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ABSTRACT

Research on new organic semiconductor materials and their optoelectronic

properties has been growing in prominence due to diverse potential applications. This

thesis explores the charge transport properties of some novel triarylamine based organic

semiconductors in hole-only devices to examine their suitability for OLED

applications. Devices fabricated by physical vapor deposition are characterized using

Impedance Spectroscopy as well as frequency and/or voltage dependent measurements

of current density, capacitance and conductivity. The thickness dependent hole

injection efficiency of 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane

(F4TCNQ) film in devices of N,N′-Di(1-naphthyl)-N,N′-diphenyl-(1,1′-biphenyl)-4,4′-

diamine (α-NPD) shows that the hole injection and transport properties reach a

maximum for F4TCNQ film of optimum thickness of ~ 4 nm. The hole mobility of

α-NPD (~ 10-5-10-4 cm2V-1s-1) is observed to increase over several orders of magnitude

with its thickness and is found to be in good agreement with the literature. Following

these studies, the electrical and optical properties of hole-only devices are investigated

using triphenylamine (TPA) derivatives with either methyl or tert-butyl as side groups.

This substitution is seen to improve charge transport properties. In addition to the above

mentioned measurements, the role of side groups on the electrical and optical properties

of the TPA derivatives is also investigated through UV-Vis and Photoluminescence

(PL) spectroscopy. The frequency dependent analysis of charge carrier hopping rate

reveals a crossover from dc to ac conductivity in the presence of a small ac bias. The

new TPA molecules investigated are seen to possess hole mobility in the order of

10-7-10-6 cm2V-1s-1 and Photo Luminescence (PL) efficiency (~ 30%) which indicate

their suitability for OLED applications.

Keywords: Organic semiconductor, Impedance Spectroscopy, triarylamine, mobility,

hopping rate.
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CHAPTER 1

INTRODUCTION

1.1   BACKGROUND AND MOTIVATION

Organic electronics is an emerging interdisciplinary field of Photonics, dealing

with the design, synthesis, characterization, and device applications of organic small

molecules or polymers having suitable electronic properties. These materials are mainly

carbon-based; unlike inorganic materials, such as Silicon, Germanium, Gallium

Arsenide, etc., used in traditional electronics. Organic electronics is receiving steady

and increasing attention in optoelectronics since the past few decades due to the advent

of new class of materials known as organic semiconductors (Brütting 2005, Sergiyenko

2011). Organic semiconductor devices can be broadly classified into three main classes,

namely organic light-emitting diodes (OLEDs) (Tang and Van Slyke 1987), organic

photovoltaics (OPVs) (Lu et al. 2015), and organic field-effect transistors (OFETs)

(Uemura et al. 2016). A few commercially developed prototypes based on organic

semiconductors are shown in figure 1.1 (a-d). The 77" flexible and transparent OLED

display by LG, shown in figure 1.1 (a) features a resolution of 4K/UHD (3840 x 2160),

80 mm radius of curvature and 40% transparency. Figure 1.1 (b) shows a bright Amber

OLED panel developed by Yeolight Technology to be used for automotive OLED rear

lights. This panel has a size 85x85 mm (active area 76.5x76.5 mm) and color

temperature 2000 K-2600 K. Its efficiency is > 70 lm/W at 2,000 cd/m2 brightness and

the lifetime is over 20,000 h. In figure 1.1 (c), the Lumiblade 12 x 12 cm OLED Panel

Brite FL300 Philips with a luminous flux of up to 300 lumen is shown. Figure 1.1 (d)

shows two flexible white passive-matrix OLED (PMOLED) panels by Wisechip, one

is 1.8" 160x32 and the other 1.36" 128x16. The curvature radius of the displays is

40 mm.

Organic materials are lighter, flexible, and a very large variety of these materials

are available, which makes them attractive alternatives in many applications. An added
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advantage is that these materials can be processed on a large scale (in many cases) by

employing low temperature techniques, solution processing or even screen printing

technology for device fabrication.

Figure 1.1 Commercially developed prototypes based on organic semiconductors:

(Clockwise from left) (a) LGD 77" flexible and transparent OLED display-2017

(www.oled-info.com) (b) Yeolite OLED panel prototype for automotive rear lights

-2017 (www.oled-info.com) (c) Lumiblade 12 x 12 cm OLED Panel Brite FL300

Philips-2015 (www.lighting.philips.co.uk) and (d) Wisechip flexible PMOLED

displays-2017 (www.oled-info.com)

The amorphous nature of the organic materials allows structural flexibility and

does not require lattice matching at the organic interfaces in order to obtain high quality

films of large size (Forrest 1997). This enables large scale applications, such as smart

windows, electronic paper, etc. It may be emphasized that good lattice matching

between the substrate and deposited film is a critical requirement in devices based on

crystalline thin films requiring intricate fabrication procedures and hence, leading to

high costs. The flexible nature of organic films also leads to added benefits, such as

mechanical flexibility, light weight, and cost-effective fabrication procedures (Koch
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2007). Another advantage of these materials is the option to tailor their electronic and

optical properties by chemically modifying the molecular structure (Montes et al.

2004).

Inorganic semiconductors, such as silicon and germanium played a dominant

role in the electronics industry ever since the invention of the transistor in the middle

of the last century, and continue to reign the world of microelectronic applications of

which optoelectronics forms an important part. Organic electronics revolution has

provided new prospects in optoelectronics (Brütting 2005). However, a major limitation

of organic devices is the lack of high purity organic materials and much lower carrier

mobility compared to that of inorganics which prove far more robust in major electronic

applications. Extensive research to address these fundamental challenges is still the

need of the hour. Moreover, the organic optoelectronic devices are based on charge

transport, and understanding this nature is crucial to design new materials with

improved structure-property relationship. The charge transport in these materials also

depends on the device architecture. Therefore, understanding the transport mechanism

by correlating the device architecture and molecular structure with the electrical

properties is necessary for the development of highly efficient devices.

1.2   ORGANIC SEMICONDUCTORS

Organic materials used in electronic device applications are mainly carbon

based semiconductors having alternate single and double bonds, which are termed as

conjugated organic materials. The atomic bonding in these systems results from

hybridization, forming σ and π bonds. The delocalization of electrons due to the

formation of the π bonds leads to the semiconducting properties of conjugated organic

materials.

In case of sp2 hybridization, which is often found in conjugated systems, strong

σ bonds are formed by three electrons (one in s orbital and two in x and y planes of p

orbitals) as shown in figure 1.2. These σ bonds determine the shape and structure of the

molecule. The electron in the z plane of the p orbital forms the weaker π bond with its

neighbor. These π-bond electrons freely move in the molecule, accounting for the
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unique electronic properties of conjugated systems. The energy states formed by the

molecular bonding and antibonding orbitals lead to the formation of occupied and

unoccupied states, respectively.

Figure 1.2 Schematic representation of sp2 hybridization (Brütting 2005)

In the condensed phase, the bonding and antibonding orbitals merge to form

band-like structures. The highest occupied molecular orbital (HOMO) is the state

possessing the highest energy among all occupied orbitals and is analogous to the edge

of the valence band in inorganic semiconductors. Similarly, the lowest unoccupied

molecular orbital (LUMO) is the state possessing the lowest energy among all

unoccupied orbitals and is analogous to the edge of the conduction band in inorganic

semiconductors. Figure 1.3 shows the bonding (π) and antibonding (π*) levels in

organic molecules and the formation of HOMO and LUMO in the solid. The π and π*

states are stabilized in the molecular solid by polarization energies when compared to

isolated molecules in the gas phase, leading to an energy level scheme (Brütting 2005).

However, it is seen from the figure that there is a spread in the π and π* states compared

to σ and σ* states. This is because, during the formation of σ bonds, electrons are

attracted between two nuclei strongly due to effective head to head overlapping,

whereas in π bond formation, electrons are not strongly attracted between nuclei due to

weak parallel overlapping, leading to a spread of π electrons and orbitals over a wide

area (Brütting 2005).

There are two classes of organic materials: small molecules and polymers, as

shown in figure 1.4. Their device fabrication techniques are simpler than those used for
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inorganic devices. This makes them promising candidates for the electronic industry.

Organic materials can be processed at low temperatures (< 200°C) by either solution

processing or vacuum deposition.

Figure 1.3 Formation of HOMO and LUMO with Gaussian Density of States

(Brütting 2005)

The advantage of using small molecules is that they have a well-defined

chemical structure, and their thin films produced by vacuum deposition are uniform and

free from contaminants, leading to improved device properties (Tour 1996). In addition,

the charge carrier mobility in small molecules is substantially higher than in polymeric

materials (Dimitrakopoulos and Malenfant 2002).

Although organic semiconductors have intramolecular covalent bonds similar

to conventional semiconductors, they are held together by weak intermolecular van der

Waals interactions. The disorder in organic semiconductors leads to weak coupling

between the molecules, giving rise to Gaussian density of states (GDOS). The shape of

the density of states is assumed to be Gaussian since the coupling between a charge

carrier and a random distribution of static or induced dipoles leads to a Gaussian

function (Bässler 1993, Dieckmann et al. 1993). Due to this phenomenon, charge

transport through organic semiconductors occurs by inter-site hopping of charge

carriers through the GDOS of HOMO and/or LUMO between molecules.
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(a)

Pentacene 5,6,11,12-Tetraphenyltetracene          Copper(II) phthalocyanine

(Rubrene) (CuPc)

(b)

Poly(p-phenylene vinylene) Phenyl-C61-butyric Poly(3,4-ethylenedioxythiophene)
acid methyl ester                    polystyrene sulfonate

(PPV)                                    (PCBM)                                 (PEDOT:PSS)

Figure 1.4 Some significant organic semiconductor (a) small molecules and

(b) polymers (Brütting 2005)

Organic semiconductor materials used in applications such as OLEDs have

various functions based on their conjugation type, ionization potential (IP), electron

affinity (EA) and charge transport ability in the device. Depending on these factors,

they are classified as hole injection, hole transport, electron injection, electron transport,

hole blocking and electron blocking materials. The organic materials used in this thesis

are small molecule organic semiconductors. The charge transport materials should be

capable of forming pinhole-free smooth films and should be morphologically and

thermally stable. A high glass transition temperature of these materials is required to
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enable operation of devices at operating temperatures. They should have a wide optical

band gap, thus confining the injected carriers within the emitting layer and leading to

radiative recombination. The commonly used hole transport materials include

triarylamines, triphenylamines, thiophenes, etc. (Bellmann et al. 1998, Shirota and

Kageyama 2007). Metal chelates, oxadiazole derivatives, triazoles, etc., are some of the

commonly used electron transport materials.

1.3   DEVICE STRUCTURES

A typical multilayer organic light-emitting diode (OLED) consists of the

emissive layer that is sandwiched between the charge transport layers and the electrodes

as shown in figure 1.5. Holes from the anode and electrons from the cathode recombine

to form excitons, which should preferably decay radiatively in the emissive layer. The

hole mobility in organic materials is generally two orders of magnitude greater than

that of electrons (Tiwari and Greenham 2009). Due to this, the recombination takes

place in the vicinity of the cathode and results in quenching of the excitons, leading to

decrease in the lifetime and efficiency of the device (Burin and Ratner 2000). Studies

have shown that multilayer structures have balanced carrier injection and transport.

As seen in figure 1.5, inclusion of hole/electron blocking layers on either side

of the emissive layer acts to confine the charge carriers within the emissive layer, which

greatly improves the device performance (Adachi et al. 1988, Troadec et al. 2001, Hao

et al. 2006). Further, the inclusion of hole and electron injection layers (HIL and EIL)

in the device lowers the charge injection barriers at the anode and cathode, respectively.

The hole and electron transport layers (HTL and ETL) enable easy passage for the

injected carriers to reach the emissive layer (Shinar 2004). The most widely used anode

is indium tin-oxide (ITO) which is highly transparent in the visible region, owing to its

large band gap (Kim et al. 1999). The cathode typically constitutes any of the low work

function metals, such as aluminum, magnesium, and calcium or their alloys with silver.

The materials are selected such that there is close energy barrier at the interface

between various layers in the device. Because of this configuration, the charge transport

into emissive layer becomes highly efficient.
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Figure 1.5 A typical multilayer OLED structure (Mazzeo 2010)

Figure 1.6 shows a schematic representation of the energy level matching in

typical OLEDs. When an external voltage is applied to the device, there is bending of

the energy levels (not shown in this figure).

Figure 1.6 Schematic representation of the energy level diagram

The hole transport layer should possess high hole mobility and low ionization

potential to enable efficient hole transport from the hole injection layer. Similarly, the

electron transport layer should have high electron mobility and high electron affinity in

order to match the work function of the cathode and enable efficient electron transport
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to the emissive layer. As a first step towards optimizing the device performance, it is

prudent to study single carrier devices in order to reveal the role of geometry of films

of different materials and the film quality. In this work, hole-only devices have been

investigated.

1.4   ROLE OF INTERFACES

In organic devices, the various interfaces play a crucial role in the device

performance. The quality and the number of interfaces determine the efficiency and

overall performance of these devices. In this regard, the understanding of energy level

alignment at the interfaces is important.

1.4.1   Metal-Organic Interfaces

The energy level alignment at the electrode-organic interfaces determines the

charge injection into the device. The work functions of the anode and cathode have to

match the HOMO and LUMO energy levels of the organic layer immediately next to

them, for efficient hole and electron injection, respectively. In practical devices, this is

facilitated by the hole and electron injection layers between the electrode and the charge

transport layers. For negligible energy barrier between the metal and organic layer, an

ohmic contact ensues. At larger energy barriers, the junction functions as a Schottky

contact.

The schematic representation of energy level alignment at the two electrode-

organic interfaces is shown in Figure 1.7 (a) and (b), where the vacuum levels of metal

and organic are assumed to be aligned. The position of the Fermi level in the metal with

respect to the vacuum level gives the work function of the metal and is denoted by ϕm.

The energy barriers to hole and electron injection are denoted as ϕh and ϕe, respectively.

In ideal cases, the Fermi level position of the anode/cathode should match the

ionization potential (IP)/electron affinity (EA) of the organic materials, respectively.

However, in cases of many metal-organic interfaces, the assumption of a common

vacuum level does not suffice. There exists a small vacuum level offset between that of

metal and organic due to the formation of interfacial dipoles arising from the formation
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of chemical bonds and charge transfer (“push-back”) effect (Salaneck et al. 1996, Koch

et al. 2006, Kanai et al. 2012).

Figure 1.7 Schematic representation of the energy level diagram at the

(a) anode-organic and (b) cathode-organic interfaces assuming a common vacuum

level (Koch et al. 2006)

Therefore, in practical devices, there certainly exists a small barrier due to this

vacuum level misalignment even if the work function of the metal matches the IP or

EA of the organic materials.

1.4.2   Organic-Organic Interfaces

Although a similar approach is followed in understanding the organic-organic

interfaces, their underlying physics is not as straightforward as that of metal-organic

interfaces. This is because of a number of factors, such as alignment of molecular orbital

energies (HOMO and LUMO), interfacial dipoles, structural defects, molecular

orientation in the thin films, etc., involved in the formation of these interfaces

(Yonezawa et al. 2014, Opitz et al. 2016).

Several theoretical models have been developed in literature to address the issue

of interface energetics between different organic layers, based on the type of interfaces

(Beljonne et al. 2011, Liu et al. 2012, Ryno et al. 2016).
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1.5   CHARGE INJECTION AND TRANSPORT MECHANISM

The knowledge of charge injection and transport mechanism in crystalline

inorganic semiconductors is well established since many decades. The extension of this

knowledge to amorphous organic semiconductors has met with several obstacles, since

the charge transport in amorphous materials occurs by hopping in a manifold of

localized states and not by band-like transport as in inorganic semiconductors. Several

theoretical models have been proposed based on simulations and experiments (Tessler

et al. 2009), but there is still need for extensive research to arrive at an accurate model.

This becomes quite challenging since the nature of the interface in terms of composition

and structure is not well understood. For example, the charge injection is influenced by

substrate preparation conditions, deposition parameters, material properties and device

architecture (Coropceanu et al. 2007).

1.5.1   Charge Injection Mechanism

In organic semiconductor devices, charge injection from the metal electrode into

the organic semiconductor depends on the barrier between the two. Upon formation of

electrode-organic interface, diffusion of the charge carriers into the organic layers

results in an image force, thereby lowering the potential barrier. This leads to a

reduction in the energy of the interface states whereby they become energetically

available to the electrons hopping from the metal Fermi surface.

On the other hand, the bulk states, deep in the organic layer remain energetically

unavailable for charge hopping because the image potential decreases rapidly away

from the interface. However, on applying an external electric field, the energy of the

available states in the bulk of the organic layers is lowered. This results in an increased

probability of carrier hopping into bulk states (Shinar 2004, Brütting 2005, Ng et al.

2007).

Charge injection from a metal into a semiconductor is well described in

inorganic semiconductors using two well accepted models, known as Fowler-Nordheim

(FN) model for tunneling injection and the Richardson-Schottky (RS) model for



Chapter 1

12

thermionic emission (Sze and Ng 2007). The Fowler-Nordheim (FN) model considers

that electrons from the metal, tunnel through a triangular barrier into unbound

continuum states on the other side. This model neglects the image charge effects and

the barrier height, which play an important role in organics. It also considers current

density to be independent of temperature as shown in equation 1.1 below (Sze and Ng

2007).

3 2 * 1/2 3/2
0
*

4(2 )( ) exp
8 3
q V m mJ V

h m hqV


 
 

  
 

(1.1)

where m0 is the mass of the free electron, m* is the electron effective mass, h is the

Planck’s constant, q is the elementary charge, ϕ is the barrier height and V is the applied

voltage.

On the other hand, the Richardson-Schottky (RS) model assumes that the

superposition of the external and image charge potential results in a potential maximum,

and once an electron from the metal has acquired sufficient thermal energy to cross this

potential, it can be injected into the semiconductor. In this formalism, the tunneling of

electrons across the barrier is taken to be absent. The charge transport in organic solids

is a Brownian process and the mean-free path is comparable to the intermolecular

distance. The current density is given by the following equation (Sze and Ng 2007).
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where A* is the Richardson factor, T is the temperature, q is the elementary charge, ϕ is

the barrier height, F is the applied field, ε0 is the permittivity of vacuum, εr is the relative

permittivity, kB is the Boltzmann constant, N0 is the density of surface states and µ is

the charge carrier mobility.

The inadequacy of both these models led to other extended charge injection
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models. Arkhipov et al. (1998) presented an analytical model based on thermally

stimulated hopping theory. Wolf et al. (1999) performed detailed Monte Carlo

simulations of charge injection from a metal to an organic semiconductor layer. More

recently, Gozzi et al. (2015) described charge injection at metal-organic semiconductor

heterojunctions using a combination of the FN model and the model proposed by

Arkhipov et al. (1998).

1.5.2 Hopping Transport Mechanism

The charge carriers in the Gaussian distribution of density of states (GDOS) in

organic materials are localized and they hop within a collection of discrete energy

states. This hopping transport is modeled mainly using the Gaussian Disorder Model

(GDM) proposed by Bässler (1993). The Gaussian energy distribution is given by the

following expression

2
2 1/2

2( ) (2 ) exp
2
Eg E 


  
  

 
(1.3)

where σ is the width of the density of states (DOS) and E is energy relative to the center

of the DOS. The schematic of the Gaussian distribution of energies showing the

transport and localized states is shown in the figure 1.8.

Figure 1.8 Schematic of the Gaussian disorder model (Kramer 2002, Craciun 2011)
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The charge transport in the GDOS is fundamentally governed by the equilibrium

level and transport level (Kramer 2002). The equilibrium level represents the maximum

of the density of occupied states and has energy equal to -σ2/kBT. The charge carriers

within the GDOS relax to this level, and this acts as a starting point for the carriers to

move towards the transport level.

The transport level with energy -5/9(σ2/kBT) is relevant to the charge transport.

The charge carrier is free to move in the transport states. However, beyond the

equilibrium level towards the bottom of the GDOS, there exist localized (tail) states

where the charge carrier is localized and trapped. The position of the Fermi level

depends on the carrier density (Craciun 2011). At low carrier density, the Fermi level

lies below the equilibrium level, whereas it crosses the equilibrium level with increasing

carrier density. The energy difference between the equilibrium and transport levels

gives the activation energy. At low field, this leads to the mobility being directly

proportional to exp[-(2σ/3kBT)2] (Kramer 2002, Craciun 2011).

Various numerical and analytical models have also been proposed as an

extension to GDM or as its alternative in order to provide an insight to the underlying

physical mechanism (Arkhipov et al. 1998). Traditionally, both numerical and

analytical models of charge carrier hopping in disordered materials are based on the

Miller-Abrahams (1960) expression

'
0( , , ) exp( 2 / )r E E r a   1, E < E’ (1.4)

exp[ ( ') / ( )]BE E k T  , E > E’

where ν is the frequency of carrier jumps over a distance r from a localized state with

energy E to a state with energy E’, a is the localization radius, kB is the Boltzmann

constant and T is the temperature.

A more specific expression than the Miller-Abrahams’ was proposed by

Rudolph A. Marcus in the 1950s, which describes local charge transport with a hopping

rate from site i to site j over a distance rij, given by the following equation
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where Iij is called the transfer integral, i.e. the wavefunction overlap between sites i and

j, which is proportional to the tunnelling; λ is the reorganisation energy related to the

polaron relaxation; kT is the thermal energy and ΔGij is the energy difference between

the two sites.

In the Miller-Abrahams hopping rate, the polaronic effects are usually neglected

(Tress 2014). Therefore, instead of transfer integrals, only the attempt-to-escape

frequency is approximated. Instead of the reorganization energy, only energetic site

differences derived from Gaussian density of states distribution are considered. It may

be noted that the Miller-Abrahams model is applicable at low temperatures and to weak

electron-phonon couplings, whereas Marcus model is appropriate for use at high

temperatures and for strong electron-phonon coupling (Kumar 2017).

In general, charge carrier mobility in organic semiconductors depends on

several factors, such as applied electric field, temperature, dopant concentration, traps,

scattering and disorder in the system. Unlike in band transport in inorganic

semiconductors, the mobility in the hopping transport of organic semiconductors

increases with temperature. This is due to the lattice irregularity in organic

semiconductors and/or the localization of the charge carriers at a defect site, both

requiring an activated process of lattice vibrations for carrier movement from one site

to the other. The temperature and field dependence of mobility follows the

Poole-Frenkel behavior given by the following expression (Brütting et al. 2001),
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where ΔE is the activation energy at zero-electric field, T0 is an empirical parameter, µ0

is the mobility at temperature T = T0, β is the Poole-Frenkel coefficient, q is the charge,
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ε0 is the permittivity of vacuum, εr is the relative permittivity of the organic

semiconductor and F is the electric field.

The charge transport is influenced by traps present in the organic semiconductor

that can be either intrinsic or extrinsic. Basically, these traps are localized electronic

states associated with chemical impurities, structural disorder and surface states.

Extrinsic traps due to impurities can be avoided by repeated sublimation process,

whereas intrinsic traps are formed due to structural disorders due to different growth

conditions, and mainly affect the device performance. Traps are temperature dependent

and are classified as deep and shallow traps, depending on their position occupied in

the energy distribution. The charge transport and the device performance are mainly

affected by deep traps. The traps can be further classified as fast and slow, depending

on their rate of trapping and releasing the charge carrier comparable to the carrier transit

time. Trap- filling is another important process where the increase in temperature and

applied field helps in the filling of traps. This leads to improvement in charge transport

through the device.

Trapping is considered to be the primary cause of dispersion in many organic

systems (Philippa et al. 2014, Berleb and Brütting 2002, Borsenberger et al. 1992). The

anomalous dispersion in the transit time of charge carriers is described by Scher and

Montroll (1975) where the hopping transport in disordered organic semiconductors is

given by the waiting time distribution of the charge carriers between successive hops

as

(1 )( ) ~t t    (1.7)

Here, α is the dispersion parameter and 0 ≤ α ≤ 1 (Scher and Montroll 1975,

Tripathi et al. 2011).

From equation 1.7 it can be implied that the average position of a carrier is

proportional to tα (Tripathi et al. 2011). When this is the case, small signal ac

component comes into picture and the frequency dependence of admittance Y in the

space-charge-limited regime is related to frequency Ω = 2πfτdc = ωτdc, where ω is
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angular frequency and τdc is the dc transit time (Tsang and So 2006, Tripathi et al. 2011).

The ac mobility normalized to dc mobility is given by (Tripathi et al. 2011,

Martens et al. 1999, Tsang and So 2006).

~
1( ) ( ) / 1 ( )dc M i          (1.8)

where M and α are the dispersion parameters. Combinations of these parameters have

been used by various groups to simulate and determine the numerical factor k = τd/τr for

different degree of dispersion (Tripathi et al. 2011, Okachi et al. 2008, Tsang and So

2006). For non-dispersive transport, M = 0 and α = 1 (Tripathi et al. 2011).

The details on the current flow mechanism in organic devices are presented in

the next chapter.

1.6   LITERATURE REVIEW

Bernanose (1955) first observed electroluminescence in organic materials when

very high ac potential was applied to organic cells of acridine derivatives and carbazole.

Later Pope et al. (1963) observed dc electroluminescence in anthracene single crystals

above an applied voltage of 400 V. Owing to the difficulty in producing large sized

single crystals and the requirement of very high applied electric fields to produce

luminescence, this phenomenon did not gain commercial interest. In an attempt to

reduce the drive voltage, Vincett et al. (1982) made use of thin organic films instead of

single crystals in their electroluminescent (EL) devices and were successful in obtaining

a significantly low drive voltage less than 30 V. However, these devices were single

layered, i.e. a single organic layer was sandwiched between two injecting electrodes in

the device, which led to inefficient electron injection and instability of the EL device,

accounting for quantum efficiency of only about 0.05 %.

The pioneering breakthrough came from Tang and Van Slyke (1987) who

fabricated highly efficient double organic layer EL devices. This EL device produced

green light emission of high brightness (> 1000 cd/m2) at a dc voltage of less than

10 V. This low drive voltage could be achieved due to the incorporation of a low work
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function cathode metal such as Mg:Ag alloy which is suited for electron injection into

organic materials. This is because, the work function of Mg:Ag alloy is energetically

well matched to the LUMO of the electron transport layer Alq3
. However, the device

lifetime was rather short. Further research focused on multilayer devices, wherein better

charge transport and charge carrier confinement led to highly efficient devices. In this

process, it was clear that detailed understanding of charge carrier transport in organic

semiconductors is necessary to produce highly efficient devices (Li and Meng 2006).

A variety of techniques have been employed for the characterization of organic

electronic devices (Li and Meng 2006, Cheung et al. 2008, Tripathi et al. 2010,

Blakesley et al. 2014, Landi et al. 2016, Aloui et al. 2014, Ooi et al. 2014, Fukuda et al.

2014, Philippa et al. 2015, Bittle et al. 2016).

Different characterization techniques employed to evaluate charge carrier

mobility in organic semiconductors involve transient and steady-state measurements

and are listed below (Kokil et al. 2012):

 Time-of-flight (TOF)

 Space-charge-limited current (SCLC) measurement

 Dark-injection space-charge-limited current (DI-SCLC) measurement

 Transient electroluminescence (T-EL)

 Charge extraction by linearly increasing voltage (CELIV) measurement

 Organic field-effect transistor (OFET)

 Impedance Spectroscopy (IS)

The conventional time-of–flight (TOF) method used to determine mobility has

the disadvantages of a very thick film (~ several microns) requirement besides requiring

a UV laser for excitation of charge carriers (Cheung et al. 2008). Thinner films

(~ 100 nm) can be used in SCLC and DI-SCLC measurements. However, these methods

require the use of an ohmic injecting contact at one end (Malliaras and Scott 1999,

Campbell et al. 2001). Another method called transient electroluminescence requires

that the mobility of one carrier be substantially higher than that of the other (Mückl

et al. 2000). In CELIV measurement, current transients are strongly dependent on
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photogeneration profile and carrier concentration. In addition, electric field mobility

measurements are unreliable since the applied field is linearly increasing (Juska et al.

2002). The OFET structure requires deposition of the contacts on the same plane. This

leads to overestimation of mobility and also the choice of the dielectric layer affects the

device performance (Cicoira et al. 2005).

Amongst all the electrical characterization techniques listed above, impedance

spectroscopy (IS) offers several advantages. This technique is seen to be a very versatile

method for electrical measurements of organic semiconductors and is relatively simple

to implement (Xu et al. 2005, Tripathi et al. 2011, Tang et al. 2013, Xu et al. 2014,

Ishihara et al. 2014). In addition, impedance spectroscopy can be used to determine

mobility of charge carriers in materials with dispersive transport (Tripathi et al. 2011).

Here, a small alternating voltage of the order of millivolts is superimposed on a dc bias

and applied to the organic semiconductor under test. There is a linear relationship

between the alternating perturbation signal and the response of the system (MacDonald

1992, Barsoukov and MacDonald, 2005).

Impedance spectroscopy essentially involves voltage and frequency dependent

measurements of capacitance, admittance, phase and impedance. The terms impedance

spectroscopy (IS) and admittance spectroscopy (AS) have been used interchangeably

in literature (Ishihara et al. 2014, Tsang and So 2006).

In 1996, Harrison et al. investigated single layer polymer electroluminescent

diodes using impedance spectroscopy, photo-impedance spectroscopy and modulated

photovoltage spectroscopy. From impedance spectroscopy, they observed that for

MEH-PPV devices, the impedance plot exhibited a single semicircle; whereas for PPV

devices it showed two semicircles which merged into one at very high voltages. They

attributed the presence of single semicircle to the absence of either a barrier layer or

depletion layer and concluded that the electric field is approximately uniform

throughout the polymer film. However, the other case was attributed to the presence of

highly resistive barrier layer of a fixed width (of the order of 100 Å), rather than the

presence of a depletion layer, for which the width would vary with applied bias. The

impedance of single and double layer electroluminescent devices was investigated
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using equivalent electrical circuits by Jonda and Mayer (1999). They made use of a

single RC component in the equivalent circuit of single layer devices and ascribed this

to a homogenous decrease in the electrical field over the entire layer thickness. On the

contrary, two RC components were needed to describe the double layer devices. A

microscopic model was proposed based on the results of the impedance analysis by

Kim et al. (2000) to explain the enhancement of the electroluminescence efficiency of

a heterostructured polymer light-emitting diode. They studied the effect of

incorporating sodium sulfonated polystyrene (SSPS) ionomer on the device properties

and found the optimum concentration of SPPS to be 6.7 mole %. They observed a lower

relaxation frequency in SPPS devices and attributed this to increase in activation

energy. The SPPS was observed to lower the work function of the cathode, thus

increasing the EL efficiency. Petty et al. (2000) employed impedance spectroscopy to

study the electrical properties of gas sensors and light emitting devices (LEDs) based

on Langmuir–Blodgett (LB) films and to provide an insight into the electrical

equivalent circuits of the multilayer device. Changes in the admittance of the gas

sensing structure on exposure to different organic vapors were also observed.

The analysis of the voltage dependent capacitance (C-V) is considered to be the

most reliable method to explain the charge transport and interface properties in organic

semiconductors. The peak voltage and the peak height of C-V characteristics have been

shown to accurately determine the injection barriers and built-in voltage of polyfluorene

based single carrier devices by van Mensfoort and Coehoorn (2008). Boix et al. (2009)

employed capacitance measurements to determine energy distributions of defects in the

effective band gap of organic bulk heterojunctions in solar cells. Similarly, Carr and

Chaudhary (2012 and 2013) carried out capacitance measurements in detail to

understand the deeper defect levels in P3HT: PCBM organic photovoltaic devices.

Recent studies by Tripathi and Mohapatra (2014) have demonstrated the role of

interfacial density of states in the charge transport across different organic structures

using C-V characteristics. A recent report by Weis et al. (2015) suggests an

improvement in the performance of an OLED with a

poly(3,4-ethylenedioxythiophene):poly(4-styrenesulfonate) (PEDOT:PSS) layer on

glass substrate, which was observed from a detailed impedance spectroscopy analysis
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of the charge relaxation process. They studied the charge injection and recombination

mechanism using C-V measurement.  Ray et al. (2014) reported that the interpretation

of the classical Mott-Schottky analysis in the reverse-bias C-V measurements does not

hold good in the case of organic semiconductors due to the presence of deep traps. So,

they developed a new technique called forward bias C-V to determine the energy levels

of the deep defect states in organic semiconductors. The effect on the charge carrier

transport by doping titanyl phthalocyanine (TiOPc) into Alq3 has been investigated by

Ramar et al. (2014) from the C-V and impedance measurements. Here, the equivalent

resistance of the optimized device was found to reduce with increase in doping and

thereby the mobility was found to increase. Recently, Agarwal et al. (2016) proposed a

simplified asymmetric capacitance test structure with a large channel length to

determine mobility using C-V characteristics and found it comparable to the

measurements using OTFT configuration.

Frequency dependent capacitance measurement is widely used to study the

interfacial defects and traps in the organic devices. The bias and frequency dependent

behavior of the capacitance in organic hetero-layer light emitting diodes has been

studied by Berleb et al. (2001) and its origin attributed to the presence of negative

interfacial charges whose number density was determined to be 6x1011/cm2. The

numerical analysis to validate the determination of charge-carrier mobility by IS

measurements in the presence of localized states has been performed by Okachi et al.

(2008), where the increase in capacitance at low frequencies was shown to be caused

by distributed localized states. Sharma et al. (2013) characterized deep traps due to

structural disorder in pentacene and copper phthalocyanine (CuPc) thin films by C-V

and C-f measurements. They obtained trap parameters and energy distribution of traps

from the temperature dependent capacitance studies. Zhang et al. (2013) studied the

C-V characteristics of a 4,4’-bis[(N-carbazole)styryl]biphenyl based OLED at different

frequencies. They observed that at high frequency, the capacitance is independent of

voltage due to the carriers not being able to respond to the ac signal. They attributed

the capacitance variation at low frequency to the redistribution of injected carriers,

leading to the recombination process in the OLED. From the frequency dependent

capacitance (C-f) and conductance (G-f), one can obtain negative differential
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susceptance (-ΔB) and differential conductance (ωΔG) as a function of frequency,

which are used to determine charge carrier mobility in organic devices. Martens et al.

(2000) observed two relaxation peaks in the plot of –ΔB versus ω for a polymer

light-emitting diode and ascribed it to two inductive processes arising from the transit

of electrons and holes resulting from the simultaneous measurement of electron and

hole mobilities. Recently, Tang et al. (2015) developed a model to determine carrier

mobility of Schottky-contacted single-carrier organic devices from –ΔB and the

Schottky energy barrier height. This model does not require the devices to have ohmic

contacts. An in-depth analytical and experimental analysis was carried out by Tsang

and So (2006) to determine carrier mobility from –ΔB in an organic semiconductor.

They found their results to be comparable with those obtained from TOF technique. A

notable report by Tsung and So (2009) established the advantages of –ΔB technique

over time-of-flight technique for studying dispersive charge transport in organic

semiconductors. Here, carrier dispersion was measured in the hole transport layer NPB

in case of deep traps in the material. Recent work by Takagi et al. (2016) proposes a

model using IS to simultaneously determine drift mobility and deep trapping lifetime

in prototypical hole transporting organic semiconductors.

Hole mobility in the electron transport layer Alq3 has been determined using IS

measurements by Ishihara et al. (2011) using a thin layer of 4,4’-bis[N-(1-naphthyl)-N-

phenyl-amino]-biphenyl (NPB) for hole-injection. They also obtained hole mobility

values for double-layer devices with NPB layer thickness comparable to the Alq3 layer,

indicating that the applied field mostly acts on the Alq3 layer. This was further

examined by them in 2012 through simulations to interpret the transit-time effects in

multilayer OLEDs. The same group in 2014 determined electron mobility in Alq3 in

electron-only devices using IS technique to clarify the carrier transport mechanism in

OLEDs. Montero and Bisquert (2011) used IS measurements to interpret the field-

dependent mobility of the carrier transport, ascribing it to traps in organic layers. The

computational results confirmed the mobility enhancement with the applied electric

field. The electrical properties of organic materials and their interfaces are also very

well studied using impedance spectroscopy (IS). In 2006, Bisquert et al. and Pingree

et al. (2007) investigated the interfacial properties in OLEDs and attributed the negative
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capacitance observed in IS measurements to the role played by the dipole layer at the

interface. It was also observed that density of trap states and the frequency-dependent

charge transport in OLEDs depend on the quality of ITO surface. Plasma treatment of

ITO anode was seen to reduce the overall resistance, resulting in improved performance

of the device (Park et. al. 2007).

Ono et al. (2001) observed build-up of additional capacitance in the devices if

an electrode is exposed to air. Hsieh et al. (2006) studied the effect of incorporating

tungsten oxide (WO3) into 1,4-bis[N-(1-naphthyl)-N’-phenylamino]-4,4’diamine

(NPB). They observed an improvement in hole injection into the organic layer due to

reduction in junction resistance. Wu et al. (2012) correlated the accumulated charges

due to space-charge at the interface of organic layers with carrier mobility in OLEDs

using impedance versus voltage (Z-V) measurements, which provide an alternate

method to estimate the carrier mobility in organic materials.

In addition to the study of charge injection and transport properties in organic

semiconductors, IS measurements have also been performed to probe the degradation

in OLEDs. Nowy et al. (2010) demonstrated that IS measurements such as C-V and

C-f can be utilized to obtain information about interfacial changes caused by

degradation under electrical operation.

The electrical studies are carried out to determine factors such as charge

injection, transport and recombination (Blom and Vissenberg 2000, Crone et al. 1998,

Eva et al. 2010, Pivrikas et al. 2010). The physical parameters such as defects or traps

governing these three factors affect the performance of these devices (Li et al. 2007,

Kumar et al. 2011, Nguyen et al. 2001, Zhan et al. 2007). Martens et al. (1999) studied

the dispersive transport of holes in poly(p-phenylene vinylene) as a function of

frequency, temperature, dc bias and polymer thickness using AS to determine mobility.

An extensive probe has been conducted by Berleb and Brütting (2002) on the trap-

causing dispersive transport of electrons in tris(8-Hydroxyquinoline) Aluminum (Alq3)

using impedance spectroscopy. Sharma et al. (2011) have shown the dependence of

traps in organic semiconductors on the growth conditions and surface morphology. The

addition of dopant molecules in the device leads them to function either as traps or
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scattering centers, thus affecting charge carrier mobility (Zhan et al. 2007, Chauhan

et al. 2010). The generation of free carriers from the ionization of dopant molecules

leads to an increase in the mobility and conductivity of the organic material (Tong

et al. 2007). Lee et al. (2014) demonstrated that direct charge transfer from trap states

of host to dopants enhances the conductivity of doped organic semiconductors.

It must be noted that if dispersion is present even at a moderate level, the

frequency dependent capacitance and conductance (C-f and G-f) may not show the

characteristic dip needed to determine mobility by negative differential susceptance

(-ΔB) and differential conductance (ωΔG) methods, respectively (Tripathi et al. 2011).

This problem can be overcome by using the frequency dependent impedance method

(|Im[Z(f)]|–f) which is  not  susceptible to dispersion (Tripathi et al. 2011). The doping

process in pentacene Schottky diodes and the influence of charge carrier traps on doping

have been studied by Pahner et al. (2013). By modulating the bias voltage at different

device temperatures, the distribution of trap sites was also estimated. Mesta et al. (2014)

probed the charge carrier relaxation in hole-only devices of a polyfluorene-based

disordered organic semiconductor by solving a time-dependent three-dimensional

master equation for the occupational probabilities of transport sites in the

semiconductor. These simulations based on the data provided by IS were used to study

steady state and transient charge transport.

The family of organic semiconductors can be classified into hole transporting,

electron transporting, emissive, bipolar (hole and electron transporting) or

multifunctional groups. Among the amorphous hole-transporting materials (HTMs),

triarylamine based compounds such as N,N′-Di(1-naphthyl)-N,N′-diphenyl-(1,1′-

biphenyl)-4,4′-diamine (α-NPD) constitute a very important class and are commonly

used in OLED applications (Giro et al. 1999, So et al. 2007, Cheung et al. 2008, Thesen

et al. 2010, Wu et al. 2016). Their chemical, thermal and structural stability makes them

an ideal choice to study the physics involved in these materials. Ever since the

pioneering step of Tang and Van Slyke (1987), these compounds are mainly used as

HTMs (Giro et al. 1999, So et al. 2007, Wu et al. 2016) and emissive materials in OLED

applications (Wee et al. 2009, Oshiro et al. 2012, Tian et al. 2014). However, they can
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also be used as a hole transport component in bipolar transport materials (Tao et al.

2009, Wang et al. 2010, Fan et al. 2015). Their applications also extend to organic solar

cells and organic field-effect transistors (Paek et al. 2012, Zheng et al. 2013).

Charge injection and transport on triarylamine based compounds has been

studied in-depth by various research groups using different techniques, such as

time of-flight (TOF), OTFT measurements, current–voltage (J-V) measurement,

dark-injection space-charge-limited current (DISCLC) transients, and admittance

spectroscopy (AS) (So et al. 2007, Cheung et al. 2008). However, there are very few

reports on charge injection and transport studies of new triarylamine based compounds

using impedance spectroscopy (IS). For the work reported in this thesis, the most widely

used triarylamine based compound α-NPD, and novel triphenylamine (TPA)

derivatives are selected to study the fundamental mechanism of charge injection and

transport in single carrier devices.

1.7   SCOPE AND OBJECTIVES OF THE PRESENT INVESTIGATION

Due to the suitability of organic materials in potential flexible and large-scale

electronic device applications, attention has been focused towards their development.

Several researchers have carried out different investigations to study the optical and

electrical properties of various organic compounds. However, detailed investigations

on the optoelectronic properties of novel materials continue to be very active research

areas. The balance between charge transport and luminescence is essential for efficient

OLEDs. In a wide range of materials, it has been observed that organic materials having

high Photo Luminescence (PL) efficiency exhibit rather low charge carrier mobility

(~ 10-6 cm2V-1s-1), whereas materials having large carrier mobility show much lower

PL-efficiencies (Liu et al. 2015). In this regard, there is wide scope to develop organic

materials showing efficient charge transport and high luminescence. The hole mobility

in organic p-type materials is generally two orders of magnitude greater than electron

mobility (Helander et al. 2008). In addition, organic p-type materials are easier to

synthesize than organic n-type materials, owing to the former’s electron-rich

conjugation (Shan and Miao 2017). Understanding the elementary processes involved

in charge carrier transport mechanism in organic materials is essential to design new
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materials with improved properties. This can be achieved by designing interfaces with

low defect density and appropriate device configurations. The study of

structure-property relationship facilitates development of efficient organic devices.

The present work focuses on the experimental investigation of the charge

injection and transport of few p-type triarylamine based compounds, such as α-NPD

and novel TPA derivatives in hole-only device structures, as well as the optical

properties of the TPA derivatives in thin films. Studies on the well-known hole

transport material α-NPD are used as a reference to study the properties of novel TPA

derivatives. The investigations were carried out employing measurements such as

current density-voltage (J-V), capacitance-voltage (C-V), frequency dependent

capacitance (C-f), conductance (G-f) and impedance. J-V measurements were

performed to study the dependence of the turn-on voltage and current density through

the device on the organic layer thickness and molecular substitutions. The hole mobility

of the TPA molecules was determined from the space-charge-limited current density.

The C-V measurements were done to identify the presence of traps in the device and to

interpret the behavior of carriers at the interfaces. The dielectric constants of the organic

materials were determined from the C-f measurements. G-f measurements were

performed to study the dependence of the conductance through the device on the

organic layer thickness. The nature of charge transport was determined from the

frequency dependent ac conductivity measurements. The impedance measurements

were used to determine the hole mobility of the organic materials.

In addition to these measurements, the role of side groups (alkyl substitution in

the molecular structure) on the optical and electrical properties of the novel TPA

derivatives is also investigated through UV-Vis and Photoluminescence (PL)

spectroscopy. UV-Vis spectroscopy was used to determine the optical absorption by

the TPA molecules and to confirm the presence of intermolecular interactions in the

molecules. PL spectroscopy was used to determine the excited state fluorescence of the

TPA molecules and their PL quantum efficiency.

2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4TCNQ) was used as

the hole injection material in these devices. In all the experiments, frequency dependent
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complex impedance, capacitance and conductivity along with voltage dependent

capacitance (C-V) were measured at room temperature using Agilent E4980A Precision

LCR Meter in the frequency range 20 Hz-1 MHz applying a dc bias (typically ± 0-5 V

or ± 0-10 V) over which an ac voltage of 100 mV at 500 Hz was superimposed.

J-V measurements were carried out using computer-controlled Keithley 2400 SMU.

The photophysical characterization was carried out using UV-Vis (Ocean Optics Inc.

SD 2000) and PL (Fluoromax-4 TCSPC Horiba JobinYvon) Spectrometers. All

measurements on the devices were carried out immediately after their fabrication

keeping them in open air.

The main research objectives of this thesis were:

1. To investigate the efficiency of F4TCNQ layer to inject holes into the α-NPD

layer as a function of the thickness of F4TCNQ film using capacitance,

conductance and impedance measurement methods.

2. To determine the effect of variation of the thickness of α-NPD layer on its hole

mobility using frequency dependent capacitance, conductance and impedance

methods. Further, examine the role of defect density in this layer on hole

mobility.

3. To fabricate hole-only device using α-NPD as hole transport material and

F4TCNQ as hole injection material. The devices were fabricated by employing

physical vapor deposition (PVD) method.

4. To study the role of different side-groups attached to novel TPA derivatives in

hole transport mechanisms using capacitance, conductivity and impedance

methods along with UV-Vis and PL spectroscopy.

5. To fabricate hole-only device using novel TPA derivatives by employing PVD,

with F4TCNQ film as hole injection layer and α-NPD film as hole transport

layer.

1.8   OUTLINE OF THE THESIS

The research work in this thesis is divided into 5 chapters.
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Chapter 1 and its sub-sections provide the background and motivation for the

present work. The chapter also includes a general introduction to organic

semiconductors along with their charge injection and transport mechanism. It also

provides a summary of the literature review on charge transport in organic

semiconductors using impedance spectroscopy as well as capacitance and conductance

measurements. An insight to the scope and objectives of the present work is given at

the end of the chapter.

Chapter 2 provides the details of experimental techniques used in the present

work. The first section gives the details about the substrate preparation and device

fabrication by physical vapor deposition technique. The second section contains an

introduction to the techniques of device characterization, their theoretical description

and formulae used for calculations. The experimental setup used in our laboratory for

the characterization of the fabricated devices is also presented.

Chapter 3 discusses the charge injection and transport properties of the hole

transport material α-NPD in hole-only devices using measurements of current density,

capacitance, conductance and impedance spectroscopy. The first section describes the

investigation of the charge injection properties in α-NPD with F4TCNQ as

hole-injection layer. In the second section, the thickness dependent charge transport

properties of α-NPD are investigated.

Chapter 4 presents the investigation of electrical and optical properties of novel

compounds bearing electron donating TPA moiety through measurement of current

density, capacitance, ac conductivity, Impedance spectroscopy, UV-Vis spectroscopy

and PL spectroscopy. The three compounds differ in their side groups to the TPA

moiety, and the effect of this side group substitution on their electrical and optical

properties has been investigated. In order to better understand the charge transport, the

effect of molecular structural dynamics of the compounds on their charge transfer

kinetics is also analyzed.

Chapter 5 summarizes the conclusions drawn from the present work. Next, the

scope for further work in this field is mentioned.
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An appendix followed by list of references and a brief profile with publications

in international journals and conferences are presented at the end of the thesis.
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CHAPTER 2

EXPERIMENTAL TECHNIQUES

Abstract

This chapter describes the experimental techniques employed to fabricate and

characterize the single carrier devices. The basic operating principle of each of the

experimental techniques is described in brief and the formulae used to determine

various parameters are presented. The experimental setup used in this study is

described in detail.

2.1   DEVICE FABRICATION

The fabrication procedure involves substrate preparation with UV- ozone

surface treatment, and physical vapour deposition (PVD) of the organic materials and

aluminum (Al) as cathode.

2.1.1 Substrate Preparation

Glass plate having patterned indium tin oxide (ITO) as anode on one surface is

used as the substrate onto which the organic layers and aluminum are deposited. The

ITO coated glass substrate was procured from XinYan Technology Ltd., Hong Kong.

Prior to the deposition, ITO coated glass substrates with a sheet resistance of 15Ω/□ are

sequentially ultrasonicated using acetone, isopropyl alcohol, DI water for 15 min each

and dried in flowing dry nitrogen (purity 99.99%), which is followed by UV-Ozone

treatment for 15 min. The substrates are handled in a work bench with filtered laminar

flow air supply to ensure processing in nearly dust-free environment.

2.1.2 UV - Ozone Treatment

UV-Ozone treatment of the cleaned and dried substrates is carried out to ensure

the decomposition of contaminants by UV irradiation and oxidation due to ozone (O3).
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The ITO substrates which are wet cleaned to remove inorganic contaminants are

subjected to UV-O3 treatment for 15 min (Li et al. 2005) to remove organic

contaminants. This results in increase in the work function of ITO, thereby reducing the

barrier for hole injection. The schematic of the UV-O3 process is shown in figure

2.1 (a). The UV-O3 treatment is carried out using the chamber shown in figure 2.1 (b).

Figure 2.1 (a) Schematic representation of the UV-O3 treatment process (Kern 1993)

Figure 2.1 (b) UV-O3 chamber

The low-pressure mercury vapor lamp (UVC) used in our work emits UV

radiations of wavelengths 184.7 nm and 253.7 nm. Light at wavelength 184.7 nm reacts

with atmospheric oxygen (O2) to yield two atoms of oxygen (O + O). One of the atomic

oxygen (O) reacts with atmospheric oxygen (O2) to yield ozone (O3). Light at

wavelength 253.7 nm reacts with ozone and decomposes it into atomic oxygen with

(a)

(b)
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strong oxidizing ability. The contaminant molecules also react with light at wavelength

253.7 nm and undergo photolysis to yield ions, free radicals, excited and neutral

molecules which in turn lead to decomposition of organic contaminants.

2.1.3 Physical Vapor Deposition (PVD)

The cleaned substrates are loaded into the vacuum evaporation chamber having

a turbo-molecular pump backed by a dry scroll pump, for the sequential deposition of

all organic layers and cathode layer without breaking the vacuum. The schematic of the

vacuum evaporation chamber is shown in figure 2.2 (a).

Figure 2.2 (a) Schematic of a vacuum chamber of the PVD system

The PVD system used in this study is shown in figure 2.2 (b), and figure 2.2 (c)

shows the interiors of the chamber used for device fabrication. Organic layers and

aluminum are thermally evaporated at a base pressure maintained at ~10-6 mbar.

Aluminum is deposited using a shadow mask of 0.8 mm wide strips. The active area of

the device is 1.6 mm2.

The PVD system used for deposition is equipped with in-situ sensors for

monitoring the rate of deposition and thickness of the deposited film. The evaporator

also has facility to evaporate all organic layers and aluminum layer without breaking

the vacuum. The rate of deposition is fixed at ~ 1-2 Å/s for organics and ~ 5 Å/s for

aluminum. The thickness of the layers is of the order of several nm.

(a)
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Figure 2.2 (b) The PVD system and (c) Interior of the evaporation chamber showing

the six boat assembly

2.2   DEVICE CHARACTERIZATION

The characterization includes the following measurements on different organic

devices to determine various electrical properties of the organic semiconductors used

in the study.

2.2.1 Current Density-Voltage (J-V) Characteristics

2.2.1.1 Introduction

The current through the device is determined primarily by three factors namely,

charge injection, charge transport and recombination of charge carriers. While charge

injection depends mainly on the energy barrier between the contact and the organic

semiconductor, the transport and recombination depend on the material properties of

the organic layer (Crone et al. 1998).

2.2.1.2 Theoretical Basis for J-V Characteristics

In single carrier devices, only charge injection and transport are considered.

These devices are generally used to assess the process of current flow in an organic

(b) (c)



Chapter 2

34

semiconductor diode with one of the electrodes forming an ohmic contact and the other

forming a non-ohmic contact (Brütting et al. 2001). The difference in the work function

of the two electrodes is the built-in voltage (Vbi) across the organic semiconductor,

resulting in the build-up of internal electric fields.

In the case of hole-only devices, the application of a positive bias larger than

the built-in voltage on the anode results in a positive electric field directed towards the

cathode. This results in a drift current due to injection of only holes from the anode and

is limited by the space charge created by the holes. This space-charge-limited current

is described analytically by the Mott–Gurney (1940) equation as follows

2

0 3

( )9
8

bi
r

V VJ
d

  
 (2.1)

where µ and εr are mobility and dielectric constant of the material, ε0 is the permittivity

of vacuum, d is the distance between the contacts, V is the applied voltage and Vbi is the

built-in voltage of the device.

At bias voltages lower than Vbi, the electric field is negative and directed

towards the anode. This leads to a negative drift current due to injected holes. However,

at bias voltages greater than Vbi, this current is negligible compared to the positive

current due to diffusion of holes towards the cathode.

In the case of single carrier devices, the flow of current through the device can

be limited due to three major factors, i.e., injection, space-charges and traps. The current

is said to be injection-limited (ILC) if the metal-organic interface barrier is greater than

0.3 eV at zero electric field (Varo et al. 2012), wherein the injection of charges from

the metal into the organic is limited by this barrier. This behavior is observed at very

low voltages, when the number of injected carriers is low compared to the existing

thermally generated carriers and impurities in the device (Varo et al. 2012). Therefore,

the metal-organic interface behaves as an ohmic contact, leading to a linear graph in

Region I of figure 2.3. However, if the barrier is less than 0.3 eV, current due to the

easily injected charges can be limited by their bulk transport through the device.
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Figure 2.3 Typical J-V characteristics showing behavior of current in different

regimes

The accumulation of these injected charges at the metal-organic interface leads

to the formation of space-charge due the slow charge transport through the organic

layer. The injected charges fill a finite number of low-lying trap energy states and this

current is called space-charge limited current (SCLC) as shown by Region II. Region

III shows the trap filling regime. The current in this regime follows a nonquadratic

relation with the applied voltage.

Beyond a critical voltage (also called trap filled limit voltage VTFL) all the traps

are filled, and at very high voltages the current follows a quadratic relation with the

applied voltage (Region IV). This is called the trap-free space-charge limited current.

The different regimes of the current-voltage characteristics depend on the interfaces as

well as the impurities and traps present in the organic semiconductor (Stallinga 2009).

2.2.1.3 Experimental Setup for J-V Characteristics

The current-voltage measurement setup used for the electrical characterization

of organic devices consists of a computer-controlled Keithley 2400 Sourcemeter. The

schematic of the measurement setup used is shown in figure 2.4 (a), and figure 2.4 (b)

shows the Keithley 2400 Sourcemeter measurement setup used in this study.
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Figure 2.4 (a) Schematic of the current-voltage measurement setup and (b) Keithley

2400 Sourcemeter measurement setup

The Keithley 2400 Sourcemeter (SMU) functions as a highly stable dc power

source as well as digital multimeter. The device under test (DUT) is connected to the

SMU and a range of dc voltages (sweep) is applied while simultaneously measuring the

current through it. The SMU is interfaced to the computer through IEEE-488

USB-to-GPIB Interface Adapter and measurements are performed using Keithley

Labtracer v2.0 I-V curve tracing application software.

2.2.2 Impedance Spectroscopy (IS)

2.2.2.1 Introduction

The electrical properties and dynamics of organic semiconductor materials at

the metal-organic interface or in their bulk form can be easily investigated using a

relatively new and powerful electrical characterization method called Impedance

Spectroscopy (IS). This is a purely electrical and non-destructive technique which does

not require expensive experimental setup.

The general approach in Impedance Spectroscopy of organic semiconductors is

to apply an external stimulus (ac voltage or current) to the electrodes and observe the

response. The nature of the external stimulus can be varied and the standard approach

is to apply a single-frequency voltage or current to the interface and measure the phase

(a) (b)
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shift and amplitude, or real and imaginary parts of the resulting current at that

frequency, using either analog circuit or fast Fourier transform (FFT) analysis of the

response (Barsoukov and Macdonald 2005).

2.2.2.2 Theoretical Basis for IS

In impedance spectroscopy measurements, a small sinusoidal voltage

v(t) = Vmsin(ωt) of amplitude Vm and frequency ω = 2πf is applied to the sample along

with a constant bias voltage V. The response of the sample is given by the resulting

measured current i(t) = Imsin(ωt+ϕ) with a phase shift ϕ and amplitude Im. The small

sinusoidal voltage is in the order of millivolts so that the current response is almost

linear and does not perturb the sample very much. For purely resistive behavior, ϕ = 0.

When the system involves capacitive and inductive elements, the relation between the

properties of the system and its response to the external stimuli becomes very complex

in time domain. The frequency dependent complex impedance Z(ω) is defined

according to Ohm’s law as the ratio of the complex voltage V(ω) to complex current

I(ω) and is given by the following expression

( )( ) Re[ ( )] Im[ ( )]
( )

VZ Z i Z
I
  


   (2.2)

where Re[Z(ω)] is the real part and Im[Z(ω)] is the imaginary part of the complex

impedance. The plot of –Im[Z(ω)] versus Re[Z(ω)] is called as the Cole – Cole plot and

is shown in figure 2.5.

The modulus |Z(ω)| is given by the expression

2 2| ( ) | {(Re[ ( )]) (Im[ ( )]) }Z Z Z    (2.3)

and the phase angle is given by the following expression

1 Im[ ( )]tan
Re[ ( )]

Z
Z



  
  

 
(2.4)
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Figure 2.5 Cole – Cole plot

The IS data is represented and modeled using different equivalent circuits

consisting of resistors and capacitors, depending on the structure and type of devices

studied.

The RC circuit as shown in figure 2.6 consisting of a resistor RS in series with a

parallel resistor RP and parallel capacitor CP is used to represent a single semicircle of

radius RP/2 and height τ = 1/RPCP in the Cole - Cole plot. The negligible value of series

resistor RS can be obtained from the distance between the origin and ω = ∞ on the

x-axis of the Cole – Cole plot.

Figure 2.6 Equivalent circuit model

The values of RP and CP are given by the following equations:

2(Im[ ( )])(Re[ ( )] )
(Re[ ( )] )P S

S

ZR Z R
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The real and imaginary parts of the complex impedance in terms of the time

constant can be derived from the RC circuit (ignoring inductive reactance XL).

( )( )
( )

P C

P C

R i XZ
R i X

 


 
(2.7)

2 2

2 2

( )( ) P C P C P C P C

P C P C P C

R iX R iX R X iR XZ
R iX R iX R X


   

      
(2.8)

2 2

2 2 2 2( ) P C P C

P C P C

R X iR XZ
R X R X

  
 

(2.9)

1
C

P

X
C

 and 0
1

P PR C
  (2.10)

Considering a series resistor RS in the circuit, the complex impedance can then

be written as
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The real part of equation (2.9) can be written as
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Similarly, the imaginary part is written as
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The complex impedance Z(ω) of the device can also be represented in terms of

its capacitance C and conductance G as shown in the equations below:

2 2
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Dielectric materials have the tendency to absorb some of the energy when an ac

signal is applied. This value is called Dissipation factor (D) which is related to the loss

and is a critical parameter in dielectric measurements. It can also be written as tan δ

(loss tangent), where δ is called the loss angle measured in radians (equal to π/2 - ϕ).

The loss tangent is given by the following equation: (see Agilent Impedance

Measurement Handbook-A guide to measurement technology and techniques,

4th edition, page 1-10)

1tan
P PC R



 (2.16)

The loss tangent is also written as (Schönhals 1998)

tan
''
'


 (2.17)

where ε’ and ε’’ are the real and imaginary parts of the complex dielectric constant;

ε’’ is also known as dielectric loss factor. The value of loss tangent (dissipation factor

D) that can be measured in Agilent E4980A Precision LCR Meter is ± 0.000001 to

9.999999 (see Appendix I for Agilent E4980A Precision LCR Meter 20 Hz to 2 MHz

Data Sheet). The variation of loss tangent with frequency depends on the material

properties, and gives information regarding the relaxation process (Lee et al. 2003).
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2.2.2.3 Experimental Setup for IS

The impedance spectroscopy measurement setup used for the electrical

characterization of organic devices consists of computer-controlled Agilent E4980A

Precision LCR meter. The schematic of the measurement setup is shown in figure

2.7 (a), and figure 2.7 (b) shows the Agilent E4980A Precision LCR meter setup used

in this study.

Figure 2.7 (a) Schematic of the IS measurement setup and (b) Agilent E4980A

Precision LCR meter measurement setup

As mentioned earlier, a small ac voltage superimposed on a dc bias is applied

to a DUT, and the resulting current across the DUT is measured along with the phase

angle between the voltage and current. The ratio of voltage to current gives the

magnitude of the impedance. The DUT is modeled using an equivalent circuit

consisting of resistors, capacitors and inductors. The measurements are performed with

a frequency sweep of 20 Hz to1 M Hz.

2.2.2.4 Impedance Measurements

The frequency dependence of the real and imaginary parts of impedance is

shown in figure 2.8 below. The real part of impedance [Re Z(ω)] decreases with

increasing frequency, while the imaginary part of impedance [-Im Z(ω)] shows a peak

at a particular frequency called the relaxation frequency (ωmax), where the relaxation

time τ = 1/ωmax is used to calculate the mobility of charge carriers in the device. The

Cole-Cole plot is obtained when Re Z(ω) is plotted on the x-axis and -Im Z(ω) is plotted

on the y-axis, as explained in section 2.2.2.2.

(a) (b)
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Figure 2.8 Typical characteristics of frequency dependent real and imaginary parts of

impedance

2.2.3   Capacitance-Voltage (C-V) Characteristics

2.2.3.1 Introduction

Measurement techniques such as Capacitance-Voltage (C-V) have gained

prominence due to their sensitivity to charge transport behavior in organic

semiconductors (Brütting et al. 2001). The experimental setup and measurement of

C-V characteristics are the same as in section 2.2.2.3.

2.2.3.2   Theoretical Basis for C-V Characteristics

Trapped carriers are considered to be the cause for the C–V peak (Figure 2.9) at

higher bias voltages (Sharma et al. 2013). On applying an external bias, carriers are

injected and get trapped in organic semiconductor films close to the interface, creating

an interfacing electric field.

The accumulation of these carriers increases the diffusion capacitance and as

the voltage increases due to the drift, they move further into the organic semiconductor

layer. This causes the capacitance to reduce. So, this capacitance peak demarcates the

diffusion dominated transport at lower voltages from the drift dominated transport at

higher voltages (Tripathi and Mohapatra 2014).
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Figure 2.9 C-V characteristics of Al/CuPc/Au sandwiched devices at 200 Hz in which

organic thin films of thickness 200 nm are grown with a deposition rate of 20 Å/s

[reproduced from (Sharma et al. 2013)]

The magnitude of this capacitance is given by the following equation (Tripathi

and Mohapatra 2013)

1/ 2
3/ 20 ( )

2
B

diff bi
qAp d k TC V V

q
 

  
 

(2.18)

where Cdiff is the diffusion capacitance for a device of area A and organic layer thickness

d at temperature T, p0 is the carrier density due to accumulation in a narrow region at

the injecting contact, q is the electronic charge, V is the applied voltage and Vbi is the

built-in voltage of the device.

2.2.4 Capacitance-Frequency (C-f) and Conductance-Frequency (G-f)

Characteristics

2.2.4.1 Introduction

The frequency dependence of the capacitance and conductance yields

information on the type of charge transport, interfacial behavior and relaxation

processes in the device upon application of a small ac bias in the order of a few hundred

millivolts. The experimental setup and measurement of C-f and G-f characteristics are

the same as shown in section 2.2.2.3.
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2.2.4.2   Theoretical Basis for C-f and G-f Characteristics

The geometric capacitance of the device is given by the following expression

(Tripathi and Mohapatra 2014)

0 r
g e o

AC
d

 
 (2.19)

where ε0 is the permittivity of free space, εr is the dielectric constant, approximately 3

for  organics and A is the area of the device with layer thickness d.

The frequency dependent capacitance (C-f) characteristics [Figure 2.10 (a)]

show no change in the capacitance value when there is no external applied voltage,

which corresponds to the geometric capacitance.

Figure 2.10 (a) Capacitance spectra of ITO/NPB/Ag devices under different bias

voltages [reproduced from (Xu et al. 2014)]

When the external voltage is applied to the device, there is a rise in capacitance

at lower frequencies which increases in magnitude for higher voltages. This can be

attributed to the increase in the charge carrier injection and accumulation at the interface

(Nowy et al. 2010). As observed in Figure 2.10 (a), at higher frequencies (> 1 kHz), the

capacitance reduces to its geometric value since the dipoles and localized charge

carriers will not be able to follow the electric field direction (Nguyen et al. 2007,

Sharma et al. 2013). The threshold frequency at which it drops to the geometric
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capacitance also increases with bias voltage. The shift in the threshold frequency

towards higher value in C-f characteristics is due to the increase in the conductance

through the device with applied voltage, which is reflected in the conductance-

frequency (G-f) characteristics [Figure 2.10 (b)] and attributed to the increase in the

number of charge carriers.

Figure 2.10 (b) Frequency dependence of conductance of ITO/NPB/Al at different

bias [reproduced from (Xu et al. 2005)]

At any particular voltage, the conductance remains constant till a certain

frequency called threshold frequency, and increases beyond this value [~104 Hz for

5 V in Figure 2.10 (b)]. Similar to C-f, this threshold frequency shifts to higher

frequencies with bias voltage. At higher frequencies, the conductance attains the same

maximum value for all bias voltages, since the dipoles and localized charge carriers

will not be able to follow the rapidly oscillating electric field.

From the G-f characteristics, in order to calculate certain parameters related to

the conduction mechanism, the conductance (G) can also be expressed in terms of

conductivity (σ). These parameters, namely, the density of localized states [N(Ef)] at

the Fermi energy Ef, the energy Wm required by a charge carrier to move from one site

to another, and the minimum hopping length R, can be calculated from the following

expressions, provided the frequency dependent conductivity exhibits a slope s

(0 < s < 1), (Suman et al. 2009).
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where τ0 is the effective relaxation time, e is the electronic charge, kB is

Boltzmann’s constant and T is the absolute room temperature. At higher frequencies,

the conductivity attains a constant value for all voltages as mentioned earlier.

The charge carrier hopping rate can then be calculated using the following

expression (Navamani and Senthilkumar 2014, 2015)

0
3( )
5 r

p
t

    


(2.23)

where ε0 is the permittivity of free space, εr is the dielectric constant of the

organic layer and ∂p/∂t is the charge transfer rate.

Using the frequency dependent charge transfer rate, the coefficient of charge

carrier hopping rate and the dynamic state factor are evaluated.  These factors enable

an analysis of the effect of molecular structural oscillations on charge transfer kinetics

in the devices.

2.3   PHOTOPHYSICAL CHARACTERIZATION

The photophysical characterization of organic molecules is performed using

UV-Vis and Photoluminescence (PL) spectroscopy. In this thesis, these studies are

performed on novel TPA compounds.
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2.3.1   UV-Vis Absorption spectroscopy

The existence of intermolecular interactions is confirmed by the UV-Vis

absorption spectra of the organic molecules in solution and thin film. The absorption

spectrum is recorded using a UV-Vis spectrometer (Ocean Optics Inc SD2000) at room

temperature.

2.3.2   Photoluminescence (PL) spectroscopy

The excited state property of the molecules is studied using photoluminescence

(PL) spectroscopy by exciting the samples in the form of solution or thin film, using

the wavelength of peak absorption. At room temperature, steady state PL spectra and

quantum yield measurements in the visible region are recorded using Fluoromax-4

TCSPC spectrophotometer (Horiba Jobin Yvon) shown in Figure 2.11.

Figure 2.11 Fluoromax-4 TCSPC spectrophotometer (Horiba Jobin Yvon)

The PL quantum yield of the organic compounds dissolved in hexane is

determined relative to 9,10-diphenyl anthracene (quantum yield = 0.95 in

cyclohexane).
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CHAPTER 3

ELECTRICAL STUDIES ON HOLE INJECTION AND
TRANSPORT IN α- NPD WITH F4TCNQ AS HOLE INJECTION

LAYER

Abstract

This chapter explores the charge transport properties of a thin film of N,N′-

Di(1-naphthyl)-N,N′-diphenyl-(1,1′-biphenyl)-4,4′-diamine (α-NPD) in hole-only

devices with 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4TCNQ) as the

hole injection layer. For this purpose, variation of current density with bias voltage,

capacitance with voltage, capacitance and conductance with frequency were measured.

Further, impedance spectroscopy measurements were also carried out to obtain the

Cole-Cole plot for further theoretical analysis. In section 3.1, we discuss hole injection

properties, and in section 3.2, the hole transport properties of the device.

3.1 HOLE INJECTION IN α-NPD: F4TCNQ HOLE-ONLY DEVICE:

THICKNESS DEPENDENCE

3.1.1   Introduction

The efficiency of an OLED depends critically on charge injection, charge

transport and electron-hole recombination in the multi-layered devices. It is necessary

to use organic materials having high values of such parameters. A widely used hole

transport material is N,N′-Di(1-naphthyl)-N,N′-diphenyl-(1,1′-biphenyl)-4,4′-diamine,

also termed α-NPD. In Sec. 3.1, an investigation of the hole transport property of a thin

film of α-NPD in a hole-only device is presented. This study enables us to get a better

understanding of multi-layered OLED device structures (Tripathi and Mohapatra

2014). An ohmic contact is necessary to efficiently inject charge carriers in the device

(Fischer et al. 2014). The well-known hole-injection material 2,3,5,6-tetrafluoro-



Chapter 3

49

7,7,8,8-tetracyanoquinodimethane (F4TCNQ) plays a crucial role in forming a nearly

ohmic contact between ITO anode and α-NPD by lowering the energy barrier between

them (Rana et al. 2012, Tyagi et al. 2013).

The dependence of the hole transport efficiency with the thickness of the

F4TCNQ layer is also investigated. Since it is a hole-only device, we may neglect

electron-hole recombination in the analysis of the device. The injection of electrons by

the metal electrode is prevented by the large potential barrier with the lowest

unoccupied molecular orbital (LUMO) of α-NPD. The charge transport properties are

evaluated by J-V and C-V measurements and impedance spectroscopy techniques. It is

shown that the hole injection into α-NPD increases with 4 nm F4TCNQ thickness by

correlating the current density - voltage, capacitance - voltage, capacitance – frequency,

conductance - frequency and impedance measurements.

3.1.2   Fabrication and Characterization of Hole-only Devices

High quality F4TCNQ (> 99 %) and α-NPD (> 99.5 %) were obtained from

M/s. Sigma Aldrich, USA, and were used without any further purification. In this

investigation, devices with four different configurations (D0, D1, D4 and D6) have been

fabricated. Patterned indium tin oxide (ITO) was used as the bottom anode, F4TCNQ

was used as a hole injection material, α-NPD was used as the hole transport material

and aluminum (Al, from Alfa Aesar, USA) was used as cathode. Prior to the thin film

deposition, ITO coated glass substrates (XinYan Technology Ltd., Hong Kong), with a

sheet resistance of 15 Ω/□, were ultrasonicated using acetone, isopropyl alcohol, DI

water, in that sequence, for 15 min each and dried in flowing nitrogen to ensure that the

substrate surface is free of any contaminant. This was followed by UV-Ozone treatment

for 15 min which enhances the work-function of ITO.

Thin films of F4TCNQ, α-NPD and Al were sequentially deposited at a rate of

0.2 Ås-1, 0.5 Ås-1and 5 Ås-1, respectively, by thermal evaporation on the pre-cleaned

ITO coated glass substrate under vacuum (base pressure ~ 8x10-6 mbar). The active

area of the device was 1.6 mm2. Figure 3.1 (a) shows the schematic representation of

the fabricated devices with the configuration ITO/F4TCNQ (x nm)/α-NPD (80 nm)/Al,
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where device D0, D1, D4 and D6 correspond to device with 0 nm, 1 nm, 4 nm and 6 nm

thickness of F4TCNQ, respectively. The energy level diagram of the fabricated devices

is shown in Figure 3.1(b). The molecular structures of F4TCNQ and α-NPD are given

in Figure 3.1 (c).

Figure 3.1 (a) Schematic representation of the device structure D0, D1, D4 and D6 with

F4TCNQ thickness x = 0 nm, 1 nm, 4 nm and 6 nm, respectively and (b) energy level

diagram

Figure 3.1 (c) Molecular structures of F4TCNQ and α-NPD

Frequency dependent complex impedance, capacitance and conductance along

with voltage dependent capacitance (C-V) were measured at room temperature using

Agilent E4980A Precision LCR Meter in the frequency range 20 Hz-1 MHz at an ac

voltage of 100 mV. Current density-voltage (J-V) measurements were carried out using

computer-controlled Keithley 2400 SMU. All measurements were carried out

immediately after device fabrication keeping them in open air.
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3.1.3 Results and Discussion

(a)   Current Density-Voltage (J-V) Characteristics

It is clearly discernible from the current-density versus voltage (J-V)

characteristics [Figure 3.2 (a)] that insertion of F4TCNQ and the increase in its layer

thickness in the device lead to an enormous increase in current density through the

device. Insertion of F4TCNQ layer between ITO and α-NPD leads to two mechanisms.

One is reduction in charge injection barrier and the other is moderate doping of α-NPD

by F4TCNQ. These cause the turn-on voltage of the devices to decrease as the F4TCNQ

layer thickness is increased up to 4 nm (D4). However, when the F4TCNQ layer

thickness is increased to 6 nm (D6), there is a slight increase in the turn-on voltage and

current density reduces. This suggests that, beyond 4 nm F4TCNQ layer, higher dopant

concentration compromises the structural quality of the layer due to the additional

F4TCNQ molecules remaining un-ionized (Salzmann et al. 2016). This results in

increase in the density of traps and scattering centers for free charge carriers, which is

clearly detrimental to the conductivity and mobility of the device (Harada et al. 2010,

Salzmann et al. 2016). Thus, effectively the injection barrier is increased in device D6.

Figure 3.2 (a) J-V characteristics of devices D0, D1, D4 and D6

Figure 3.2 (b) shows the log J- log V plot of devices D0, D1, D4 and D6. In this

figure, it is observed that the current density is space charge limited (SCLC) (region

with slope ≈ 2) at high voltages. The turn on voltage of devices D0, D1, D4 and D6 at

which they enter SCLC regime is 7.29 V, 4.91 V, 3.82 V and 4.15 V, respectively. The
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reverse leakage current density obtained from the semi-log plot of the devices shown

in Figure 3.2 (c) is found to be 6.85 x 10-4 mA cm-2, 1.7 x 10-2 mA cm-2, 11.8 x 10-2 mA

cm-2 and 1.9 x 10-2 mA cm-2 at -4 V for device D0, D1, D4 and D6, respectively.

Figure 3.2 (b) log J- log V plot and (c) Semi-log plot of devices D0, D1, D4 and D6

Thus, it is clear that the hole injection is efficient in device D4, which may be

ascribed to the space charge formed by ionized F4TCNQ molecules near the interface

with α-NPD.

(b)   Capacitance-Voltage (C-V) Characteristics

The J-V characteristics established the need for a layer of F4TCNQ of optimum

thickness in any OLED device. In order to understand the injection properties of

F4TCNQ  further, measurement of the capacitance variation of the devices with dc bias

voltage on which a small low frequency (500 Hz) ac voltage is superimposed

[Figure 3.3 (a)] was performed. At reverse bias voltages, the capacitance represents the

geometric capacitance of the device, which can be obtained from the following

expression (Tripathi and Mohapatra 2014).
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 (3.1)

where ε0 is the permittivity of free space, εr is the dielectric constant (~ 3 for organic

materials) and A is the area of the device with layer thickness d. At forward bias

voltages, C-V peaks have been observed at 2.45 V, 4.6 V, 3.45 V and 3.98 V,
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respectively, for devices D0, D1, D4 and D6.

Figure 3.3 (a) C-V characteristics of devices D0, D1, D4 and D6 at 500Hz

In general, C-V peak occurs close to the built-in voltage (Vbi) for intrinsic

organic semiconductors (Sharma et al. 2011). Recent investigations by Sharma et al.

(2011 and 2013), as well as by Tripathi and Mohapatra (2013), clearly explain the

second C-V peak, occurring at a voltage slightly above Vbi. For the device D0, the

capacitance peak in the C-V plot should ideally occur at the built-in voltage (Vbi) i.e., at

the difference between the work function of ITO and Al (~ 0.6 V) (Sharma et al. 2011,

Tripathi and Mohapatra 2013). In our experiments, the capacitance peak generally

occurring near the built-in voltage is absent. Instead, a peak at 2.45 V is seen in device

D0, which may be due to a large injection barrier (Tripathi and Mohapatra 2014). The

characteristic C-V peak of device D1 is observed at a higher voltage when compared to

the device D0. Introduction of a very thin layer (1 nm) of F4TCNQ leads to the creation

of ionized molecules at the F4TCNQ/α-NPD interface. This enhances the charge

accumulation, resulting in the large peak at 4.6 V in comparison with device D0. In

addition, the thin layer of F4TCNQ offers a large interfacial area that may lead to

increase in the trap density and, hence, to the peak at 4.6 V. On the other hand, as the

thickness of F4TCNQ increases (4 nm), the effective interfacial area would be less

compared to that of the device D1 and the peak shifts to 3.45 V. However, for device

D6, the peak is observed at 3.98 V. The shifting of capacitance peak to lower voltages

with the decrease in barrier for charge injection at the hetero-interface has been
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demonstrated by Tripathi and Mohapatra (2014). This concept can be used to explain

the fact that, since the barrier for charge injection increases in D6, the capacitance shifts

from 3.45 V in D4 to 3.98 V in D6.

For any particular applied bias voltage (say 4 V), the conductance of device D4

depends on the thickness of F4TCNQ layer as is clearly observed from Figure 3.3 (b).

Figure 3.3 (b) Frequency dependent conductance of devices D0, D1, D4 and D6 at 4 V

A drastic increase by four orders of magnitude is observed in the conductance

of device D4 (from ~10-8 S to ~10-4 S) at lower frequencies. Likewise, it can be inferred

from the increase in peak capacitance in D4 [Figure 3.3 (a)] that, with increase in

F4TCNQ thickness there is an increase in the number of ionized F4TCNQ molecules,

leading to moderate doping of α-NPD. The same interpretation holds good for device

D1 when compared to D0. However, the capacitance [Figure 3.3 (a)] and conductance

of device D6 [Figure 3.3 (b)] is observed to reduce compared to device D4. As

mentioned earlier, this is because, beyond 4 nm F4TCNQ layer, higher dopant

concentration compromises the structural quality of the layer due to the additional

F4TCNQ molecules remaining un-ionized (Salzmann et al. 2016). This results in

increase in the density of traps and scattering centers for free charge carriers, which is

clearly detrimental to the conductivity and mobility of the device (Harada et al. 2010,

Salzmann et al. 2016). Thus, effectively the injection barrier is increased in device D6.
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(c)   Capacitance-Frequency (C-f) and Conductance-Frequency (G-f)
Characteristics

Figure 3.4 (a) shows the variation of capacitance with frequency of the ac

component of applied bias for device D4.

Figure 3.4 (a) Frequency dependent capacitance of device D4

At higher frequencies, the capacitance reduces to its geometric value since the

dipoles and localized charge carriers will not be able to follow the ac electric field

variations (Nguyen et al. 2007, Sharma et al. 2013). It is observed that as the applied

dc voltage increases, the capacitance in device D4 increases in magnitude. The threshold

frequency at which it drops to the geometric capacitance also increases. The geometric

capacitance values are shown in Table 3.1 (b) of the next section. The increase in

capacitance is due to increase in the charge injection in device D4 (Nowy et al. 2010).

The threshold frequency shift towards higher region in C-f characteristics is due to the

increase in the conductance in device D4 with applied voltage as shown in Figure

3.4 (b). The increase in conductance is also in agreement with the conclusions drawn

from the J-V characteristics. The nature of J-V, C-V and C-f characteristics, together,

clearly indicate an improvement in hole injection in device D4 in comparison to devices

D0, D1 and D6.

The loss tangent is given by the following expression (see Agilent Impedance

Measurement Handbook-A guide to measurement technology and techniques,

4th edition, page 1-10)
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 (3.2)

where δ is called the loss angle measured in radians (equal to π/2 - ϕ), ω = 2πf

is the angular frequency of the ac signal and RPCP is the time constant.

Figure 3.4 (b) Frequency dependent conductance of device D4

Figure 3.4 (c) shows the variation of loss tangent with frequency and figure

3.4 (d) shows the comparison of the frequency dependence of loss tangent and

imaginary part of dielectric constant (dielectric loss factor ε’’) of device D4.

Figure 3.4 (c) Frequency dependent loss tangent of device D4 at 4 V and

(d) Comparison of the frequency dependence of loss tangent and imaginary part of

dielectric constant of device D4 at 4 V

From Figure 3.4 (c), it is observed that the loss tangent in device D4 remains
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almost constant (0.026) till 104 Hz and then decreases with further increase in

frequency. However, at ~ 5 x 105 Hz, a small peak is observed in the loss tangent, which

corresponds to the peak in the dielectric loss factor ε’’ [Figure 3.4 (d)], denoting the

relaxation frequency (Lee et al. 2003). Figure 3.4 (e) shows the frequency dependent

loss tangent of devices D0, D1, D4 and D6.

Figure 3.4 (e) Frequency dependent loss tangent of devices D0, D1, D4 and D6 at 4 V

The low values of the loss tangent at high frequency indicate that device D4 is

efficient in terms of charge conduction.

(d)   Impedance Measurements

An important technique to investigate electrical characteristics of diode devices

is the Complex Impedance measurements. Impedance measurements have been carried

out for all the devices fabricated. The complex impedance of the device is given by the

equation (Ahn et al. 2005)

( ) Re[ ( )] Im[ ( )]
1

P
S

RZ f Z f i Z f R
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(3.3)

Here, RS is the contact resistance and RP is the bulk resistance through the

organic layer, ω = 2πf is the angular frequency of the ac signal and τ, which is equal to

RPCP (time constant), refers to the relaxation time. The frequency dependent impedance

can be represented either as Z(f) or as Z(ω).
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A small ac voltage of 100 mV is superimposed on the dc bias voltages for the

experiments in the present work. The corresponding impedance studies have been

performed at room temperature. As we know, at higher frequencies, the dipoles and

localized charge carriers will be unable to follow the ac electric field, which implies

that there is no dependence on ac component of the applied bias voltage. Hence, all the

curves in Re[Z(f)] and Im[Z(f)] versus frequency converge to a single line (i.e.,

geometric capacitance). As shown in the region II of Figures 3.5 (a) and (b), the

characteristic curves for all the voltages converge at higher frequencies for device D4.

Figure 3.5 (a) Frequency dependent real part of impedance of device D4

Figure 3.5 (b) Frequency dependent imaginary part of impedance of

device D4
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At low frequencies, the dipoles and localized charge carriers respond to the

applied voltage. Good hole injection due to F4TCNQ layer leads to the increase in

conductance through the device. This results in decrease in impedance with applied

voltage (0 - 4 V). The peak shift in the Im[Z(f)] towards higher frequency region yields

the relaxation frequency. This confirms the reduction of relaxation time with increasing

dc voltage, which indirectly demonstrates the increase in conductance in the device.

The Cole - Cole plot for Im[Z(f)] versus Re[Z(f)] of device D4 for different bias

voltages is shown in Figure 3.6 (a). Each curve represents a semicircle of radius RP/2

in a complex plane and the height of the semicircle gives the relaxation frequency.

A generalized equivalent circuit model [Figure 3.6 (b)], consisting of a parallel resistor-

capacitor RC component (RP and CP) with relatively small contact resistance RS, was

used to estimate the parameters from Cole - Cole plots. This is governed by the equation

(Ahn et al. 2005)

 
2 2

2Re[ ( )] | Im[ ( )] |
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S

R RZ f R Z f           
    

(3.4)

Figure 3.6 (c) shows the Cole-Cole plot of devices D0, D1, D4 and D6 at 4 V. As

shown in the figure, the fits to the experimental data are obtained using EIS Spectrum

Analyzer software, and the values thus obtained for the equivalent circuit components

for devices D0, D1, D4 and D6, at a bias voltage of 4 V are shown in Table 3.1 (a).

Figure 3.6 (a) Cole-Cole plot at different bias voltages for device D4
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Figure 3.6 (b) Schematic of equivalent circuit model for the analysis of

Cole-Cole plot

Figure 3.6 (c) Cole-Cole plot of devices D0, D1, D4 and D6 at 4 V

Table 3.1 (a) Equivalent circuit parameters of devices D0, D1, D4 and D6 at 4 V

Device CP (nF) RP (kΩ) RS (Ω)

D0 0.83 31.28 125

D1 0.595 10.80 115

D4 0.520 2.79 150

D6 0.514 3.56 148

It is observed that the parallel capacitance CP reduces on insertion of F4TCNQ

hole injection layer and is the least in device D4. The series or contact resistance (RS) in

all the devices (D0, D1, D4 and D6) is in the order of few hundreds of ohms when

compared to the parallel or bulk resistance (RP), and is neglected. The reduction of RP

(b)
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and CP in device D4 when compared to devices D0, D1 and D6 is attributed to the

reduction in the time τ required for the charge carriers to transit through the device. This

is due to the increase in conductance through the device D4.

The values of geometric capacitance (Cgeo) estimated from the C-f

characteristics of all the devices and calculated using equation 3.1 are shown in Table

3.1 (b) and are in the range ~ 0.5 ± 0.1 nF.

Table 3.1 (b) Geometric capacitance of devices D0, D1, D4 and D6

Device From C-f characteristics (nF) From equation (nF)

D0 0.61 0.531

D1 0.593 0.524

D4 0.511 0.505

D6 0.498 0.494

The J-V, capacitance, conductance and impedance measurements confirm the

improved injection of holes in device D4.

3.1.4   Conclusion

In summary, the charge transport at the organic interface formed between a

hole-injection layer (F4TCNQ) and a hole transport layer (α-NPD) is explored using

capacitance (C-V and C-f), conductance (G-f) and impedance based electrical

techniques. The significance of an optimum thickness for the F4TCNQ layer is clearly

established. Such a hole injection layer will greatly improve the efficiency of OLED

devices. The thickness of the F4TCNQ layer plays a crucial role in device properties

since the charge carrier storage at the interface depends on the thickness of this layer.

In these studies, the device with 4 nm F4TCNQ proved much more efficient in terms of

hole injection compared to the device with no F4TCNQ and those with 1 nm and 6 nm

F4TCNQ injection layer. An agreement between the results based on capacitance,

conductance and impedance measurements has been observed and this work paves the

way for the determination of carrier mobility in the devices.
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3.2   HOLE TRANSPORT IN α-NPD: THICKNESS DEPENDENT MOBILITY

3.2.1 Introduction

The benefits of novel organic device applications have demanded the study of

charge carrier mobility in organic materials (Aloui et al. 2014, Ooi et al. 2014, Fukuda

et al. 2014, Philippa et al. 2015). Various studies to determine charge transport

properties in organic semiconductors have contributed to the development of more

efficient OLED devices. The critical parameters to be optimized include charge

injection, transport and recombination (Crone et al. 1998, Blom and Vissenberg 2000,

Eva et al. 2010, Pivrikas et al. 2010). Other physical aspects such as defects or traps

also affect the performance of these devices (Nguyen et al .2001, Li et al. 2007, Zhan

et al. 2007, Kumar et al. 2011). Recently, Sharma et al. (2011) have investigated the

dependence of traps in organic semiconductors on the growth conditions and surface

morphology. The dopant molecules in the various organic layers in a device function

either as traps or scattering centers, thus affecting the charge carrier mobility (Zhan et

al. 2007, Chauhan et al. 2010). The generation of free carriers due to the ionization of

dopant molecules leads to an increase in the mobility and conductivity (Tong et al.

2007). Lee et al. (2014) demonstrated that direct charge transfer from trap states of host

to dopant molecules enhances the conductivity of doped organic semiconductors.

Trapping of charge carriers is considered to be the primary cause for dispersive

charge transport in many organic systems (Borsenberger et al. 1992, Berleb and

Brütting 2002, Philippa et al. 2014). Here, dispersive charge transport indicates that

there is a decrease in the mean hopping rate of the carriers with time due to their

trapping in deeper states, and there is broadening of the original carrier packet due to

dispersion caused by change in hopping rates (Klauk 2012).

It must be noted that if dispersion is present even at a moderate level, the

frequency dependent capacitance and conductance (C-f and G-f) may not show the

characteristic dip needed to determine mobility by negative differential susceptance

(-ΔB) and differential conductance (ωΔG) methods, respectively (Tripathi et al. 2011).

This problem can be overcome by using the frequency dependent impedance method
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(|Im[Z(f)]|–f) which is not susceptible to dispersion (Tripathi et al. 2011).

In section 3.1 of this thesis, the enhancement in hole injection into α-NPD layer

was studied using capacitance and impedance spectroscopy techniques. The

measurements were carried out on device D4 that has a 4 nm thick F4TCNQ film as

hole-injection layer and α-NPD layer of thickness 80 nm. The LUMO of F4TCNQ

(5.24 eV) is very close to the HOMO of α-NPD (5.5 eV). It was shown from the J-V,

C-V, C-f and impedance measurements that the device with a 4 nm F4TCNQ layer has

better hole injection properties when compared to the devices without F4TCNQ and

those with 1 nm and 6 nm F4TCNQ layer (Fernandes et al. 2014). In this context, the

present studies focus on the comparative analysis of the charge transport parameter

(mobility) of devices without F4TCNQ (device D0) and with 4 nm F4TCNQ (device D4)

for varying thickness (100 nm, 500 nm and 1000 nm) of the α-NPD layer.

The charge carrier transport is studied in hole-only devices made using α-NPD

with F4TCNQ film as hole-injection layer. The field dependent mobility of the charge

carriers is determined by measuring frequency dependent capacitance, conductance and

impedance for varying thickness of α-NPD. The Poole-Frenkel zero-field mobility and

the Poole-Frenkel coefficient are evaluated for each device using all the data thus

obtained.

3.2.2 Fabrication and Characterization of Hole-only Devices

High quality F4TCNQ (> 99 %) and α-NPD (> 99.5 %) were obtained from

M/s. Lumtec, Taiwan, and were used without any further purification. In this

investigation, devices with six different configurations (D0:100, D0:500, D0:1000, D4:100,
D4:500 and D4:1000) were fabricated in a single batch. Patterned indium tin oxide (ITO,

XinYan Technology Ltd., Hong Kong) was used as the bottom anode, F4TCNQ was

used as a hole injection material, α-NPD was used as the hole transport material and

aluminum (Al, Alfa Aesar, USA) was used as cathode. Prior to the thin film deposition,

ITO coated glass substrates (XinYan Technology Ltd., Hong Kong), with a sheet

resistance of 15 Ω/□, were ultrasonicated using acetone, isopropyl alcohol, DI water, in

that sequence, for 15 min each and dried in flowing nitrogen to ensure that the substrate
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surface is free of any contaminant. This was followed by UV-Ozone treatment for

15 min which enhances the work-function of ITO. Thin films of F4TCNQ, α-NPD and

Al were sequentially deposited at a rate of 0.2 Ås-1, 0.5 Ås-1 and 5 Ås-1, respectively, by

thermal evaporation on the pre-cleaned ITO coated glass substrate under vacuum (base

pressure ~ 8x10-6 mbar). The active area of the device was 1.6 mm2. Figure 3.7 shows

the schematic representation of the fabricated devices with the configuration

ITO/F4TCNQ (x nm)/α-NPD (y nm)/Al, i.e., two device sets (F4TCNQ variation x = 0

and 4 nm) having three device subsets each (α-NPD variation y = 100, 500 and

1000 nm). Devices D0:100, D0:500, D0:1000 correspond to devices with no F4TCNQ and

100, 500 and 1000 nm α-NPD, respectively, whereas devices D4:100, D4:500 and D4:1000

correspond to devices with 4 nm thickness of F4TCNQ and 100, 500 and 1000 nm

α-NPD, respectively.

Figure 3.7 Schematic representation of the device structure D0:100, D0:500, D0:1000,

D4:100, D4:500 and D4:1000 with F4TCNQ thickness x = 0 nm and 4 nm and α-NPD

thickness y = 100 nm, 500 nm and 1000 nm each, respectively

Frequency dependent complex impedance, capacitance and conductance along

with voltage dependent capacitance (C-V) were measured at room temperature using

Agilent E4980A Precision LCR Meter in the frequency range 20 Hz-1 MHz at an ac

voltage of 100 mV. Current density-voltage (J-V) measurements were carried out using

computer-controlled Keithley 2400 SMU. All measurements were carried out

immediately after device fabrication keeping them in open air.
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3.2.3 Results and Discussion

(a) Current Density-Voltage (J-V) Characteristics

Figure 3.8 (a) shows the variation of current density with bias voltage (J-V

characteristics). It can be observed from the J-V characteristics that the set of devices

(Set 1) with 4 nm layer of F4TCNQ have a lower turn-on voltage compared to the set

of devices without F4TCNQ (Set 2). As a control sample, a device with 4 nm F4TCNQ

and 80 nm α-NPD layers was also fabricated. The J-V, C-f, G-f and impedance

characteristics of this device agreed well with the results presented above in section 1.

Figure 3.8 (b) shows the log J- log V plot of devices D0:100, D0:500, D0:1000, D4:100,

D4:500 and D4:1000. In this figure, it is observed that the current density is space charge

limited (SCLC) (region with slope ≈ 2) at high voltages. The turn on voltage for devices

D0:100, D0:500, D0:1000, D4:100, D4:500 and D4:1000 at which they enter SCLC regime is

2.3 V, 2.58 V, 5.13 V, 1.9 V, 2.07 V and 2.21 V, respectively. The reverse leakage

current density obtained from the semi-log plot of the devices shown in Figure 3.8 (c)

is found to be 3.64 x 10-3 mA cm-2, 2.4 x 10-4 mA cm-2, 1.58 x10-5 mA cm-2,

9.41 x 10-2 mA cm-2, 4.8 x 10-5 mA cm-2 and 1.23 x 10-5 mA cm-2 at - 4 V for devices

D0:100, D0:500, D0:1000, D4:100, D4:500 and D4:1000, respectively. There is a clear indication

of improvement in hole injection in the devices having 4 nm thick F4TCNQ film. The

high turn on voltage in case of devices without F4TCNQ is due to large injection barrier.

Moreover, the current density is observed to decrease with increase in α-NPD thickness

in devices with and without 4 nm F4TCNQ. This thickness dependence can be attributed

to the dependence of carrier density on voltage in the bulk region, as indicated by

equation 3.5 (Tripathi and Mohapatra 2013) given below

0
( )( ) exp bi

B

Xq V Vp X p
k Td

  
  

 
(3.5)

where X is the position of organic layer of thickness d from the anode in the device,

T is the temperature (in K), p0 is the carrier density due to accumulation in a narrow

region at the injecting contact, q is the electronic charge, kB is the Boltzmann constant,

V is the applied voltage and Vbi is the built-in voltage of the device.
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Figure 3.8 (a) J-V characteristics of devices D0:100, D0:500, D0:1000, D4:100, D4:500 and

D4:1000 where Set 1 represents devices with 4 nm F4TCNQ layer and Set 2 represents

devices without F4TCNQ

Figure 3.8 (b) log J- log V plot and (c) Semi-log plot of devices D0:100, D0:500, D0:1000,

D4:100, D4:500 and D4:1000

From equation 3.5, it is established that the accumulation of injected charge

carriers is highest at the metal-organic interface (X = 0) and decreases as one moves

away from the anode. This reduction in the number of charge carriers available for

conduction becomes more prominent as the thickness d of α-NPD is increased and is

highest when d = 1000 nm. As a result, the current density drops as shown in Figure

3.8 (a).



Chapter 3

67

(b) Negative Differential Susceptance (-ΔB)

The frequency dependent variation of capacitance (C-f) of devices D0:100, D0:500,

D0:1000, D4:100, D4:500 and D4:1000 was carried out at different voltages (0-10 V) with the

superimposed ac voltage of 100 mV. The results for only device D4:1000 are presented

here as shown in Figure 3.9 (a). No characteristic dips were observed in the C-f plots

of the devices having a very thin α-NPD layer (100 nm) and with either no F4TCNQ

layer or with a 4 nm F4TCNQ layer. This indicates that the interfacial trap states present

at the metal-organic interface dominate if the α-NPD layer is relatively thin, whereas

devices with thicker α-NPD layer are influenced by bulk properties.

Figure 3.9 (a) Frequency dependent capacitance of device D4:1000

As shown in Figure 3.9 (a), the dip in the C-f curves is said to be caused by the

competition between the transit-time effect and the carrier trapping in the distributed

localized state (Ishihara et al. 2014). This minimum value of capacitance is given by

τd = 0.54τr = 0.54/fmax when using equation 3.6 below (Okachi et al. 2008). For the ideal

case of completely trap-free devices, the capacitance at low frequencies reaches ¾ C0

where C0 is the geometric capacitance. At higher frequencies, since the dipoles and

localized charge carriers do not respond to the applied ac bias, the capacitance value

goes to C0. Using the expression for negative differential susceptance –ΔB = –ω(C-C0),

the plot of –ΔB vs f [Figure 3.9 (b)] is generated, from which we get frequency fmax

(Okachi et al. 2008, Ishihara et al. 2014) at which the peaks occur. Further, the charge
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carrier mobility µ(F) at different voltages can be determined from the following

equation (Tsang and So 2006)

( )
d

dF
F



 (3.6)

where d is the thickness of the organic layer, F = V/d is the applied electric field at

voltage V and τd = 0.54τr = 0.54/fmax is the characteristic transit time (Tripathi et al.

2011).

Figure 3.9 (b) Frequency dependent negative differential susceptance

–ΔB = –ω(C-C0) for device D4:1000 where C0 is the geometric capacitance

The Poole-Frenkel field dependent carrier mobility (Figure 3.10) is given by

(Brütting et al. 2001)

0( ) exp( )F F   (3.7)

where F = V/d is the applied electric field at voltage V and d is the organic layer

thickness. This model describes well the disorder in organic semiconductors. Here, the

intercept and slope to the linear fit to the above equation yield the field-independent

mobility (µ0) (also called Zero-field mobility) and the Poole-Frenkel coefficient (β) as

shown in Table 3.2 at the end of this section.

From the frequencies (fmax) at which the negative differential susceptance (–ΔB)
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attains the maximum value in Figure 3.9 (b) and using equation 3.6, the hole-drift

mobility values of α-NPD in device D4:1000 are determined at different voltages.

Figure 3.10 Poole-Frenkel dependence of mobility for the devices D4:1000 and D4:500

using –ΔB technique (Tsang and So 2006)

In the voltage range 4-10 V, the mobility varies from 1.375 x 10-4 cm2V-1s-1 (at

4 V) to 2.787 x 10-4 cm2V-1s-1 (at 10 V). The Zero-field mobility in device D4:1000

obtained using Figure 3.10 and equation 3.7 is 1.14 x 10-4 cm2V-1s-1.

(c)   Differential Conductance (ωΔG)

Similar to –ΔB technique, the frequency dependent variation of conductance

(G-f) for devices D0:100, D0:500, D0:1000, D4:100, D4:500 and D4:1000 was measured at

different dc bias voltages (0-10 V) with an ac voltage of 100mV superimposed on the

dc. The results for device D4:1000 is presented in Figure 3.11 (a). As in the previous case,

no characteristic dips were observed in G-f plots of the devices irrespective of whether

the F4TCNQ layer was present or not; the devices had a very thin α-NPD layer

(100 nm).

The small dips in G-f characteristics as seen in Figure 3.11 (a) may be caused

by the competition between the transit-time effect and conductance increase due to

series resistance (Ishihara et al. 2014). In the ideal case of trap-free devices, the

conductance tends to G(ω 0) = G0 in the low frequency region, whereas it tends to
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G(ω ∞) = G∞ = 2/3G0 in the higher frequency region (Ishihara et al. 2014). The

minimum value of conductance is obtained using equation 3.6 for τd = 0.36τr = 0.36/fmax

(Ishihara et al. 2014).

Figure 3.11 (a) Frequency dependent conductance of device D4:1000

The value of fmax is obtained from the plot of differential conductance

ωΔG = ω(G - G∞) versus frequency [Figure 3.11 (b)] from which the mobility at

different voltages can be calculated using equation 3.6 (Okachi et al. 2008, Ishihara

et al. 2014).

Figure 3.11 (b) Frequency dependent differential conductance

ωΔG = ω(G - G∞) of device D4:1000 where G(ω ∞) = G∞ is assumed to be the

minimum value of G
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From the peak frequencies (fmax) of differential conductance (ωΔG) in Figure

3.11 (b) and equation 3.6, the hole-drift mobility values of α-NPD in device D4:1000 are

determined at different voltages. In the voltage range 4-10 V, the mobility varies from

1.851 x 10-4 cm2V-1s-1 (at 4 V) to 3.022 x 10-4 cm2V-1s-1 (at 10 V). The Zero-field

mobility in device D4:1000 obtained using Figure 3.12 and equation 3.7 is

1.38 x 10-4 cm2V-1s-1.

Figure 3.12 Poole-Frenkel dependence of mobility for the devices D4:1000 and D4:500

using ωΔG technique

It is observed that the mobility values obtained from –ΔB and ωΔG methods are

in the order of 10-4 cm2V-1s-1 in the range 4-10 V.

(d)   Frequency Dependent Impedance

The sum of real and imaginary parts of the frequency dependent admittance

Y(Ω) is given by the expression (Martens et al. 2000, Tripathi et al. 2011)

( ) ( ) ( )Y G iB     (3.8)

where Ω = 2π fτd = ωτd, ω is the angular frequency of the ac signal, τd is the characteristic

transit time, G is the conductance and B is the susceptance.

As mentioned above, the –ΔB and ωΔG methods are valid for trap-free non-

dispersive transport (Okachi et al. 2008, Ishihara et al. 2014). Further, the injection
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barrier has to be below the threshold values of 0.2 eV and 0.4 eV, respectively (Okachi

et al. 2008, Ishihara et al. 2014). In this context, it should be noted that only the devices

D4:500 and D4:1000 exhibit the characteristic dip in C-f and G-f characteristics, from which

mobility can be determined. However, the |Im[Z(f)]| -f technique can be employed even

in the cases where there is high dispersion and in devices with a small barrier height.

So, devices D0:100, D0:500, D0:1000, D4:100 show frequency dependent change in their

impedance characteristics even though no peak is obtained from –ΔB and ωΔG methods

and therefore, mobility can be calculated for these devices too.

The frequency dependent imaginary part of the impedance, as shown in Figure

3.13 (a), gives the relaxation peak (τr = 1/ω) which shows a linear dependence on the

characteristic time (τd) associated with the carriers. Previous reports have shown that

τd = 0.47τr (Tripathi et al. 2011). Hence, the charge carrier mobility can be determined

using equation 3.6. The Cole-Cole plot of device D4:1000 is shown in Figure 3.13 (b).

The height of the semicircle represents the relaxation peak (τr = 1/ω) which is the same

as that in Figure 3.13 (a).

Figure 3.13 (a) Frequency dependent imaginary part of the impedance of

device D4:1000

From the peak frequencies (fmax) of |Im[Z(f)]| -f in Figure 3.13 (a) and equation

3.6, the hole-drift mobility values of α-NPD in device D4:1000 are determined at different

voltages. In the voltage range 4-10 V, the mobility varies from 5.187 x 10-4 cm2V-1s-1

(at 4 V) to 1.11 x 10-3 cm2V-1s-1 (at 10 V). The Zero-field mobility in device D4:1000
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obtained using Figure 3.14 and equation 3.7 is 1.82 x 10-4cm2V-1s-1.

Figure 3.13 (b) Cole-Cole plot at different bias voltages for device D4:1000

Figure 3.14 Poole-Frenkel dependence of mobility for the devices D4:1000, D4:500,

D0:1000 and D0:500 using |Im[Z(f)]|-f technique

Table 3.2 shows the Zero-field mobility of devices D0:100, D0:500, D0:1000, D4:100,

D4:500 and D4:1000 obtained using the techniques: negative differential susceptance (-ΔB),

differential conductance (ωΔG) and frequency dependent imaginary part of impedance

(|Im[Z(f)]|-f). It is observed from the table that the values are in the range

10-7–10-4 cm2 V-1 s-1. In the voltage range 4-10 V, it is observed that the mobility values

obtained from |Im[Z(f)]| method are higher than those obtained from –ΔB and ωΔG

methods.
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Table 3.2 Zero-field mobility of the devices obtained using different techniques

Device Zero-field Mobility µ0 (cm2V-1s-1)

From –ΔB From ωΔG From |Im[Z(f)]|-f

D0:1000 - - 4.06 x 10-5

D4:1000 1.14 x 10-4 1.38 x 10-4 1.82 x 10-4

D0:500 - - 3.46 x 10-6

D4:500 3.98 x 10-5 4.30 x 10-5 4.00 x 10-5

D4:100 - - 4.89 x 10-7

This variation is due to the difference in τd to τr ratio obtained from these

methods (Tripathi et al. 2011). However, the Zero-field mobility values obtained from

the three methods are in the order of 10-4 cm2V-1s-1.

3.2.4   Conclusion

In summary, the mobility in the devices with no F4TCNQ and 4 nm F4TCNQ

hole-injection layer is investigated by three different measurement schemes and

compared in order to corroborate the results of section 3.1. It is established from J-V

characteristics that all the devices operate in the SCLC regime. The frequency

dependent impedance (|Im[Z(f)]|-f), capacitance (C-f) and conductance (G-f)

characteristics are used to determine the carrier mobility through the devices. The

device with 4 nm thick F4TCNQ layer shows highest mobility for all the measurement

methods employed. The Zero-field mobility values obtained from all the methods are

in the order of 10-4 cm2V-1s-1 in agreement with those reported in literature (Chu and

Song 2007, Xu et al. 2014). The Poole-Frenkel coefficient (β) values for all the devices

are ~ 10-3 ± 0.001 (cm V-1)1/2
.

Since the mobility is observed to increase with α-NPD thickness, it can be

interesting to know the dependence of mobility beyond the thickness of 1000 nm

α-NPD. However, since there is always a trade-off between charge transport and

luminescence in OLED devices (Liu et al. 2015), they are usually limited to thicknesses

~ 100 nm (Schols 2011). Therefore, the α-NPD thickness dependent study on the
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mobility in this section is restricted to get an overview of the underlying transport

mechanism in these devices. This study enables us to better understand the physics of

organic materials and devices by investigating their interface and bulk properties.
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CHAPTER 4

ELECTRICAL AND OPTICAL PROPERTIES OF NOVEL
ALKYL-SUBSTITUTED TRIPHENYLAMINE DERIVATIVES

Abstract

This chapter discusses the electrical and optical properties of three novel

compounds bearing triphenylamine (TPA) moiety in hole-only devices through

measurement of current density versus voltage (J-V), capacitance versus voltage

(C-V), frequency dependent capacitance, ac conductivity, Impedance spectroscopy,

UV-Vis and Photoluminescence (PL) spectroscopy. The role of alkyl substitution in

these compounds in the improvement of charge transport properties is described in this

chapter.

4.1   INTRODUCTION

Molecular engineering, leading to the synthesis of a very wide range of organic

materials, together with low temperature technologies for device fabrication have led

to rapid progress in this field. Most of the organic materials employed in the electronic

devices are π-conjugated materials which have delocalized electrons. It has been

observed that organic materials having high Photo Luminescence (PL) efficiency

exhibit rather low charge carrier mobility (~ 10-6 cm2V-1s-1), whereas materials having

large carrier mobility show much lower PL-efficiencies (Liu et al. 2015).

Triphenylamine (TPA) and its derivatives, such as α-NPD and TPD, are an important

class of π-conjugated organic compounds used in OLED applications. The reported

values of hole mobility for such materials fall in the range 10-3-10-7 cm2V-1s-1 (So et al.

2007, Fernandes et al. 2015) and the PL quantum efficiencies are seen to be about

30-40% (Liu et al. 2015). A proper choice of the side-group for attachment to such TPA

molecules is vital for achieving good device performance. In this chapter, hole-only

devices are used to report on the role of methyl and tert-butyl groups attached to TPA
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molecules on the performance of OLED devices.

The mobility in disordered organic compounds is influenced by several factors

such as molecular geometry, impurities and traps. Stability of these compounds in the

film form in ambient conditions can significantly affect the charge transport

(Kocherzhenko 2011). The stability in ambient conditions depends on the HOMO-

LUMO energy levels. Materials with high-lying HOMO levels are prone to oxidation,

rendering them less stable (Navamani et al. 2013). However, in TPA molecules, the

presence of electron deficient nitrogen and C=N double bond lowers the HOMO energy

level, leading to better stability besides enhanced hole-transport (So et al. 2007). Thus,

these molecules can be designed to play multifunctional roles in devices depending on

their HOMO-LUMO levels which can be suitably altered by molecular engineering.

The presence of side groups in the organic molecules leads to modifications in

their electronic and optical properties. One such effect is the increase in the number of

π-electrons (Navamani et al. 2013). Secondly, the presence of oxadiazole moiety

reduces the steric repulsion and minimizes the torsional disorder between the

neighboring units, thereby leading to a more planar structure (Datta and Pati 2004).

Nagakubo et al. (2011) observed a reduction in the traps at the organic-substrate

interface due to the presence of tert-butyl groups, leading to improvement in transistor

characteristics (Nagakubo et al. 2011, Higashino et al. 2012). In this chapter, it is shown

that the attachment of tert-butyl groups to the TPA moiety results in an order of

magnitude improvement in the hole mobility (~10-6 cm2V-1s-1) and thin films of this

material show significant photoluminescence quantum efficiency (~ 30%). This is in

contrast to materials having high carrier mobility (Liu et al. 2015) but low PL quantum

efficiencies, typically < 1%. Further, the attachment of methyl or tert-butyl side group

to TPA molecule increases the number of delocalized electrons and also shows higher

carrier hopping rate. These investigations suggest that the alkyl-substituted TPA has

good potential for OLED applications.

Attachment of tert-butyl group to certain organic molecules such as

quarterthiophene, TTF and its derivatives, etc., improves their stability and also

electronic properties due to the delocalization of π-electrons (Higashino et al. 2012). In
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contrast, the attachment of s-alkyl and n-alkyl side groups to these molecules does not

bring in these beneficial changes. In addition, the para-position of the substituents is

responsible for additional electron donation due to a special type of resonance

contribution known as hyperconjugation (Pross et al. 1980). It is therefore important to

choose appropriate molecules as side groups for achieving the desired optoelectronic

characteristics.

This chapter presents the experimental investigation of hole transport in three

new compounds containing electron donating TPA moiety. The compounds denoted

for further discussion as X1, X2 and X3 are listed below:

X1:2-(4-(5-(4-(diphenylamino)phenyl)-1,3,4-oxadiazol-2-yl)benzylidene)malononitrile

X2:2-(4-(5-(4-(di-p-tolylamino)phenyl)-1,3,4-oxadiazol-2-yl)benzylidene)malononitrile

X3:2-(4-(5-(4-(bis(4-(tert-butyl)phenyl)amino)phenyl)-1,3,4-oxadiazol-2-

yl)benzylidene) malononitrile.

In these compounds, X2 and X3 are obtained from compound X1 by attaching

methyl and tert-butyl substituents, respectively, to the TPA moiety. These compounds

were obtained from Indian Institute of Chemical Technology, Hyderabad (India). The

photophysical characterization data has been given in the appendices II-IV (page

number 112 of this thesis).

The hole mobility is determined by employing Impedance Spectroscopy which

is widely used to study organic materials having dispersive transport (Barsoukov and

Macdonald 2005). Besides this, current density-voltage (J-V), capacitance-voltage

(C-V) as well as frequency dependent capacitance (C-f) and conductivity (σ-f)

measurements have been carried out on the devices fabricated in order to get an insight

into the charge transport process.

Previous theoretical studies (Berlin et al. 2008, Troisi and Cheung 2009, Troisi

2011, Navamani et al. 2013) indicate that the molecular structural dynamics is

responsible for interaction between the neighboring localized hopping sites. For

hopping transport, electronic coupling and structural relaxation are key parameters
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which can be altered by appropriate side-group substitutions. Hence, in this chapter, the

role of side-groups on the transport and the frequency dependence of hopping rate has

been investigated in detail. The effect of molecular structural oscillations on charge

transfer kinetics in these devices has also been analyzed.

4.2   FABRICATION AND CHARACTERIZATION OF HOLE-ONLY
DEVICES

The hole-only device structure used in this study is shown in Figure 4.1 (a),

which includes 10 nm thick layers of N,N′-Di(1-naphthyl)-N,N′-diphenyl-(1,1′-

biphenyl)-4,4′-diamine (α-NPD) on either side of compounds X1, X2 or X3 to facilitate

hole transport from 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4TCNQ)

layer as well as to block electron injection from the Al cathode. The hole mobility

measured in the devices fabricated in this study is in the range 10-6 -10-7 cm2V-1s-1 and

is seen to improve with alkyl substitution. These materials are considered a good choice

for maintaining charge carrier balance in organic electronic devices (Leung et al. 2009).

High quality F4TCNQ (> 99%) and α-NPD (> 99.5%) were obtained from

M/s. Lumtec, Taiwan, and were used without any further purification. Three separate

devices, viz., P1 using compound X1, P2 using X2 and P3 using X3 were fabricated.

Patterned indium tin oxide (ITO) on glass substrate was used as the bottom anode,

F4TCNQ was used as a hole injection material, α-NPD was used as a hole transport and

electron blocking material, X1 or X2 or X3 was used as a hole transport material and

aluminum [Al, Alfa Aesar (99.999%)] was used as cathode.

The purity of the synthesized compounds was estimated by HPLC and all of

them had purity better than 99%. Prior to the thin film deposition, ITO coated glass

substrates (XinYan Technology Ltd., Hong Kong), with a sheet resistance of 15 Ω/□,

were ultrasonicated using acetone, isopropyl alcohol, DI water, in that sequence, for

15 min each and dried in flowing nitrogen to ensure that the substrate surface is free of

any contaminant. This was followed by UV-Ozone treatment for 15 min which

enhances the work-function of ITO. All the materials were placed in molybdenum

boats, well separated from each other inside the vacuum chamber. Each boat was heated
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one at a time. After the deposition of the material from a particular boat, it was covered

with a shutter and allowed to cool down. Then the next boat was heated to deposit the

succeeding layer and the process was repeated till all the layers were deposited.

Thin films of F4TCNQ, α-NPD, X1 or X2 or X3 and Al were sequentially

deposited at a rate of 0.2 Ås-1, 0.5 Ås-1, 0.5 Ås-1 and 5 Ås-1, respectively, by thermal

evaporation on the pre-cleaned ITO coated glass substrate under vacuum (base pressure

~ 8x10-6 mbar). The active area of the device was 1.6 mm2.

Figure 4.1 (b) shows the HOMO and LUMO energy levels of various layers in

the fabricated devices having the following configuration:

ITO/F4TCNQ (4nm)/α-NPD (10 nm)/X1 or X2 or X3 (125 nm)/α-NPD (10 nm)/Al.

Figure 4.1 (a) Schematic representation of the device structure and (b) energy level

diagram of various layers, where layers X1, X2 and X3 correspond to devices P1, P2

and P3, respectively

As mentioned earlier, in these devices, F4TCNQ serves as a hole injection layer

facilitating injection of holes from ITO into the adjacent hole transporting α-NPD layer.

The injection of electrons from Al cathode into the device is blocked by the α-NPD

layer adjacent to the cathode.

The molecular structures of F4TCNQ, α-NPD, X1, X2 and X3 are given in Figure

4.2.

X1 or X2 or X3
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Figure 4.2 Molecular structures of F4TCNQ, α-NPD, X1, X2 and X3

Methyl and tert-butyl functional group substituents in molecules X2 and X3 are

expected to result in nearly planar molecular structure with highly delocalized

-electron concentration. Since the performance of organic semiconductor devices is

strongly sensitive to fabrication conditions, care was taken by fabricating multiple

devices, in the 3x3 pixel format, on a given substrate, thereby obtaining 9 identical

devices for characterization. The device P1 was fabricated using material X1, device P2

using X2 and P3 using X3 as hole-only device. From the large number of devices of type

P1, measurements were carried out for 6 randomly chosen devices. Similar

CH3 CH3

CH3

CH3

CH3CH3

CH3

CH3
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measurements were done for devices of type P2 and P3. Frequency dependent complex

impedance, capacitance and conductivity along with voltage dependent capacitance

(C-V) were measured at room temperature using Agilent E4980A Precision LCR Meter

in the frequency range 20 Hz-1 MHz at an ac voltage of 100 mV. Current density-

voltage (J-V) measurements were carried out using computer-controlled Keithley 2400

SMU. UV-Vis absorption spectra measurements were carried out using Ocean Optics

Inc SD2000 spectrometer. All measurements were carried out immediately after device

fabrication keeping them in open air.

4.3   RESULTS AND DISCUSSION

4.3.1   Impedance Spectroscopy

Frequency dependent impedance measurements were performed to investigate

the conduction mechanism in all the devices. The charge transport in organic materials

is dictated by several factors, such as the quality of each of the interfaces, uniformity

of the films deposited, quality of the deposited electrode films, the injected free carriers

and also the polarizability of the organic molecules. In order to investigate the influence

of these factors on the device operation, it is common to plot the imaginary part of the

complex impedance against the real part and is termed as Cole–Cole plot. These plots,

for our devices P1, P2 and P3 at different dc bias voltages, are shown in Figure

4.3 (a-c). The shape of the Cole-Cole plots is seen to be non-semi-circular. They may

be fitted to a pair of semicircles, which individually represent the behavior of bulk and

the interfaces. One may thereby extract relaxation times, corresponding respectively to

the bulk and the interfaces, from each of the two semicircles (Liu et al. 2004).

The devices fabricated in this chapter are expected to behave as imperfect

capacitors, owing to roughness in the interfaces and metal electrode surfaces,

inhomogeneities in the film, varying film thickness and non-uniform current density

distribution. For the purpose of electrochemical impedance analysis, such a device is

often modeled as the circuit shown in Figure 4.4 (a). In this figure, the resistance RS

corresponds to the contact resistance, RB and RI correspond to the bulk and interfacial

resistances, respectively.
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Figure 4.3 Cole-Cole plots at different bias voltages for devices

(a) P1 (b) P2 and (c) P3
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Figure 4.4 (a) Schematic of equivalent circuit model for the analysis of

Cole-Cole plot

The elements QI and QB termed as ‘constant phase elements (CPE)’ represent

the effect of inhomogeneities and surface roughness of various layers in the devices

mentioned above.

The frequency dependent complex impedance of this equivalent circuit is given

by (Diard et al. 2013)

( )
1 ( ) 1 ( )I B

I B
S n n

I B

R RZ R
i i


   

  
 

(4.1)

where τI = RI QI and τB = RB QB, with τI and τB being the average relaxation times at

interface and within the organic layers. The curves fitted using equation 4.1 yield values

of various circuit parameters for devices P1, P2 and P3 and are shown in Table 4.1 (a).

Table 4.1 (a) Equivalent Circuit parameters for devices P1, P2 and P3 at 5 V

Device RI
(Ω)

RB
(Ω)

QI
(F.cm-2.s(n-1))

QB
(F.cm-2.s(n-1))

nI nB

P1 1.86x105 24.3x103 1.44x10-8 8.98x10-9 0.95 0.76

P2 0.94x105 16.5x103 2.72x10-8 9.30x10-9 0.91 0.82

P3 0.59x105 16.1x103 4.13x10-8 9.83x10-9 0.98 0.81
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From the table, it can be seen that the device P3 possesses lower interfacial and

bulk resistance values (RI and RB) compared to the corresponding values for devices P1

and P2. Therefore, the current density in P3 for a given bias voltage is higher than in P1

and P2. This is also validated by the J-V measurements discussed later. With this in

mind, a detailed investigation of device P3 only is carried out, which is presented in

Table 4.1 (b). From Table 4.1 (b), it can be seen that the values of nI and nB obtained for

the device P3 lie in the range of 0.72–0.98 for different voltages. Further, the value of

the series resistance (RS) is found to be ~ 240 Ω which is much smaller than the values

of parallel resistances (RB and RI). Values of QI and QB are seen to remain almost

constant with applied voltage, indicating space charge limited conduction mechanism

(Kim et al. 2005). The reduction in RB and RI with applied voltage corresponds to the

reduction in the radius of the semicircles in the Cole-Cole plots as applied bias increases

from 3 V to 5 V [see Figure 4.3 (c)] which suggests increase in the injection of charge

carriers. The computed values of interfacial and bulk relaxation times (τI = RI QI and

τB = RB QB) decrease with voltage as shown in Figure 4.4 (b).

Table 4.1 (b) Equivalent circuit parameters for device P3 at various voltages

Bias
(V)

RI
(Ω)

RB
(Ω)

QI
(F.cm-2.s(n-1))

QB
(F.cm-2.s(n-1))

nI nB

3 2.63x105 88.4x103 3.46x10-8 9.79x10-9 0.75 0.72

3.25 1.8 x105 50.1 x103 3.47 x10-8 9.61 x10-9 0.79 0.75

3.5 1.42 x105 31 x103 3.48 x10-8 9.46 x10-9 0.82 0.81

3.75 1.25 x105 25.2 x103 3.63 x10-8 9.73 x10-9 0.87 0.83

4 0.98x105 23.5x103 3.96x10-8 9.14x10-9 0.92 0.83

4.25 0.83 x105 22.5 x103 3.97 x10-8 9.34 x10-9 0.91 0.79

4.5 0.75 x105 21.3 x103 3.98 x10-8 9.12 x10-9 0.95 0.80

4.75 0.68 x105 18.1 x103 4.01 x10-8 9.51 x10-9 0.97 0.81

5 0.59x105 16.1x103 4.13x10-8 9.83x10-9 0.98 0.81
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Figure 4.4 (b) Relaxation times at the interface (τI) and bulk (τB) for device P3

It is observed that the relaxation time τB in bulk regime is nearly ten times less

than τI in the interfacial regime in all the devices P1, P2 and P3, indicating the dominance

of bulk transport in the devices.

4.3.2   Charge carrier mobility from Impedance Spectroscopy

The charge carrier mobility at room temperature was studied by analyzing the

frequency dependence of imaginary part of the complex impedance obtained from

impedance spectroscopy. Figure 4.5 (a-c) shows the plot of |Im(Z)| as a function of

frequency for the devices P1, P2 and P3 for a range of bias voltages. It can be seen that

in each of these plots, |Im(Z)| attains a peak at a particular frequency. The inverse of

this frequency gives the bulk relaxation time (τB = 1/ω). The average carrier transit time

(τdc) is related to τB through the relation τdc ≈ 0.4τB (Tripathi et al. 2011).

This transit time at different voltages is used to calculate the mobility as follows

(Tsang and So 2006)

( )
dc

dF
F



 (4.2)

where d is the thickness of the organic layer X1 or X2 or X3 and F is the applied electric

field.



Chapter 4

87

Figure 4.5 Frequency dependent imaginary part of impedance of devices

(a) P1 (b) P2 and (c) P3

Theoretically, the mobility is modeled by the well-known Poole-Frenkel theory

and is given by (Tsang and So 2006)
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0( ) exp( )F F   (4.3)

where F = V/d is the applied electric field at voltage V and d is the thickness of the layer

X1 or X2 or X3. The plot of ln (µ(F)) against F yields a straight line as shown in Figure

4.5 (d).

Figure 4.5 (d) Poole-Frenkel dependence of mobility in the devices P1, P2 and P3

The slope of this line gives the Poole-Frenkel coefficient (β), and the intercept

of the extrapolated graph at F = 0 yields the zero-field mobility (µ0). For devices in this

study, the value of β is seen to be in the order of ~ 10-3 (cm V-1)1/2
. The values of µ0 for

the devices are shown in Table 4.2.

Table 4.2 Zero-field mobility in devices P1, P2 and P3

Device Zero field mobility (cm-2V-1s-1)

P1 1.01 x 10-7

P2 1.06 x 10-6

P3 1.12 x 10-6

An order of magnitude larger hole mobility is observed in devices P2 and P3

compared to that in P1 which may be ascribed to hyperconjugation resulting from the
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alkyl substitution on the TPA moiety. Hyperconjugation results in enhanced molecular

stability due to the interaction of electrons in the -bond with adjacent empty or

partially filled p- or -orbital, leading to extended molecular orbitals. Methyl or

tert-butyl groups show hyperconjugation and hence, compounds X2 and X3 show

greater stability and also higher -electron density compared to X1. Unlike fluorine,

methyl or tert-butyl groups do not possess negative inductive effects associated with

electron withdrawing nature (Woon et al. 2016). Thus, fluorine substituted compounds

are typically less stable and have lower density of delocalized electrons in contrast to

molecules with methyl or tert-butyl moieties. Further, the extended molecular orbitals

ensure greater intermolecular interaction, resulting in higher charge mobility. The

experiments in this chapter clearly indicate that attachment of methyl or tert-butyl side

groups to the TPA molecules leads to an order of magnitude increase in the hole

mobility as compared to a pure TPA molecule. This aspect is also corroborated by the

enhanced UV-Vis absorption exhibited by devices made using X2 or X3 compound

[Figure 4.5 (e)].

Figure 4.5 (e) UV-Vis spectra of compounds X1, X2 and X3 in thin film

4.3.3 J-V Characteristics

The J-V characteristics of our devices are shown in Figure 4.6 (a-b). From

Figure 4.6 (a), we observe higher current density and lower turn-on voltage for device

P3 compared to devices P2 and P1, indicating improved hole injection and transport, in
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agreement with the impedance measurements. This is also consistent with the

conclusions from mobility measurements described in section 4.3.2 above. With either

of the two substitutions (methyl or tert-butyl), there is an increase in the number of

delocalized -electrons. The para-position of the substituent leads to highest charge

distribution in the aromatic ring at that site (Pross et al. 1980).

Figure 4.6 (a) J-V characteristics of devices P1, P2 and P3

Figure 4.6 (b) shows the log J- log V plot. In this figure, the region with slope

≈ 2 corresponds to space-charge-limited current regime.

Figure 4.6 (b) log J- log V plot of devices P1, P2 and P3
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4.3.4   Charge carrier mobility from J-V Characteristics

The current density in the space-charge-limited regime follows the

Mott-Gurney law (Lampert and Mark 1970) given below

2

0 0 3
9
8 r

VJ
d

   (4.4)

where J is the current density, ε0 is the permittivity of free space, εr is the dielectric

constant of the organic layer (X1 or X2 or X3) of thickness d, V is the applied voltage

and μ0 is the zero-field charge carrier mobility. Charge carrier mobility values are

extracted from the J-V characteristics shown in Figure 4.6 (b) for devices P1, P2 and P3

and are tabulated in Table 4.3.

Table 4.3 Comparison of measured mobility values in devices P1, P2 and P3

Device Zero field mobility (cm-2V-1s-1)

From Impedance Spectroscopy From J-V Characteristics

P1 1.01 x 10-7 0.98 x 10-7

P2 1.06 x 10-6 1.02 x 10-6

P3 1.12 x 10-6 1.07 x 10-6

The mobility values obtained from Impedance Spectroscopy and J-V

characteristics are in good agreement with each other.

4.3.5 C-V Characteristics

Figure 4.7 (a) shows capacitance normalized to geometric capacitance (Cg)

plotted as a function of dc bias voltage for devices P1, P2 and P3. For measurements in

this study, the dc bias voltage ranges from –5 V to +5 V and on this bias a 100 mV,

500 Hz ac signal is also imposed. This ensures that all the dipoles and localized charge

carriers respond to the electric field and contribute to the capacitance.

It is clearly seen that the capacitance equals the geometric capacitance for bias
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voltages < - 2V (Sharma et al. 2011). The peak observed at higher voltages in the C-V

plot can be attributed to the deep traps prevalent at the metal-organic and organic-

organic interfaces (Sharma et al. 2011). This peak demarcates the diffusion dominated

transport at lower voltages from the drift dominated transport at higher voltages. In

general, there is a competition between the two transport mechanisms in the forward

bias. At high forward bias, the transport across the entire device is space-charge limited

(Tripathi and Mohapatra 2014).

Figure 4.7 (a) C-V characteristics of devices P1, P2 and P3

Addition of tert-butyl group is known to reduce the trap density at the interfaces

(Nagakubo et al. 2011), which is in consonance with the shift in the peak towards lower

voltage for device P3 as compared to P1 and P2. Further, a smaller peak is observed at

lower voltages, which is proportional to the built-in potential (Sharma et al. 2013). This

peak is also seen to reduce progressively from 1.5 to 0.9 V for devices P1, P2 and P3,

respectively.

4.3.6 C-f Characteristics

Since device P3 exhibits highest current density, again the C-f measurements for

only P3 are presented. From the C-f characteristics in Figure 4.7 (b), it is seen that the

capacitance increases with dc bias voltage at low frequencies due to enhanced charge

injection (Nowy et al. 2009, Fernandes et al. 2014).
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Figure 4.7 (b) Frequency dependent capacitance of device P3

At higher frequencies, the dipoles and localized charge carriers cannot follow

the rapidly oscillating electric field, leading to reduction in capacitance to its geometric

value (Cg) given by the following equation (Nowy et al. 2010)

0 r
g

AC
d
 
 (4.5)

where ε0 is the permittivity of free space, εr is the dielectric constant of the organic layer

(X1 or X2 or X3) of thickness d and A is the area of the device. The value of this

capacitance is seen to be about 0.39 nF from Figure 4.7 (b). The devices P2 and P1 also

have similar Cg values.

The slight reduction in capacitance below Cg at very high frequencies is ascribed

to the parasitic effects due to contact resistances and capacitances (Brütting et al. 2001,

Xu et al. 2005).

4.3.7   Conductivity measurements

The nature of field dependent charge transport mechanism in the devices can be

ascertained from the frequency dependent conductivity (σ-f) measurements. The ac

electrical conductivity is given by (Suman et al. 2009)
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Re[ ( )]ac
d

A Z f
  (4.6)

where d is the thickness of the organic layer (X1 or X2 or X3) and A is the area of the

device. As shown in Figure 4.8, the ac conductivity for device P3 increases from about

10-9 Sm-1 to about 10-6 Sm-1 with voltage at low frequencies and converges to a value in

the order of 10-5 Sm-1 for all voltages at higher frequencies. This clearly shows that at

higher frequencies (> 10 kHz) the dipole contribution to ac becomes negligible.

The hopping transport in disordered materials is generally described by the

Jonscher power law of ac conductivity as shown below (Jonscher 1977)

s
ac dc B    ; 0 <s < 1 (4.7)

where dc is the dc conductivity, ω is the frequency of the applied ac signal, and B is a

complex constant depending on the material and doping level. Further, s is determined

from the slope of the curves in Figure 4.8. The values of s obtained at 0-5 V for devices

P1, P2 and P3 are seen to range from 0.951 to 0.430 and are displayed in Table 4.4 (a).

Various other parameters related to hopping conduction, such as the density of localized

states [N(Ef)] at the Fermi energy Ef, the energy Wm required by a charge carrier to move

from one site to another, and the minimum hopping length R are obtained using the

following expressions (Suman et al. 2009)

3
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where τ0 is the effective relaxation time, e is the electronic charge, kB is
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Boltzmann’s constant and T is the absolute room temperature. The values of these

parameters are listed in Table 4.4 (a).

Figure 4.8 Frequency dependent conductivity of device P3

It has been shown that for hopping conduction mechanism, the value of s lies

between 0 and 1 (Elliott 1977, Hill and Jonscher 1979, Suman et al. 2009, Mansour

et al. 2015). Therefore, it can be concluded that, in the devices in this study, the charge

transport is dominated by hopping mechanism.

The hopping conductivity, according to density flux model can be written as

(Navamani and Senthilkumar 2014, 2015)

0
3( )
5 r

p
t

    


(4.11)

where ε0 is the permittivity of free space, εr is the dielectric constant of the

organic layer (X1 or X2 or X3) and ∂p/∂t is the charge transfer rate. In this study, the

average charge transfer rate between the two electrodes (ITO and Al) is calculated using

equation 4.11.

An important objective of this investigation is to understand the role of alkyl

substitution in the organic molecules such as TPA.
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Table 4.4 (a) Variation of carrier binding energy, minimum hopping length

and density of localized states for device P1, P2 and P3

Device Voltage
(V)

s Wm (eV) R

(nm)
N(Ef) (eV-1m-3)

at 500 Hz

P1

0

1

2

3

4

5

0.951

0.893

0.775

0.761

0.698

0.613

3.183

1.457

0.693

0.652

0.516

0.403

0.57

1.245

2.618

2.782

3.516

4.502

4.55 x 1028

4.37 x 1027

4.70 x 1026

3.91 x 1026

1.94 x 1026

9.25 x 1025

P2

0

1

2

3

4

5

0.943

0.793

0.722

0.671

0.563

0.551

2.736

0.753

0.561

0.474

0.356

0.347

0.644

2.342

3.144

3.722

4.955

5.084

3.24 x 1028

6.75 x 1026

2.79 x 1026

1.68 x 1026

7.14 x 1025

6.61 x 1025

P3

0

1

2

3

4

5

0.903

0.733

0.652

0.601

0.458

0.430

1.608

0.584

0.448

0.390

0.287

0.273

1.039

2.862

3.731

4.286

5.825

6.124

1.12 x 1028

5.36 x 1026

2.42 x 1026

1.59 x 1026

6.36 x 1025

5.48 x 1025

The alkyl substitution leads to the molecular orbital overlapping between the

adjacent molecular units. The size of the substituted alkyl group controls the self-

assembling character as well as structural reorganization energy (Prasad 2012,

Navamani et al. 2013). To get a clear insight on structure-property relationship, the

effect of molecular structural oscillations on the electrical conductivity of the devices

has been studied in this chapter. Previous theoretical studies (Berlin et al. 2008, Troisi

and Cheung 2009, Troisi 2011, Navamani et al. 2013) confirm that the molecular

structural dynamics determines the interaction between electronic and nuclear degrees
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of freedom, which is in turn responsible for interaction between the neighboring

localized hopping sites. For hopping transport, electronic coupling and structural

relaxation are key parameters which can be altered by the molecular structural disorder

and appropriate side-group substitutions.

Investigations over the last decade, based on Marcus theory of charge transfer

rate have mostly focused on studying the effect of dynamic disorder (due to strong

molecular vibrations) on charge transport in organic materials (Berlin et al. 2008, Troisi

2011, Kocherzhenko 2011, Navamani and Senthilkumar 2014, Fornari and Troisi

2014). Thus, in the present study the effect of molecular structural oscillations on

charge transfer kinetics for devices P1, P2 and P3 is analyzed through frequency

dependent conductivity (Figure 4.8). The density flux model (Navamani and

Senthilkumar 2014, 2015) indicates that the average hopping rate may be directly

obtained from the frequency dependent conductivity for hole transport. In our

experiments, the ac component of the applied bias significantly perturbs the nuclear

motion, leading to dynamic disorder (rather than static) in agreement with the previous

theoretical studies (Troisi and Cheung 2009, Navamani and Senthilkumar 2015).

To analyze the dynamic disorder effect, the hole hopping rate as a function of

frequency [Figure 4.9 (a-c)] is plotted and the curve is fit to the following power law

(Berlin et al. 2008, Navamani et al. 2013, Navamani and Senthilkumar 2014)

 1( ) bbp k
t

  
 


(4.12)

where b is the fitting parameter termed ‘dynamic state factor’ related to the dynamic

disorder. The calculated rate coefficient (γ), hopping conductivity () and dynamic state

factor (b) at different applied potentials for the devices P1, P2 and P3 are displayed in

Table 4.4 (b). It is seen that the device P3 has good hole transporting ability and a

hopping rate of 10.73 x105 s-1 as calculated from the dynamic state factor (~ 0.57 at zero

dc bias). This indicates significant influence of molecular oscillations on the charge

transport. Of the three devices, P3 is seen to have the largest hopping conductivity of

19.6 µSm-1, and also maximum dynamic state factor over an applied bias of 0 – 5 V.
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For this sample, the dynamic state factor is seen to decrease from 0.574 to 0.531 when

the applied voltage is raised from 0 to 5 V [Table 4.4 (b)]. From Figure 4.8, it is noted

that the conductivity at a dc bias of 5 V increases by a factor of 10 over a frequency

range of 10 Hz – 100 kHz. In contrast, at zero bias voltage, the conductivity increases

by about a factor of 1000 over the same frequency range. Therefore, slope of -f graph

is controlled by the applied potential.

Figure 4.9 The frequency dependent hopping rates for hole transport in

(a) P1 (b) P2 and (c) P3
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From Table 4.4 (b), it is noted that the dynamic state factor decreases slowly

with increase in applied voltage for all the three devices, and hence it can be concluded

that the applied potential ensures a uniform rate coefficient. It is also clear from Table

4.4 (b) that the dynamic state factor b for any device generally reduces with increase in

bias voltage. At smaller b, the effect of ac component of the bias is expected to be

negligible and hence the conductivity is of the dc type. On the other hand, at zero dc

bias, b is largest, indicating that the conductivity is of the ac type.

Table 4.4 (b) Dynamic state factor (b) at different applied voltages,

rate coefficient (γ) and hopping conductivity (σ) for hole transport in P1, P2 and P3

Device Dynamic state factor (b) Rate
coefficient

(γ)
in 105s-1

Hopping
conductivity

(σ)
in 10-6 Sm-1

Applied potential (V) in volts

V=0 V=1 V=2 V=3 V=4 V=5

P1 0.461 0.456 0.429 0.39 0.364 0.33 4.82 8.12

P2 0.472 0.462 0.434 0.4 0.39 0.368 4.93 8.54

P3 0.574 0.566 0.556 0.547 0.542 0.531 10.73 19.61

It is observed from Table 4.4 (a) that devices P2 and P3 have lower charge carrier

binding energy and density of localized states, and higher minimum hopping length at

each applied voltage (0-5 V) when compared to device P1. This means that the charge

carriers in devices P2 and P3 require lesser energy to hop between sites and they are free

to move since there are fewer trap states [N(Ef)] where the charge carriers are localized

[Table 4.4 (a)]. The increase in the minimum hopping length indicates that the injected

carriers can hop a greater distance at a given applied bias. However, P3 has much higher

ac conductivity, indicating improved carrier transport in accordance with the J-V,

capacitance and impedance measurements.

4.4   CONCLUSION

In summary, the hole transport properties of three new compounds containing

electron donating TPA moiety have been explored using impedance spectroscopy,
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current density-voltage (J-V) measurements, capacitance-voltage (C-V) measurements,

frequency dependent capacitance (C-f) and frequency dependent ac conductivity. The

alkyl substitution on the TPA moiety is shown to play an important role in the

improvement of hole transport in the devices, mainly due to the increase in π electrons

available for conduction on account of hyperconjugation. Various measurements show

that, in particular, the presence of tert-butyl group in the para-position of the TPA

moiety leads to superior device properties. The relaxation time associated with the bulk

of the organic layer is found to be nearly ten times less than that at the interfaces,

indicating dominance of bulk charge transport in all the devices. The value of bulk hole

mobility determined in the device is observed to increase by an order of magnitude with

alkyl substitution on the TPA moiety in these compounds. Different parameters such as

hopping length, carrier binding energy, extended molecular orbitals and the effective

localized density of states are determined to understand the charge transport mechanism

and relate it to the device performance. The experimental results show that the structural

oscillations due to a small applied ac electric field improve the charge transport and are

in agreement with the previous theoretical studies. The frequency dependence on

hopping rate is analyzed by the dynamic state factor which determines the crossover

mechanism between ac and dc conductivity. The electrical and optical properties of

these compounds indicate that they can be potential candidates for applications such as

OLEDs.
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CHAPTER 5

SUMMARY AND CONCLUSIONS

5.1   SUMMARY AND CONCLUSIONS

In this thesis, hole transport properties of triarylamine-based compounds i.e.,

α-NPD and novel compounds bearing electron donating TPA moiety have been

investigated to understand their electrical characteristics in single carrier device

structures fabricated using thermal vapor deposition method. These compounds have

some distinct advantages. They have good hole-transporting capability in devices due

to the easy oxidizability of the amine nitrogen atom, leading to the ability to transport

positive charges efficiently. In addition, they are known to exhibit good chemical,

thermal, structural and morphological stability. These properties make them an ideal

choice to study the physics involved with these materials in device applications.

5.1.1   Studies on α-NPD with F4TCNQ as Hole Injection Layer

Hole injection and transport properties of p-type material α-NPD with F4TCNQ

as hole injection layer were investigated using impedance spectroscopy, current

density-voltage (J-V) measurements, capacitance-voltage (C-V) measurements,

frequency dependent capacitance and conductance measurements. The thickness of

F4TCNQ and α-NPD layers was varied systematically to study its dependence on these

electrical properties in the fabricated hole-only devices. The thickness variation of

F4TCNQ layer was studied in the first section, whereas the second section deals with

the thickness variation of α-NPD layer.

In hole-only devices based on α-NPD, it is shown that the thickness of the

F4TCNQ layer plays a crucial role in device properties. The optimum thickness of

F4TCNQ layer is found to be 4 nm and this device shows improvement in hole injection

to α-NPD compared to devices with 0, 1 and 6 nm of F4TCNQ layer. The improvement
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in electrical properties is attributed to the charge accumulation leading to injection at

the organic interface between F4TCNQ and α-NPD. The bulk resistance extracted from

the equivalent circuit of this device is also shown to be minimum (2.79 kΩ) when

compared to the other devices.

The frequency dependent capacitance, conductance and impedance methods

yield parameters such as negative differential susceptance (–ΔB), differential

conductance (ωΔG) and imaginary part of impedance (|Im[Z(f)]|). The field and

thickness dependent hole mobility in α-NPD was determined using the frequency

dependence of these parameters. In these devices, the thickness of α-NPD was varied

and comparative analysis was done with no F4TCNQ and 4 nm F4TCNQ layer. The

α-NPD thickness dependent hole mobility values determined using –ΔB, ωΔG and

|Im[Z(f)]| methods are in the order of 10-4 cm2V-1s-1 for devices with 1000 nm α-NPD

and in the order of 10-5 cm2V-1s-1 for devices with 500 nm α-NPD. For devices with 100

nm α-NPD, the hole mobility values determined using |Im[Z(f)]| method are in the order

of 10-7 cm2V-1s-1. These values obtained from the three methods are in agreement with

each other and also with those reported in literature (~ 10-6 - 10-4 cm2V-1s-1 ) (Chu and

Song 2007, Xu et al. 2014).

5.1.2   Studies on Compounds Bearing Alkyl-Substituted Triphenylamine Moiety

Hole transport characteristics in three new organic compounds based on

triphenylamine (TPA) moiety were studied. The effect on electrical and optical

properties of TPA, attached with methyl or tert-butyl side groups, was investigated

through measurement of current density versus voltage (J-V), capacitance versus

voltage (C-V), frequency dependent capacitance, ac conductivity, Impedance

spectroscopy, UV-Vis spectroscopy and Photoluminescence (PL) spectroscopy. These

measurements reveal that, the attachment of methyl or tert-butyl group in the

para-position of the TPA moiety leads to improved electrical and optical properties and

greater molecular stability.

The enhanced UV-Vis absorption observed for the alkyl-substituted TPA

compounds in thin films indicates greater intermolecular interactions in these
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compounds. Moreover, the PL studies indicate significant Quantum Efficiency (~30 %)

for alkyl-attached TPA. The nature of transport through the device based on ac

conductivity measurements is shown to be dominated by hopping process observed in

disordered systems. It is also observed that the molecular structural oscillations due to

a small applied ac electric field improve the charge transfer in these devices. The

dynamic state factor b has higher value for lower bias voltage, corresponding to dc

conductivity; whereas, at higher bias, the value of b is smaller, indicating the dominance

of ac conductivity. Hopping conductivity is seen to be highest for the device with

tert-butyl substitution in TPA moiety. The experiments indicate an order of magnitude

enhancement in charge carrier mobility for alkyl-substituted TPA from ~10-7 cm2V-1s-1

to ~10-6 cm2V-1s-1. The relaxation time is computed from the equivalent circuit

parameters, and its value associated with the bulk of the organic layer is found to be

nearly ten times less than that at the interfaces, indicating dominance of bulk charge

transport in all the devices.

Clearly, the electrical and optical properties of these triarylamine-based

compounds indicate that they can be potential candidates for applications such as

OLEDs, and their electrical characteristics in devices help us understand the underlying

physics behind their charge transport mechanism. This understanding is essential to

develop efficient optoelectronic devices by tuning the device architecture and the

molecular structure design with the electrical and optical properties.

5.2   SCOPE FOR FURTHER RESEARCH

The investigations of the present research work can be extended further in the

following directions:

 Present measurements were performed at room temperature in ambient

conditions. This can be extended to temperature dependent measurements

in controlled conditions.

 The electrical measurements carried out in this work can be correlated to

the surface morphology of the thin films in the device.
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 The charge injection and transport studies presented here were limited to

hole-only devices based on triarylamine compounds. This can be extended

to studies on electron-only devices using electron transport materials and

appropriate electrodes, as well as OLED fabrication and characterization.

 Studies on the compounds used in this work were limited to certain

thickness values. The suitability of their electrical characteristics can be

examined for devices in a wide range of thicknesses.

 Optimization of material design (using quantum chemical modelling) and

synthesis as well as device architecture should be carried out to arrive at

best device performances.
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APPENDIX I: Agilent E4980A Precision LCR Meter 20 Hz to 2 MHz
Data Sheet



Agilent
E4980A Precision LCR Meter
20 Hz to 2 MHz

Data Sheet



Definitions

How to Use Tables

All specifications apply to the conditions of a 0 to 55 °C temperature range, unless
otherwise stated, and 30 minutes after the instrument has been turned on.

Specifications (spec.): Warranted performance. Specifications include guardbands to
account for the expected statistical performance distribution, measurement uncertainties,
and changes in performance due to environmental conditions.

Supplemental informationisprovidedasinformationthatisuseful inoperatingtheinstru-
ment, but is not covered by the product warranty. This information is classified as either
typical or nominal.

Typical(typ.): Expectedperformanceofanaverageunitwithouttakingguardbands into
account.

Nominal (nom.): A general descriptive term that does not imply a level of performance.

Whenmeasurementconditionsfallundermultiplecategoriesinatable,applythebestvalue.

For example, basic accuracy Ab is 0.10% under the following conditions;

Measurementtimemode SHORT
Test frequency 125 Hz
Test signal voltage 0.3 Vrms



Basic Specifications Measurement functions

Measurement parameters
• Cp-D, Cp-Q, Cp-G, Cp-Rp
• Cs-D, Cs-Q, Cs-Rs
• Lp-D, Lp-Q, Lp-G, Lp-Rp, Lp-Rdc1

• Ls-D, Ls-Q, Ls-Rs, Ls-Rdc1

• R-X
• Z-d, Z-r
• G-B
• Y-d, Y-r
• Vdc-Idc1

Definitions

Cp Capacitance value measured with parallel-equivalent circuit model
Cs Capacitancevaluemeasuredwith series-equivalentcircuitmodel
Lp Inductancevaluemeasuredwithparallel-equivalentcircuitmodel
Ls Inductance value measured with series-equivalent circuit model
D Dissipation factor
Q Quality factor (inverse of D)
G Equivalent parallel conductance measured with parallel-equivalent circuit model
Rp Equivalentparallel resistancemeasuredwith parallel-equivalentcircuitmodel
Rs Equivalent series resistance measured with series-equivalent circuit model
Rdc Direct-current resistance
R Resistance
X Reactance
Z Impedance
Y Admittance
d Phase angle of impedance/admittance (degree)
r Phase angle of impedance/admittance (radian)
B Susceptance
Vdc Direct-current voltage
Idc Direct-current electricity

Deviation measurement function: Deviation from reference value and percentage of
deviation from reference value can be output as the result.

Equivalent circuits for measurement: Parallel, Series

Impedance range selection: Auto (auto range mode), manual (hold range mode)

Trigger mode: Internal trigger (INT), manual trigger (MAN), external trigger (EXT), GPIB
trigger (BUS)

1. Option E4980A-001 is required.



Table 1. Trigger delay time
Range 0 s - 999 s
Resolution 100 µs (0 s - 100 s)

1 ms (100 s - 999 s)

Table 2. Step delay time
Range 0 s - 999 s
Resolution 100 µs (0 s - 100 s)

1 ms (100 s - 999 s)

Measurement terminal: Four-terminal pair

Test cable length: 0 m, 1 m, 2 m, 4 m

Measurement time modes: Short mode, medium mode, long mode.

Table 3. Averaging
Range 1 - 256 measurements
Resolution 1

Test signal
Table 4. Test frequencies
Test frequencies 20 Hz - 2 MHz
Resolution 0.01 Hz (20 Hz - 99.99 Hz)

0.1 Hz (100 Hz - 999.9 Hz)
1 Hz (1 kHz - 9.999 kHz)
10 Hz (10 kHz - 99.99 kHz)
100 Hz (100 kHz - 999.9 kHz)
1 kHz (1 MHz - 2 MHz)

Measurement accuracy ± 0.01%

Table 5. Test signal modes
Normal Program selected voltage or current at the measurement

terminals when they are opened or short-circuited, respectively.

Constant Maintains selected voltage or current atthe device under test
(DUT) independently of changes in impedance of DUT.



Signal level

Table 6. Test signal voltage
Range 0 Vrms - 2.0 Vrms
Resolution 100 µVrms (0 Vrms - 0.2 Vrms)

200 µVrms (0.2 Vrms - 0.5 Vrms)
500 µVrms (0.5 Vrms - 1 Vrms)
1 mVrms (1 Vrms - 2 Vrms)

Accuracy Normal ±(10% + 1 mVrms) Test frequency  1 MHz: spec.
Test frequency > 1 MHz: typ.

Constant1 ±(6% + 1 mVrms) Test frequency  1 MHz: spec.
Test frequency > 1 MHz: typ.

Table 7. Test signal current
Range 0 Arms - 20 mArms
Resolution 1 µArms (0 Arms - 2 mArms)

2 µArms (2 mArms - 5 mArms)
5 µArms (5 mArms - 10 mArms)
10 µArms (10 mArms - 20 mArms)

Accuracy Normal ±(10% + 10 µArms) Test frequency  1 MHz: spec.
Test frequency > 1 MHz: typ.

Constant1 ±(6% + 10 µArms) Test frequency < = 1 MHz: spec.
Test frequency > 1 MHz: typ.

Output impedance: 100  (nominal)

Test signal level monitor function
• Test signal voltage and test signal current can be monitored.
• Level monitor accuracy:

Table 8. Test signal voltage monitor accuracy (Vac)
Test signal voltage2 Test frequency Specification
5 mVrms - 2 Vrms  1 MHz

> 1 MHz
± (3% of reading value + 0.5 mVrms)
± (6% of reading value + 1 mVrms)

Table 9. Test signal current monitor accuracy (lac)
Test signal current2 Test frequency Specification
50 µArms - 20 mArms 1 MHz ± (3% of reading value + 5 µArms)

> 1 MHz ± (6% of reading value + 10 µArms)

1. When auto level control function is on.
2. This is not anoutput value but rathera displayed

test signal level.



Measurement display ranges
Table 10 shows the range of measured value that can be displayed on the screen.

Table 10. Allowable display ranges for measured values
Parameter Measurement  display range

Cs, Cp ±1.000000aFto999.9999EF

Ls, Lp ± 1.000000 aH to 999.9999 EH

D ± 0.000001 to 9.999999

Q ± 0.01 to 99999.99

R, Rs, Rp, ±1.000000 a to999.9999 E
X, Z, Rdc

G, B, Y ± 1.000000 aS to 999.9999 ES

Vdc ±1.000000aVto999.9999EV

Idc ±1.000000 aAto999.9999 EA

r ± 1.000000 arad to 3.141593 rad

d ± 0.0001 deg to 180.0000 deg

D% ± 0.0001 % to 999.9999 %

a: 1 x 10-18, E: 1 x 1018
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APPENDIX II: UV-Vis Spectra of novel molecules in Solution

Figure I UV-Vis spectra of compounds X1, X2 and X3 in solution

(1 x 10-5 M, hexane)
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APPENDIX III: Fluorescence Spectra of novel molecules in Solution

Figure II Fluorescence spectra of compounds X1, X2 and X3 in solution

(1 x 10-5 M, hexane)
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APPENDIX IV: Fluorescence Spectra of novel molecules in Thin
Film

Figure III Fluorescence spectra of compounds X1, X2 and X3 in thin film

Table III Fluorescence quantum yield of compounds X1, X2 and X3

Compound Fluorescence quantum yield
(measured in hexane) a

X1 0.20

X2 0.30

X3 0.28

a relative to 9,10-diphenyl anthracene (quantum yield = 0.95 in cyclohexane).
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