl3): δ 149.97, 148.30, 143.50, 143.46, 141.82, 140.72, 134.22, 134.05, 

128.85, 128.04, 127.93, 127.44, 125.61, 125.54, 124.26, 124.14, 123.85, 120.94, 120.44, 

120.14, 65.99. MS (MALDI-TOF): m/z 633.37 [M+H]+. Anal. calcd (%) for C45H28S2: C 85.41, 

H 4.46; found: C 85.51, H 4.34. 

Synthesis of 2,7-dibromo-9-biphenyl-9-hydroxyfluorene (3).  4-Biphenyl magnesium 

bromide was prepared from magnesium powders (694 mg, 28.6 mmol) and 4-bromobiphenyl 

(6.15 g, 26.4 mmol) in dry THF (40 mL). The obtained Grignard solution was diluted with dry 

THF (50 mL), and 2 (7.51 g, 22.0 mmol) was then added into the solution. The mixture was 

refluxed for 5 h. After cooling to room temperature, the reaction mixture was quenched with an 

aqueous NH4Cl solution (10%).  The organic layer was washed with brine and dried over 

anhydrous MgSO4. After filtration and evaporation, the crude product was recrystallized from 
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toluene to give 3 as pale yellow crystals (yield = 7.60 g, 70%).  1H NMR (500 MHz, CDCl3): 

δ 7.32-7.57 (m, 15H), 2.49 (s, 1H).  13C NMR (125 MHz, CDCl3): δ 151.82, 140.64, 140.51, 

137.48, 132.45, 128.72, 128.39, 127.31, 127.26, 127.04, 125.66, 122.52, 121.53, 83.21. 

Synthesis of 2,7-dibromo-9,9-bis(biphenyl)fluorene (4).  To a mixture of 3 (1.60 g, 3.2 

mmol), biphenyl (4.92 g, 32 mmol), and acetic acid (15 g) were added dropwise H2SO4 (0.94 

g, 9.6 mmol) at room temperature. The mixture was stirred for 3 h at 80 °C. After cooling to 

room temperature, the reaction mixture was poured into a large amount of water. The formed 

precipitate was collected by filtration, washed with water and ethanol, and recrystallized from 

ethanol/THF to yield 4 as colorless crystals (1.20 g, 62%).  1H NMR (500 MHz, CDCl3): δ 

7.23-7.63 (m, 24H).  13C NMR (125 MHz, CDCl3): δ 152.84, 143.22, 140.41, 140.05, 138.03, 

131.08, 129.45, 128.77, 128.31, 127.35, 127.24, 126.90, 121.92, 121.67, 65.25. 

Synthesis of BFPT.  This compound was prepared in a fashion similar to SFPT, using 4 

(2.00 g, 3.2 mmol), 2-phenylthiophen-5-yl-boronic acid (1.82 g, 8.9 mmol), and Pd(PPh3)4 

(0.25 g, 0.22 mmol). The product was obtained as a yellow solid (yield = 1.60 g, 64%). This 

compound was further purified by repetitive temperature-gradient sublimation before use.  1H 

NMR (500 MHz, CDCl3): δ 7.79 (d, J = 8.0 Hz, 2H), 7.72 (d, J = 1.5 Hz, 2H), 7.68 (dd, J = 8.0 

Hz, 1.5 Hz, 2H), 7.61 (dd, J = 8.0 Hz, 2.0 Hz, 4H), 7.56 (dd, J = 8.0 Hz, 2.0 Hz, 4H), 7.52 (dd, 

J = 8.0 Hz, 1.5 Hz, 4H), 7.25-7.42 (m, 26H).  13C NMR (125 MHz, CDCl3): δ 145.69, 144.06, 

143.84, 143.66, 140.73, 140.41, 137.67, 132.05, 131.40, 131.37, 131.34, 127.62, 127.59, 

127.57, 126.40, 126.33, 126.27, 125.34, 122.45, 65.19. MS (MALDI-TOF): m/z 787.75 [M+H]+.  

Anal. calcd (%) for C57H38S2: C 86.99, H 4.87; found: C 87.02, H 4.73. 
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4-3. Optical properties 

The thermal behavior of SFPT and BFPT was examined using differential scanning 

calorimetry (DSC) and variable-temperature polarizing optical microscopy (POM), as depicted 

in Figure 4-2. SFPT showed a glass transition at Tg = 128 ºC and a cold-crystallization transition 

at Tc = 175 ºC (enthalpy change, ΔHc = 10.8 kJ mol−1) prior to melting at Tm = 278 ºC (ΔHm = 

18.5 kJ mol−1). In contrast, BFPT exhibited only a glass transition at Tg= 135 ºC. POM 

observation of SFPT revealed a marked change in microstructure at the first endothermic 

transition (175 ºC) from a pseudoisotropic texture to a highly birefringent dendritic crystalline 

architecture containing domains that were about 100 μm wide and several hundred micrometers 

long. At temperatures above Tm, birefringence of SFPT was completely lost under crossed 

polarizers, implying the material had melted. These initial experiments suggest that SFPT 

exhibits polymorphism with three different condensed phases, i.e., two amorphous states 

denoted as a- and b-phases, and a more thermodynamically stable crystalline state denoted as 

c-phase (Fig. 2). The spiro-type scaffold in SFPT with covalently bridged orthogonal 

configuration (Fig. 4-1) is robust and sterically less hindered than the two biphenyl substituents 

in BFPT, which allows such morphological bistability.  

 

 

Figure 4-2. DSC traces obtained for SFPT and BFPT (2nd heating at 5 °C min−1) and POM images of 

SFPT heated at 140 and 180 °C (left and right, respectively). SFPT shows polymorphism with two 

amorphous (a- and b-phases) and one crystalline (c-phase) states prior to isotropization (Iso). The 

arrows in the micrographs indicate the directions of polarizer axes. 
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The amorphous-to-crystalline transformation of SFPT was verified by out-of-plane X-ray 

diffraction (XRD) measurements (Fig. 4-3). No detectable reflections were observed for as-

deposited films of SFPT, consistent with the POM observations. Upon heating the SFPT films 

at ~180 °C, an intense peak at 1.84 nm with a set of (00l) reflections appeared in the XRD 

patterns, implying that a crystalline polymorph with layered nanostructures was formed in the 

c-phase. Given that the molecular length of SFPT is 2.42 nm, this indicates that the SFPT 

molecules within the layers have an average tilt angle of 40° with respect to the normal direction. 

Inspection of the molecular structure indicates the two outside phenyl-thiophene units of the 

conjugated chromophore backbone are completely planar, which enhances π-conjugation, 

resulting in additional intermolecular interaction. 

 

 

  

Figure 4-3. XRD patterns of SFPT films in a-phase (bottom), b-phase (middle), and c-phase (top). 

Insets show (a) molecular length, (b) interlayer distance (1.84 nm) and tilted molecular orientation 

with respect to the substrate normal, calculated from XRD and X-ray crystallography data, and (c) 

crystal packing structure of SFPT. 
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4-4. Charge carrier mobilities (μSCLC) 

To clarify the relationships between polymorphism and charge transport properties, the 

carrier mobilities (μSCLC) of SFPT and BFPT were evaluated by the steady-state space-charge-

limited current (SCLC) technique.[10] Figure 4-4 displays the current density–voltage (J–V) 

characteristics of hole-only devices with a structure of indium-tin-oxide (ITO)/MoO3 (0.8 

nm)/SFPT and BFPT (300 nm)/MoO3 (10 nm)/Al (70 nm). To fabricate these devices, SFPT 

films with b- and c-phase morphologies were prepared first by inducing formation of the 

respective polymorph at an elevated temperature (typically 140 and 180 °C, respectively) and 

subsequently quenching each structure by cooling to room temperature; the a-phase was readily 

obtained by vacuum deposition at room temperature. The SCLC characteristics for a single 

carrier are described by 
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where ε0 is the free-space permittivity (ε0 = 8.85 × 10−14 C V−1 cm−1), ε is the relative dielectric 

constant (assumed to be 3.0), E is the electric field, L is the film thickness, μ0 is the zero-field 

mobility, and β is the Poole–Frenkel factor.  

 

 

Figure 4-4. Double logarithmic plots of J–V characteristics of hole-only devices with the structure 

ITO/MoO3 (0.8 nm)/SFPT (300 nm)/MoO3 (10 nm)/Al (70 nm). The inset shows the electric-field 

dependence of hole mobility (μSCLC) for the SFPT films with a-, b-, and c-polymorphs. 
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As presented in Fig. 4-4, clear steps of the hole mobility values were observed in SFPT at each 

phase transition. The solid lines represent the best fits to the SCLC model. Pure a-phase was 

formed by deposition of SFPT at room temperature, and the b- and c-polymorphs were realized 

by heating the samples at 140 and 180 °C, respectively, and then cooling to room temperature. 

Note that the crystalline c-phase is more thermodynamically stable than the a-phase. The 

highest hole mobility of over 10−2 cm2 V−1 s−1 was attained for the crystalline c-phase, and is 

about 2–3 orders of magnitude higher than those obtained for the amorphous morphologies. It 

is also noted that for SFPT, the hole mobilities in both amorphous states are different (μSCLC = 

~10−4 and 10−5 cm2 V−1 s−1 for a- and b-phases, respectively). These results unambiguously 

demonstrate that charge transport properties can be controlled by using the rich polymorphism 

of SFPT. In contrast, the observed mobilities for biphenyl-substituted BFPT in both pristine 

and annealed films were within the same order of magnitude (10−5 cm2 V−1 s−1, Fig. 4-5) and 

considerably lower than that of SFPT in the a-phase. Despite its orthogonal molecular 

configuration (Fig. 1b), the smaller lateral substituents of SFPT possibly allow effective 

intermolecular interactions and molecular orientation ordering, resulting in enhanced carrier 

mobility. 

 

 

Figure 4-5. Double logarithmic plots of J–V characteristics of hole-only devices comprising 

ITO/MoO3 (0.8 nm)/BFPT (300 nm)/MoO3 (10 nm)/Al (70 nm). The solid lines represent the best fits 

to the SCLC model.  The inset shows the electric-field dependence of hole mobility (μSCLC) for the 

BFPT films before and after thermal treatment at 140 °C for 10 min. 
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4-5. Wide-range variable angle spectroscopic ellipsometry (VASE) analysis 

To gain further insight into the origin of such polymorphism-dependent carrier mobilities, 

molecular orientation and optical anisotropy of SFPT films comprising different polymorphs 

were investigated by variable-angle spectroscopic ellipsometry (VASE).[11] Figure 4-6a 

indicates that the ordinary (i.e., in-plane) extinction coefficient (ko) and refractive index (no) are 

much larger than the extraordinary (i.e., out-of-plane) ones (ke, ne). This noticeable anisotropy 

at the peak of the π– π* absorption (390 nm) suggests that the transition dipole moments along 

the longest axis of the SFPT molecules are aligned horizontally in the as-deposited amorphous 

film. However, the optical anisotropy of the SFPT film almost disappeared in the b-phase after 

thermal treatment at an elevated temperature above Tg but below Tc (Fig. 4b). From these VASE 

results, anisotropies in molecular orientation can be quantified by the orientation order 

parameter (S), given by  
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where S = −0.5 when all of the molecules are horizontally oriented, S = 0 when they are 

randomly oriented, and S = 1 when they are all oriented perpendicularly to the substrate. VASE 

analysis revealed that S of the SFPT films was −0.34 for the a-phase and −0.09 for the b-phase. 

With increasing annealing temperature above Tc, a recrystallization transition occurred in the 

SFPT film, forming a continuous crystalline terrace-like texture with pronounced surface 

roughness (Fig. 4-7).  

 

 

Figure 4-6. Ordinary (solid lines) and extraordinary (dashed lines) extinction coefficients (ko and ke) 

and refractive indices (no and ne) of SFPT films determined by VASE: (a) a-phase (as-deposited) and 

(b) b-phase formed after thermal treatment at 140 °C for 10 min.
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Meanwhile, for BFPT, both the untreated and annealed films showed small optical anisotropy 

(S = −0.13 and −0.03, respectively; Fig. 4-8). This suggests that the BFPT molecules with bulky 

biphenyl substituents have a weak tendency to adopt horizontal orientation within thin films, 

presumably because of large steric hindrance between neighboring molecules. 

 

 

 

  

Figure 4-7.  POM (top panels) and AFM images (bottom panels) of SFPT films on Si/SiO2 substrates: 

(a,d) at room temperature (a-phase) and after thermal treatment at (b,e) 140 °C (b-phase) and (c,f) 

180 °C for 10 min (c-phase). 

Figure 4-8.  Ordinary (solid lines) and extraordinary (dashed lines) extinction coefficients (ko and ke) 

and refractive indices (no and ne) determined by VASE measurements for an as-deposited BFPT film 

at (a) RT and (b) after thermal treatment at 140 °C for 10 min.  
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4-6. Amplified spontaneous emission (ASE) properties 

SFPT and BFPT emit bright sky-blue photoluminescence (PL) and show relatively high PL 

quantum yields of 46±2% and 43±2%, respectively, in neat films. It has been envisaged that 

the observed preferable molecular orientation will be suitable for self-waveguiding 

amplification of light emission from these thin films. Waveguided propagation of emission is 

generally thought to be a prerequisite for lasing.[12] To this end, the SFPT and BFPT films were 

optically pumped using a pulsed N2 gas laser (λex = 337 nm, pulse width = 500 ps, and repetition 

rate = 20 Hz), and the light emitted from the edge of the films was collected. Figure 4-9a shows 

the absorption and PL spectra of an as-deposited SFPT film (a-phase). The PL spectrum 

exhibited broad vibronic peaks with shoulders at 442, 475, and 510 nm, which are assigned to 

the (0–0, 0–1, 0–2) transition bands, respectively. As plotted in Figure 4-9b, upon increasing 

the pumping energy, the emission intensity centered at 484 nm increased nonlinearly, 

accompanied by narrowing of the emission spectra, whose full width at half-maximum 

(FWHM) abruptly decreased to 4 nm. This spectral narrowing phenomenon is characterized as 

amplified spontaneous emission (ASE) caused by stimulated emission. The ASE with the 

highest gain occurred at the emission of the (0–1) transition, and was slightly red-shifted with 

respect to the PL peak because of self-absorption.  

The ASE threshold (Eth) for the SFPT film (a-phase) was determined to be 0.7±0.1 μJ 

cm−2,[13] which is extremely low and comparable to values reported for 4,4'-bis[(N-

carbazole)styryl]biphenyl (BSB-Cz, Eth = 0.6 μJ cm−2)[14a] and 2,7-bis[4-(N-

carbazole)phenylvinyl]-9,9'-spirobifluorene (spiro-SBCz, Eth = 0.43 μJ cm−2)[14b] in neat films. 

By comparison, for the annealed SFPT film (b-phase) with random molecular orientation, a 

higher energy density (Eth = 1.1±0.1 μJ cm−2) was required to induce ASE (Fig. 4-10). Therefore, 

the ASE property with a low threshold can be associated with preferential horizontal molecular 

orientation in thin films.[15] Indeed, the a-phase of the SFPT film has a larger in-plane refractive 

index than the b-phase at the ASE wavelength (484 nm), which would facilitate emission 

confinement in the waveguide mode.  
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Figure 4-9.  (a) Absorption, PL emission, and ASE spectra of a 100-nm-thick SFPT film in the a-

phase. Inset: photograph of sky-blue ASE from the film edge taken under laser pulse. (b) Emission 

intensity and full width at half-maximum (FWHM) of PL as a function of excitation fluence. 

Figure 4-10.  (a) PL emission and ASE spectra of a 100-nm-thick SFPT film in the b-phase after 

thermal annealing at 140 °C for 10 min. (b) Emission intensity and full width at half-maximum 

(FWHM) of PL as a function of excitation fluence. 
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4-7. Organic field-effect transistor properties 

Representative output and transfer characteristics for OFETs employing as-deposited SFPT 

films (a-phase), films annealed at 140 ºC (b-phase) and 180 ºC (c-phase) are plotted in Figure 

5. All of the devices are well-behaved p-type transistors under ambient conditions. For the 

transfer characteristics, the field-effect mobilities (μ) of the devices were extracted in the 

saturation regime (VD = −100) using the following equation: ID = (W/2L)μCi(VG-Vth)2, where ID 

is the source-drain current, W and L are the channel width and length, respectively, Ci is the 

capacitance per unit area of the SiO2 gate dielectric (11 nF/cm2), VG is the gate voltage, and Vth 

is the threshold voltage. The field-effect mobilities calculated from the transfer curves were 1.2 

× 10−3 cm2 V−1 s−1 for RT and 1.1 × 10−4 cm2 V−1 s−1 for 140 ºC annealing (Fig. 4-11b and 4-

11d). Decrease of the mobilities may result from the generation of deep trap levels and change 

of the interfacial contact between the organic layer surface and the dielectric layer caused by 

difference molecular orientation (SRT = −0.34 and S140 ºC = −0.09).[16] In addition, the field-effect 

mobility observed in the SFPT-based OFETs at RT is one of the highest values among those 

for vacuum-deposited amorphous OFETs.[17] Among the SFPT devices, the SFPT-based device 

annealed at 180 ºC shows the best electrical performance due to the stacking arrangement of 

the layer-by-layer crystalline structure with more effective intermolecular interaction, which 

can be seen from the XRD data (Fig. 4-3). The hole mobility of the SFPT-based OFETs at 180 

ºC reaches 3.7 × 10−3 cm2 V−1 s−1 with a high on/off current ratio on 105 and the output 

characteristics show low contact resistance and good saturation behavior (Figs. 4-11e and 4-

11f). In addition, note that the Vth drastically decreases in the order of b-phase ≈ a-phase ›› c-

phase. This is because the HOMO level after crystallization is well-matched with the work 

function of the gold electrodes (Fig. 4-12). Compared with the OFETs based on SFPT films, 

the OFETs based on BFPT films exhibit much lower mobilites (μFET = 2.1 × 10−4 cm2 V−1 s−1, 

Fig. 4-13). Although BFPT molecules have π-conjugated chromophore backbones nearly 

identical to those of SFPT molecules, their loose horizontal orientation (S = −0.13) results in a 

decrease of the hole mobilities by an order of magnitude compared to OFETs utilizing the 

horizontal orientation of SFPT. 
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Figure 4-11.  Output (left panels) and transfer characteristics (right panels) of OFETs based on SFPT 

films in (a,b) a-phase, (c,d) b-phase, and (e,f) c-phase. The insets show the optical microscopic images 

of the devices (scale bar = 100 μm). 
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Table 4-1. Summary of OFET properties of SFPT 
 

polymorph orientation 
μFET 

(cm2/Vs) 

Vth
a) 

(V) 

Ion/Ioff 
b) 

a-phase horizontal 1.2 × 10−3 −57 104 

b-phase random 1.1 × 10−4 −64 104 

c-phase crystalline 3.7 × 10−3 −20 105 

a) Threshold voltage was determined by extrapolating the |ID|1/2 vs VG plot to ID = 0 

b) On/off ratio was determined from the ID at VG = 0 V (Ioff) and VG = −100 V (Ion). 

 

 

 

 

 

 

  

Figure 4-12.  Photoelectron yield spectra of (a) SFPT and (b) BFPT. 

Figure 4-13.  Output (a) and transfer characteristics (b) of OFETs based on BFPT. 
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4-8. Conclusion 

In summary, the 9,9-diarylfluorene-based organic semiconductors SFPT and BFPT were 

fabricated, and their polymorphic solid-state structures were studied. SFPT molecules tend to 

align horizontally along the substrate surface even in the amorphous state. It has been 

demonstrated that such anisotropic molecular orientation and rich polymorphic behavior have 

significant impacts on charge transport and ASE properties. Significant differences in p-type 

OFETs and SCLC properties between SFPT and BFPT are observed in VASE results, in which 

the molecular orientation is strongly affected by the core of the central fluorene unit. 

Spirobifluorene-based SFPT has an unique polymorphic behavior by using thermal annealing, 

including both efficient horizontal orientation and an improved crystallization that lead to 

excellent carrier transport abilities. It is thus imperative to control polymorphism in organic 

semiconductors. Further experiments to achieve efficient carrier injection in these materials and 

realize electrically driven organic lasers are under way. 
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In this thesis, the molecular orientation in vacuum-deposited organic amorphous films and 

their effect on optical and electrical characteristics of organic devices have been investigated.  

In Chapter 2, novel starburst-type amorphous materials: N1,N1,N4,N4-tetra(biphenyl-4-

yl)benzene-1,4-diamine (B-DDP); N1,N1,N4,N4-tetrakis(4-(thiophen-2-yl)phenyl)benzene-1,4-

diamine (T-DDP); and N1,N1,N4,N4-tetrakis(4-(benzo[b]thiophen-2-yl)phenyl)benzene-1,4-

diamine (BT-DDP) are synthesized and applied as hole injection layers (HIL) in organic light-

emitting diodes (OLEDs). OLEDs containing these materials as a HIL demonstrated a 

significant reduction in the required driving voltage. It has been found these molecules form a 

horizontally oriented amorphous thin film upon vacuum deposition. A close correlation 

between the reduction of driving voltage in OLEDs and the orientation parameter of the organic 

thin films was observed. The enhanced horizontal molecular orientation resulted in the lower 

driving voltage because of a decrease in the hole injection barrier at the anode/HIL interface.  

Horizontal orientation can be utilized to enhance both light outcoupling efficiency and carrier 

transport properties in OLEDs. In Chapter 3, bifunctional star-burst amorphous molecular 

materials, N,N,N',N'-tetraphenyl-p-phenylenediamine (PDA) or triphenylamine (TPA) core 

with triphenylethene (TPE) units, displaying both efficient solid-state luminescence and high 

hole transport properties have been developed. A high external electroluminescence quantum 

efficiencies up to 5.9% has been attained in OLEDs employing the developed amorphous 

materials. It has been revealed that the spontaneous horizontal orientation of these light-

emitting molecules in their molecular-condensed states leads to a remarkable enhancement of 

the electroluminescence efficiencies and carrier transport properties. 

In Chapter 4, two fluorene derivatives, 2,7-bis(5-phenylthiophen-2-yl)-9,9'-spirobifluorene 

(SFPT) and 2,7-bis(5-phenylthiophen-2-yl)-9,9-bis(1,1'-biphenyl-4-yl)-fluorene (BFPT) were 

compared, and reported on the influence of substituents on the molecular orientation. 

Furthermore, it has been demonstrated here that vacuum-deposited films of SFPT exhibit 

varying carrier transport abilities and amplified spontaneous emission (ASE) due to 

polymorphic behavior and control the morphological structure from an amorphous state to a 

crystalline state by using thermal annealing treatment. 

Starting with the first detection of the amorphous molecular orientation of linear-shaped 

fluorene derivatives estimated by VASE, the molecular orientation of various kinds of organic 
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materials have been investigated systematically. An enhancement of optical and electrical 

properties of the horizontal orientation in organic amorphous films explored through this thesis 

are all based on new organic materials. This thesis will be helpful in designing new materials 

and understanding device physics and for further improving the performance of organic devices. 

In future, the development of this study for further understanding and improvement of device 

performance will be conducted. The study can be divided into three main themes, that is, (1) 

control of molecular orientation, (2) effect on orientation at interfaces, and (3) application to 

devices. 

First, the molecular orientation can be controlled by chemical and physical technique. The 

relation between the amorphous molecular orientation and crystallinity caused by change of 

substituent and/or thermal treatment should be completely understood. The dynamic changes 

in molecular interactions of organic molecules are induced by internal and external stimuli such 

as steric hindrance and heat that can affect the intermolecular interaction. The molecular 

orientation on the extended interface between organic layers allows the tuning of the optical 

and electrical properties of the organic devices. It is because the molecular migration, alignment, 

and electronic structure can be largely influenced by the molecular interaction. 

Second, it is reasonable to believe that the horizontal molecular orientation affects not only 

the charge transport in the bulk of films but also the charge injection at an electrode/organic or 

organic/organic interface, because the orientation affects the overlap of the wave functions at 

the interface. However, the ellipsometry cannot directly detect the orientation at the interface, 

such as in a monolayer. To explain and clarify the effect at the interfaces, detailed analysis by 

other methods is needed.  

Third, the molecular orientation is commonly one of the critical viewpoints in research on 

organic devices other than OLEDs, such as OSCs or OFETs. From the electrical viewpoint, the 

horizontal orientation is preferable in OLEDs and OPVs for charge transport in the direction of 

thickness, and the vertical orientation is preferable in OFETs for lateral charge transport. If it 

becomes possible to control the polymorphic behavior which has both amorphous and 

crystalline phase in organic films in microscale to nanoscale, the optical and electrical 

advantage can be utilized not only for OLEDs and OSCs but also organic laser and OFET. 

By solving the above issues, the performance of organic devices will be further improved, 
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and the fundamentals of organic devices will be much more sophisticated from the viewpoint 

of both chemistry and physics.  
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