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ABSTRACT 

18 

Increasing the efiBciency and durability of organic light-emitting diodes (OLEDs) 

has attracted attention recently due to their prospective wide-spread use as flat-panel 

displays. The performance and efiBciency of OLEDs is understood to be critically 

dependent on the quality of the device heterojunctions, and on matching the ionization 

potentials (IP) and the electron affinities (EA) of the luminescent material (LM) with those 

of the hole (HTA) and electron (ETA) transport agents, respectively. The color and 

bandwidth of OLED emission color is thought to reflect the packing of the molecules in 

the luminescent layer. Finally, materials stability under OLED operating conditions is a 

significant concern. 

LM, HTA and ETA thin films were grown in ultra-high vacuum using the 

molecular beam epitaxy technique. Thin film structure was determined in situ using 

reflection high energy electron diffraction (RHEED) and ex situ using UV-Vis 

spectroscopy. LM, HTA, and ETA occupied fi-ontier orbitals (IP) were characterized by 

ultraviolet photoelectron spectroscopy (UPS), and their unoccupied frontier orbitals (EA) 

estimated fi^om UV-Vis and fluorescence spectroscopies in combination with the UPS 

results. The stability of the molecules toward vacuum deposition was verified by 

compositional analysis of thin film X-ray photoelectron spectra. The stability of these 

materials toward redox processes was evaluated by cyclic voltammetry in nonaqueous 

media. Electrochemical data provide a more accurate estimation of the EA since the 



energetics for addition of an electron to a neutral molecule can be probed directly. 

The energetic barriers to charge injection into each layer of the device has been 

correlated to OLED turn-on voltage, indicating that these measurements may be used to 

screen potential combinations of materials for OLEDs. The chemical reversibility of LM 

voltammetry appears to limit the performance and lifetimes of solid-state OLEDs due to 

degradation of the organic layers. The role of oxygen as an electron trap in OLEDs has 

also been verified electrochemically. Finally, a more accurate determination of the offset 

of the occupied energy levels at the interface between two organic layers has been 

achieved via in situ monitoring of the UPS spectrum during heterojunction formation. 
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1.1. Organic Molecular Electronic Materials 

Semiconducting organic molecular materials have found widespread use in the 

electronics industry as active materials in liquid crystalline displays, as photoresists for 

lithography, as both the charge generation layer and the charge transport layer in 

electrophotography', and as Q-switching resonator elements in lasers.^ More recent 

efforts have focused on applications of these materials as active elements in molecular 

electronic devices such as organic solar cells and organic light-emitting diodes. While 

inorganic-based components are the foundation of the electronics industry, the much 

greater diversity of light absorption and emission in organic materials, their ease of 

processibility, and the ability to tailor organic molecules and organic molecular systems to 

achieve specific properties has lead to extensive research in the field of organic molecular 

electronic materials. Continuing efforts to develop better organic photoconductors for 

xerographic photoreceptors has maintained interest in these materials, and organic 

photoconductors represent greater than 90% of the xerographic photoreceptors used 

today.* 

Figure 1.1 shows the structures of several organic molecular materials which are 

currently being explored for electronics and photonics applications. These include the 

metal phthalocyanines (MPc's) and related compounds, perylenes and their derivatives 

(such as perylenetetracarboxylic dianhydride (PTCDA; shown in Figure 1.1) and 



MPc 

PTCDA 

Figure 1.1: Structures of several organic molecular materials of interest for electronics 
and photonics applications: metal phthalocyanine (MPc), tris-(8-hydroxyquinoline) 
aluminum (AJq,), poiy(p-phenyienevinyiene) (PPV), buckminsterfiiilerene (C^o), and 
perylenetetracarboxylic dianhydride (PTCDA). 



perylenetetracarboxylic diimide (PTCDI)), the metal quinolates (in particular (8-

hydroxyquinoline)aluminum (Alqj)), and buckminsterfiillerene (€«,), as well as several 

conducting polymeric materials (in particular poly(p-phenylenevinylene) (PPV)). The 

common feature in each of these materials is conjugation along at least one direction of 

the molecule, with the potential for extended Ti-orbital overlap between adjacent 

molecular units in thin films of these materials. 

Organic molecular semiconductors are attractive electronic and photonic materials 

for many reasons, in addition to those mentioned above. They exhibit good mechanical 

and thermal stability, which is crucial for the development of viable commercial devices. 

While inorganic electronic thin film components require crystalline layers, which are 

reproducibly fabricated only over small areas and under precise growth conditions, 

amorphous organic thin films are preferred for many applications. The compatibility of 

many organic materials for thin film deposition by solution-casting techniques facilitates 

device fabrication, especially for applications requiring large active areas such as flat-panel 

displays. In addition, the absorption and emission of inorganic materials are restricted to 

discrete values determined by the bandgap of the material, and the single-crystallinity 

constraint on these systems limits the extent of doping which can be used to obtain other 

wavelengths. On the other hand, through modem synthetic methods, the absorption and 

emission of organic materials can be varied continuously over the entire infrared, visible, 

and ultraviolet spectrum, where they exhibit large molar absorptivities and high 

fluorescence quantum efficiencies. The efficiencies of photovoltaic devices could be 
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greatly increased by using layers of several organic molecules which absorb over the entire 

solar spectrum', and true multicolor displays with full-color capabilities should be possible 

using a combination of organic emissive materials.® 

Development of organic molecular electronics, in particular organic light-emitting 

diodes (OLEDs) and lasers, has been driven by the need for efiRcient blue light emitters for 

flat panel displays and increased optical data storage capacities on compact discs. The 

recent development of an inorganic-based blue emitter (Al-doped GaN) may partially 

fulfill this need. Nevertheless, it is doubtful that technologies based on inorganic materials 

will ever achieve the range of colors, the color specificity, or the capacity for large-area 

display fabrication which is possible using organic materials. 

In an effort to improve device efficiencies and lifetimes, recent molecular organic 

materials research has focused on identifying the fundamental issues determining device 

performance. These issues include the energetic barriers to charge injection at the device 

interfaces, the charge mobility within each layer, and materials purity and stability. The 

research presented here has contributed to that effort through the application of physical 

measurements to quantify several critical parameters thought to control device operation. 

Specifically, the heights of the energetic barriers to charge injection at each interface of the 

device have been determined using a combination of ultraviolet photoelectron 

spectroscopy and optical spectroscopies, as well as through electrochemical methods. A 

direct correlation between the energetic barrier heights and device turn-on voltage has 

been established, and the influence of impurities (particularly 0, and H^O) has been 



clarified. A more comprehensive model of the process of charge injection and 

recombination in emissive devices is also proposed, and incorporates both the molecular 

and bulk processes and properties which contribute to the observed behavior. Through 

application of the abovementioned techniques and available data on charge mobilities, it is 

the intent of this research to provide a more intelligent approach to device design based on 

available experimental methodologies. 

1.2. Solid-State Properties of Organic Materials 

The aforementioned applications of molecular organic materials are each based on 

organic thin films, so an understanding of the solid-state properties of organic molecules is 

necessary to understand their behavior in device environments. The interaction between 

molecules in the condensed phase is generally short-range and weak because the overlap 

between orbitals on neighboring molecules is small. Despite this weak interaction, the 

optical and electronic properties of thin films differ significantly fi^om those of gas-phase 

species because the production of charged species in a molecular solid differs fi-om the 

formation of the same species in the gas phase.® Figure 1.2 illustrates the differences in 

the formation of a pair of positive and negative ions in the gas phase and in a molecular 

solid using the cycle formalism.^ The gas-phase ionization potential (IP(g)) is the energy 

required to remove an electron fi^om a gas-phase neutral molecule: M(g, ^ NT'fgj + e". The 

gas-phase electron affinity (EA^) is the energy required to remove an electron from a 

singly charged negative molecular ion in the gas phase: + e". The EA 
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therefore corresponds to the energy of a separated pair of positive and negative gas-phase 

ions. 

The molecular solid ground state (HOMO; highest occupied molecular orbital) is 

stabilized relative to the ground state of a gaseous molecule by an amount A Wf as a result 

of Van der Waals attraction and dipole-dipole, dipole-induced dipole, and/or induced 

dipole-induced dipole interactions between molecules. In contrast to molecules in the gas 

phase whose occupied and unoccupied states have discrete energies, the corresponding 

solid-state levels consist of a distribution of states which is Gaussian in shape, where the 

HOMO is the average energy of an electron in the highest occupied level and the onset of 

occupied states is the ionization potential of the solid (IP,,)). Ionization of a molecule 

within the solid occurs when an electron is transferred to a neighboring molecule. The 

resultant positive and negative ions polarize the surrounding area of the solid. The 

polarization energy (P) due to a singly charged ion falls off as l/r'* (where r is the 

separation between the ion and a neighboring neutral molecule), so that the energy of a 

pair of positive and negative ions within the solid (LUMO) is stabilized relative to the gas 

phase by an amount P"^ + P" (where P indicate polarization energies for positive and 

negative ions, respectively). The unoccupied states in the solid also have a Gaussian 

shape, where the LUMO is the average energy of an electron in the lowest unoccupied 

level of the solid and the onset of unoccupied states is the electron affinity of the solid 

(EA(,)). The energy required to generate an ion pair in the solid (Eg®®^) is the difference 

between the energies of the occupied and unoccupied states; Eg°" = LUMO - HOMO. 



The bandgap energy (the difference between the valence (occupied) and conduction 

(unoccupied) states) in inorganic semiconductors is conventionally denoted Eg, and this 

notation is used here since analogous quantities are described. (However, as will be 

discussed later, the "band" model does not adequately describe organic thin film behavior.) 

Since the HOMO-LUMO energy difference is commonly approximated by the energy 

required to photo-excite electrons fi"om the HOMO into the LUMO (the absorption 

spectrum low-energy maximum), the superscript "OPT' is added to the notation for the 

bandgap energy (i.e. Eg°"^) to indicate that the HOMO-LUMO separation is typically 

determined fi-om optical measurements. 

The solid is also characterized by the Fermi energy (Ef), which is the energy at 

which the probability for electron occupation is 0.5 at T = 0°K. At T = 0°K, all states 

below Ef are occupied and all states above Ef are unoccupied. For a pure molecular solid, 

Ef occurs in the gap halfway between the IP and the EA, as shown in Figure 1.3, and the 

material is called an intrinsic semiconductor. However, impurities are usually present 

which can either donate or accept electrons fi'om the molecular solid, and Ef shifts 

according to the concentration and type of impurities since the density and type of charge 

carriers in the bulk changes due to the influence of the impurities. If the majority of the 

impurities are donors (meaning they donate electrons to the bulk material), the increased 

density of mobile electrons in the bulk solid pushes Ef up toward the LUMO, and the 

material is considered n-type, as shown in Figure 1.3. If acceptor impurities dominate, the 

increased density of mobile holes (decreased density of mobile electrons) pulls Ef down 
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toward the HOMO, and the material is considered p-type, as shown in Figure 1.3. 

Therefore, in an n-type material the majority charge carriers are electrons, while in a p-

type material the majority charge carriers are holes. Even for films prepared under ultra

high vacuum conditions, dopant levels of molecular o^tygen and hydrogen are present 

which significantly affect the conduction properties of the film, and, therefore, the 

positions of the electronic energy levels.^ 

The generation of an ion pair in the solid represents an excited electronic state of 

the solid. This neutral excited state of the solid is a bound electron-hole pair (bound ion 

pair) called an exciton which can move (migrate) throughout the crystal. Unlike the 

excited states of isolated molecules, where the bound ion pair resides on the same 

molecule, in a solid the two ions of the bound pair can reside on the same molecule or on 

different molecules, resulting in the formation of two different types of excitons. Excitons 

in which the electron and hole are located on the same molecule are called Frenkel 

excitons, and those in which the electron is located one to several molecules away from 

the hole are called Wannier excitons. 

As indicated earlier, interactions between molecules in the solid also lead to 

differences in the spectroscopic properties of a solid compared with those of an isolated 

molecule. Solid-state spectral peaks are broader than those for molecules in the gas phase 

or in solution due to the thermal dependence of lattice vibrations which affect the extent of 

molecular interactions in the solid. The nature of electron-hole pair formation in the solid 

due to intermolecular interaction (the exciton) leads to shifting and splitting of the gas-



phase absoq)tion bands. The peak shifts and number of peaks observed are also critically 

dependent upon the orientation of the molecules in the solid. 

The processes discussed above to create an electron/hole pair in the solid are 

commonly used for describing photoexcitation and subsequent charge separation in thin 

films, such as occurs in photovokaic devices which operate by collecting the separated 

charge to produce a current. In fact, HOMO and IP values can be easily measured for 

many materials, and LUMO and EA values can be calculated in many cases. However, to 

fiilly understand the above process, as well as the opposite process (charge injection into 

and subsequent recombination in thin films, such as occurs in OLEDs), such a simple 

"band" diagram fails to accurately describe charge movement within individual device 

layers or charge transfer between layers. Charge in an organic thin film is typically 

localized on individual molecules, and transport occurs via a "hopping" mechanism in 

which the charge moves fi'om one molecule to the next. This differs significantly from the 

band model used for inorganic thin films in which the charge is fi'ee to move throughout 

the entire layer without much resistance. Therefore, to accurately describe OLED (and 

photovoltaic) operation, the above model must be modified to account for the localization 

of charge on individual molecules and the "hopping" mode of charge transfer between 

molecules. 

Gerisher* first applied the "band model" of solids to electrochemical systems. His 

cycle formalism is similar to the one in Figure 1.2, but addresses the issues of the addition 

(reduction) or removal (oxidation) of a charge to/fi^om a molecule in solution. This 



formalism can be used to describe the redox processes in OLEDs, since the molecules 

being oxidized and reduced are in a solid matrix, analogous to the solution matrix in 

classical electrochemical systems. Figure 1.4 illustrates Gerisher's model applied to "solid 

solutions". A molecule (M) in its neutral form will have a "solvent shell" or matrix of 

molecules around it in an energetically favorable arrangement (M,„arix,neui)- This 

energetically favorable matrix arrangement will be different for the reduced (M* nurttred) 

and oxidized forms of the molecule. Oxidation and reduction can each be 

viewed as a two-step process: i) an electron is removed or added to the neutral molecule, 

then ii) the matrix around the molecular ion rearranges to the configuration most 

energetically favorable to the ion. These steps are summarized below for the oxidation of 

M: 

^'^Ttulrix.neul ^ ̂  nutnx,neut ® (^) 

^ inairix,iiciit ^ nutrixox 

M**nutri^ox + e- -• (3) 

^'^matrijt.ox ^^'^malrix.neul (4) 

In the first step (1), an electron is removed from the neutral molecule under the 

assumption of the Franck-Condon principle (that the matrix structure does not change). 

This leaves a radical cation in the neutral-molecule matrix. Energy is required to remove 

the electron, therefore, the radical cation lies higher in energy than the neutral species by 

the energy required to remove the electron (the oxidation energy, EQJ, as shown in the 

figure. Matrix rearrangement then occurs (step 2) to produce the most probable matrix 
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Figure 1.4; Gerisiier model for the energetic states involved in the oxidation and reduction of a neutral species 
in a matrix environment. 



structure for the cation. This structural reorganization leads to a more stable solvated 

species, so the appropriately solvated cation lies lower in energy than the cation in the 

neutral-molecule matrix by the reorganization energy The difference in energy 

between M,„artx.neiit and (1?^) corresponds to IP(,) in Figure 1.2. The second half 

of the cycle consists of reduction of M**^„urtx.ox to produce This is also a two-

step process. Reduction of the molecular cation in the cation matrix produces a neutral 

molecule with a cation matrix. This species is lower in energy relative to the 

analogous ionized species (M'^^n^ox) t'Y the electron aflSnity (EAoJ of the radical cation. 

The final step (4) is rearrangement of the matrix to the favored neutral molecule 

configuration. The stabilization energy for relative to Mmartx,ox's and 

probably differs in magnitude fi^om above. 

The analogous processes for reduction of the neutral molecule are also illustrated 

in Figure 1.4, and the corresponding steps are 

® ^ niainx,neiit (^) 

iiulrix,iicut ^ iiutiix,red C^) 

^ nutrix,red ^'^inatrix.red ® (^) 

^^nutrix,red ncm (4) 

Frank-Condon addition of an electron to the neutral molecule is the first step, leaving the 

radical anion in the neutral-molecule matrix ). The radical anion is stabilized 

with respect to the neutral molecule by an energetic amount equal to the electron affinity 

(EA^. Further stabilization of the radical anion occurs upon relaxation to the most 



probable matrix structure for the anion, by an amount equal to the reorganization energy 

(A.^. The difference between the energies of the neutral molecule (M„„,ri*,iietu) and the 

equilibrium state of the radical anion corresponds to EA^., in Figure 1.2. The 

cycle is completed upon re-oxidation of the reduced species to give back the neutral 

molecule. As above, this is a two-step process which consists of oxidation of the reduced 

species to give the neutral species in the reduced species matrix (step 3 above), followed 

by reorganization of the matrix to the most favorable configuration for the neutral species 

(with a stabilization energy A, 

As discussed above, this model describes the ionization and reduction of molecules 

within the bulk solid matrix. The oxidation and reduction of the neutral molecular species 

correspond to the ionization potential (IP) and electron affinity (EA) of the solid, and are 

good approximations for the highest occupied and lowest unoccupied molecular orbital 

energies. Therefore, these values can be used to determine the bandgap of the material, as 

shown in Figure 1.4: = IPec + EAgc- The superscript "EC" is used to indicate that the 

most common method for determining BP and EA for the oxidation and reduction of a 

species, respectively, is through electrochemical measurements. Specifically, the 

difference in the oxidation (E^J and reduction (E^ potentials measured via cyclic 

voltammetry gives the electrochemical bandgap Eg^^ = EPec + EA^c = EQ^ - E^. 

In addition to accounting for the oxidation and reduction of individual molecules in 

a solid matrix, this model addresses the issue of reduction of a neutral molecule. The band 

model previously discussed in Figure 1.2 relied on an approximation of the LUMO 



position based on absorption by the molecular thin film to produce an exciton. Gerisher's 

model allows for independent consideration of the formation of the reduced molecular 

species, which should more accurately describe the energetics of the unoccupied molecular 

states. Also, since conduction in organic thin films is understood to occur via a hopping 

mechanism, this type of transport corresponds to a series of molecular oxidations and 

reductions, so that Gerisher's model more accurately describes the process of moving 

charge through a molecular thin film. The critical nature and consequences of the 

molecular oxidation and reduction process to photovoltaic and OLED behavior is a focus 

of this dissertation. 

1.3. Semiconductor Heterojunctions 

The nature of charge production and transport in organic thin films described 

above is adequate for discussing the behavior of single-component thin films. However, 

most device applications require the use of multi-component thin films, or, more 

commonly, multilayer assemblies of thin films having differing compositions. In such 

devices, charge production and transport between layers is often equally or more critically 

important than the same issues within an individual layer, since these devices are based on 

processes occurring at the interfaces between layers. Therefore, in addition to determining 

the energetic states of each compound in thin film form (as described above), 

understanding the perturbation of those states at the interface, or heterojunction, between 

two materials, as well as any effects on the optical properties of the assembly, will also be 



critical to understanding the mechanism for charge transfer from one material to another. 

Figure 1.5 illustrates the formation of a heterojunction from two different materials, one p-

type and the other n-type. Before contact, each material is characterized by three 

principle energy levels; the HOMO, the LUMO, and as described above. The 

displacements of the HOMO and LUMO levels represent barriers to charge transfer 

between the two materials (A^>homo and A^>uimo> respectively). These are designated pre-

contact barriers since they are based on the energetic differences between the orbital 

positions for the pure compounds. Also, note that the orbital positions in Figure 1.5 are 

arbitrary, and do not represent any specific materials, but are representative of typical 

materials. The above discussion, as well as that below, can be generalized for application 

to any combination of materials. 

When the two materials are brought into contact, thermodynamics dictates that 

their Fermi levels must equilibrate. This results in the transfer of electrons from the n-type 

material to the p-type material, as shown in Figure 1.5, and a build-up of charge on each 

side of the junction. This is known as the space-charge region, and is characterized by the 

built-in potential (Vy) across the interfacial region. The HOMO and LUMO energy bands 

bend near the junction as a result of the charge transfer, although the absolute positions of 

these energies vs vacuum in the bulk of the films remains unchanged. The barrier to 

charge transfer from one layer to the next may increase or decrease upon equilibration, 

depending upon the initial positions of the energy levels, and the relative displacement of 

the Fermi levels. These equilibrium charge injection barriers are denoted A<I>„Q^,o.eq and 
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A<&ujMo.eq. showH in Figure 1.5. The development of a space-charge region combined 

with the barriers to charge transfer between the two materials lead to interesting electrical 

properties in such systems. The most interesting of these is the effectively unidirectional 

charge flow across the interface under an applied bias due to the built-in potential across 

the interface, also known as rectification. Rectification can be understood by considering 

the application of a bias to the junction at equilibrium in Figure 1.5. An externally applied 

bias across the junction can oppose or support the built-in potential, referred to as forward 

and reverse bias, respectively. A typical current-voltage curve for rectifying behavior is 

shown in Figure 1.6. If a forward bias is applied (negative polarity on the n-type material, 

positive polarity on the p-type material), the barriers to charge injection across the 

interface are reduced, and current flow increases exponentially with increasing forward 

bias.^ Under a reverse bias (positive polarity on the n-type material, negative on the p-

type), the barrier heights are increased, preventing charge flow across the heterojunction. 

A small amount of current is detected under reverse bias, however, because a small 

number of minority carriers diffuse into the interfacial region and are carried down the 

energy barrier. A junction that exhibits this type of current-voltage behavior is referred to 

as a rectifying junction. The rectifying behavior shown in Figure 1.6 is that for an ideal 

abrupt junction. Despite the fact that few real junctions are truly sharp on a molecular 

level, similar behavior has been observed for p-n junctions based on many different 

materials combinations. 
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1.4. Heterojunction Devices 

Heterojunction devices, including diodes, LEDs, and solar cells, are the foundation 

of modem electronics equipment, and operate based on the fundamental physical 

properties described in Section 1.3. Most of the devices in use today are based on 

inorganic technologies since these are currently the most well-understood and 

reproducible. However, as mentioned above, these current technologies are not adequate 

for many applications, so that interest in organic-based devices has continued to flourish. 

There are many applications for organic and organic/inorganic hybrid devices to meet 

demands for large-area displays, blue emitters (including lasers), sensors, and storage 

media. This dissertation will focus on just two of these areas which are closely related to 

each other; photovoltaics and light-emitting diodes. The motivation for studying these 

devices will be discussed here, followed by a more thorough description of their structure 

and operation in the subsequent sections of this chapter. 

Figure 1.7 shows the relationship between the processes which occur in 

photovoltaic and electroluminescent devices. Photovoltaics, also known as solar cells, 

have been extensively studied in order to convert light from the sun into useful energy. 

These devices are based on the conversion of light energy to electrical current via electric 

field induced separation of the charge carriers produced by light absorption at a 

heterojunction interface. When organic photoconducting (PC) thin films are used as the 

absorbing layers at the heterojunction, light absorption results in the formation of an 

excited molecular species (PC*), as shown in Figure 1.7; 
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Figure 1.7; Relationship between photoconductivity and electroluminescence. 



PC + hv-*PC*. 

As described above, this excited species is an exciton, in this case localized on a single 

molecule. The exciton is dissociated at the junction, as described in the previous section, 

due to the energy level discontinuity and band-bending at the interface between the two 

materials, and charge is transferred to a neighboring molecule (PC) at the interface: 

PC*+PC-»PC + PC. 

as shown in Figure 1.7. The separated holes and electrons are subsequently conducted 

through the thin films comprising the heterojunction via application of an external electric 

field, and the current thus produced collected at the electrodes for measurement. As 

mentioned above, conduction in these thin films occurs via a hopping mechanism, 

indicated by the arched arrows in the figure. Photoconductivity and exciton dissociation 

at organic thin film heterojunctions have been extensively studied since many organic 

materials have high molar absorptivities across the solar spectrum®, but these processes are 

still not thoroughly understood. 

The opposite process, charge injection followed by recombination and light 

emission, has become more compelling in recent years as the demand for emissive displays 

and lasers increases. This process is known as electroluminescence, and the device is 

called a light-emitting diode (LED), or OLED in the case of organic light-emitting diodes. 

As illustrated in Figure 1.7, bipolar charge injection is accomplished through application of 

an external electric field. As in the case of photoconductivity, charge transfer throughout 

the layers occurs via a hopping mechanism, indicated by the arched arrows. When 



charged molecular species of opposite polarity interact with each other, their radical 

annihilation can provide sufBcient energy to excite one of the species: 

PC + PC PC* + PC, 

as shown in the figure. The excited species (PC*) can then relax to the ground state, 

emitting a photon: 

PC* -• PC + hv. 

Of course, other (nonradiative) relaxation pathways are possible, but the radiative pathway 

is of interest here. The issue of excited state relaxation pathways will be further addressed 

later in this chapter. 

As seen in Figure 1.7, photoconductivity and electroluminescence are closely 

related processes, governed by many of the same parameters. These include charge 

mobility, charge separation and/or recombination, light absorption and emission, 

heterojunction formation, and materials stability. The focus of this dissertation is to 

quantify several of the parameters which appear to be critical to photovoltaic and OLED 

operation and performance, and to understand the mechanisms which dictate device 

behavior. These two types of devices are described in more detail in the following 

sections. 

1.5. Organic Photovoltaic Devices 

Conversion of light to energy in organic solar cells represents one of the first 

practical applications of organic materials in heterojunction devices. Schematics for 



typical organic solar cell geometries are shown in Figure 1.8. The Schottky cell consists 

of an organic semiconducting thin film sandwiched between two metal electrodes. The 

organic film forms an Ohmic contact with one of the electrodes, and a Schottky junction 

with the other, and this is the rectifying junction. The open-circuit voltage (VoJ in these 

cells is determined by the diflference in Fermi energies (Ej) of the organic thin film and the 

metal with which it forms the Schottky junction. The p/n junction cell differs fi'om the 

Schottky junction cell in that the rectifying junction occurs at the interface between thin 

films of a p-type organic material and an n-type organic material, which form Ohmic 

contacts with a metal and an ITO electrode, respectively. P/n junction cells exhibit 

improved performance compared with Schottky cells because a larger portion of the solar 

spectrum can be absorbed through the appropriate combination of p- and n-type materials. 

VQC in p/n junction cells is determined by the difference in Fermi energies of the p- and n-

type materials. Further improvements in device performance have been demonstrated in 

three- (or multi-) layer cells. Since exciton dissociation occurs at the rectifying interface 

(in this case where the p- and n-type materials come into contact), incorporation of a 

mixed layer of p- and n-type material between the pure layers of each material increases 

the number of active sites for exciton dissociation, while still providing avenues for charge 

transport to the electrodes. Finally, in photoelectrochemical cells, a rectifying junction is 

formed between a semiconductor and an electrolyte solution. However, 

photoelectrochemical cell performance is generally inferior to that of all-solid-state 

devices, and it seems unlikely that sufficient improvements can be made for these to find 
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use as viable solar cells.' 

The above photovoltaic cells all function based on rectification at a Schottky 

junction between an organic thin film and a metal or a p/n junction between two different 

organic thin films. Light absorption by the photoconductive organic film(s) results in the 

formation of excitons. If these excitons are created near the Schottky or p/n interface, the 

bound charges can be separated by the space-charge induced electric field. Application of 

a bias across the junction permits the collection of the separated charges to produce an 

electrical current, thus converting light into electrical energy. Organic solar cells exhibit 

laboratory efficiencies (t)) in the range of ca. 10"^-!%', well below the values reported for 

amorphous silicon (Tibbaa«»y " 13-20%'-'°, - 5%'°), single crystal silicon 

- 23%'°'", ~ 12%"*), and compound semiconductors such as GaAs/AlGaAs 

(Tlubonioty ~ 30%''"). However, inorganic photovoltaic cells are not suited to many 

applications for several reasons, including the high cost of producing single-crystal 

materials, difficulty in upscaling fabrication procedures for mass production, and 

performance decay over time." For these reasons, several classes of photovoltaic devices, 

which could include organic or hybrid organic/inorganic devices, may be required to fulfill 

different application requirements." Organic photovoltaics must likely attain efficiencies 

of at least 5%'°''- to receive commercial interest as a viable alternative to the established 

inorganic solar cells, although lower efficiencies may be adequate for low-cost, replaceable 

device elements." Efficiencies as high as 1%'^ during exposure to sunlight reported for a 

CuPc/PTCDI organic solar cell indicates that the 5% efficiency requisite for most 



applications may still be obtained. 

Despite the considerable body of literature concerning organic photoconductors, 

an adequate theoretical understanding of the behavior of these materials in single-

component thin films and in heterojunctions is lacking.'" The energy band models used to 

describe inorganic heterojunction properties are insuflRcient to explain the behavior 

observed for organic heterojunctions. Organic thin films are generally polycrystalline, a 

variety of impurities may be present (such as decomposition products and trapped gas 

molecules, including O2 and HjO), and the different inter- and intramolecular interactions 

occurring in the film lead to complex band structures.'" One consequence of this is the 

formation of excitons upon light absorption, as described in Section 1.2 above. The hole 

and electron are generally tightly bound and move throughout the film together as an 

uncharged particle. Dissociation of the exciton may occur if it encounters an electric field 

such as that due to structural defects in the film, ionized impurities, or an external applied 

field, or by the field created at a p-n heterojunction due to differences in the energetic 

positions of the fi^ontier orbitals of the two materials. Of course, recombination of the 

electron/hole pair prior to dissociation is also possible, and is likely given the low charge-

carrier mobilities of organic semiconductors. These charge mobilities are significantly 

influenced by film morphology and purity. Thin organic films are used in the p/n junction 

photovoltaic device so that light absorption occurs near the interface between the two 

materials, where the exciton dissociation occurs. Excitons formed within the bulk of each 

film have a limited diffusion length, and only those formed within ca. 30-50 nm' of the 
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heterojunction are capable of reaching it and dissociating during their lifetime. 

Based on these considerations, knowledge of thin fihn morphology, impurity 

identities and concentrations, and the absolute energy levels of the occupied and 

unoccupied states for each of the organic layers is necessary to fiilly understand the dark 

and photo-chemical processes in photovoltaic devices. Little work has been done to 

correlate photovoltaic device behavior with thin film morphology. By varying the 

substrate temperature during deposition of the ClAlPc layer in Au/ClAIPc/n-Si cells, 

Yanagi, et al,'"* found improved performance in cells where the ClAlPc layer was deposited 

at elevated temperatures (ca. 200°C). SEM and TEM data show that these ClAJPc films 

are inhomogeneous, and consist of microcrystalline islands ca. 0.2 jim wide, with portions 

of the n-Si substrate exposed. ClAlPc films deposited at lower temperatures are 

homogeneous, and completely cover the n-Si substrate for thicknesses greater than 30 nm. 

The open-circuit voltage (V^J for these cells is 0.45 V, compared with a of ca. 0.22 V 

for cells with homogeneous ClAlPc layers and 0.20 V for the Au/n-Si Schottky cell. A 

correspondingly high current density (I^, 3.50 mA/cm"), fill factor (FF, 0.38), and 

efficiency (t], 6.0 x 10"' %) are found for the inhomogeneous ClAlPc cell. These compare 

favorably with the Au/n-Si Schottky cell (V^c = 0.20 V, = 3.90 mA/cm^, FF = 0.44, r) = 

3.4 X 10"' %), where the larger can be attributed to the inhomogeneous structure of 

ClAlPc on the n-Si surface. Improved photovoltaic parameters are also found for cells in 

which the ClAIPc layer thickness is 10 nm or less. For larger ClAlPc layer thicknesses, the 

high molar absorptivity of the Pc leads to an optical filtering effect which decreases the 



amount of light that reaches the junction where exciton dissociation occurs, and thus leads 

to lower measured currents. The barrier height of 37 nm (determined from capacitor 

discharge measurements) is supported by the observed photocurrent maxima in the ClAlPc 

Q-band for cells with Pc layer thicknesses less than 30 nm, and the lack of a photocurrent 

in this region for cells with thicker Pc layers. 

It is well-established that O, impurities dominate the electrical behavior of 

phthalocyanine (Pc) thin films, and that truly intrinsic behavior is rarely observed due to 

the rapid adsorption of gases to the surface of Pc thin films, even under vacuum 

environments.^'® In general, the conductivity of Pc thin films is ca. 10"'°-10"'® S/cm.' An 

increase in the conductivity of unsubstituted MPc thin films is observed when Oj or other 

electron acceptors are incorporated into the film, and their behavior is characteristic of p-

type materials.® The conductivity of Pes containing electron-withdrawing substituents and 

of PTCDIs decreases in the presence of Oj, but increases in the presence of electron 

donors, typical of n-type materials."-'®'" These results are supported by thermoelectric 

power measurements of the sign of the Seebeck coefficient, which is negative for n-type 

conductors and positive for p-type conductors.This behavior in the presence of O, 

is understood to correlate with the lowering of the frontier orbital positions in the 

electron-withdrawing substituted Pc's. The lowering of the HOMO energy leads to less 

interaction with acceptor dopants in the thin film, and the concurrent lowering of the 

LUMO energy facilitates interaction with donor impurities to provide excess mobile 

electrons in the LUMO. The observed decrease in conductivity in these materials upon 



exposure to oxygen is understood to result from the compensation of the excess electrons 

by O2. More recently, measurements of the frontier orbital absolute energetic 

positions vs vacuum have confirmed this hypothesis by correlating the observed 

conduction type with the distance of the HOMO position from the vacuum level. 

The maximum open-circuit voltage in photovoltaics is understood to depend upon 

the difference in Fermi levels at the junction where exciton dissociation occurs.^ ' 

Knowledge of the absolute energies of the occupied and unoccupied frontier orbitals and 

the Fermi levels, as well as the extent to which the frontier orbitals are coupled to the 

Fermi level and are influenced by its movement, is critically important to optimizing 

materials combinations in photovoltaics to provide the maximum open-circuit voltage. 

Despite the abovementioned progress in understanding the influence of these critical 

materials parameters on photovohaic behavior, many questions remain unresolved. For 

example, while it is generally accepted that the most efficient solar cells are based on 

Pc/PTCDI heterojunctions, the best combination of Pc and PTCDI is not unanimous 

amongst the various studies reported to date.® This dissertation aims to resolve, or at least 

clarify, the issues related to the energy level offsets at the heterojunction via a more 

accurate determination of the occupied frontier orbital absolute energies for several 

promising photovoltaic materials, as well as through the accurate approximation of the 

absolute energies of the unoccupied states of these materials. In addition, a better 

understanding of the changes that occur to these frontier orbitals upon heterojunction 

formation is achieved through the in-situ study of the evolution of band-bending during 
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interface formation. 

1.6. Organic Light-Emitting Diodes 

Organic-based light-emitting diodes (OLEDs) have attracted considerable attention 

in recent years as the demand for devices capable of blue emission and amenable to large 

area displays increases.''^" A multitude of potential applications exist for OLEDs, 

including the manufacture of stop lights and automotive lights, full-color outdoor displays, 

white light bulbs, and as lasers for optical data storage applications.^' A schematic of an 

organic light-emitting diode is shown in Figure 1.9. A layer of luminescent material (LM) 

is sandwiched between two unipolar charge transport layers (one of which transports only 

electrons, the other only holes) and electrode contacts are made on both sides. When a 

forward bias (as indicated by the battery in the diagram) is applied across the device, 

electrons and holes are injected into the luminescent layer, where recombination of the 

electrons and holes results in the emission of light characteristic of the fluorescence energy 

of the LM. 

Molecules which are typically used as luminescent and transport materials in 

OLEDs are also shown in Figure 1.9. Recent research has focused on two luminescent 

materials: tris(8-hydroxyquinoline)aluminum (Alqj)^"'^^, which emits at 517 nm (green), 

and poly(para-phenylene vinylene) (PPV)^"* and their derivatives, because of their bright 

fluorescence and electroluminescence. One important feature of OLEDs is the separation 

of the luminescent layer from the charge transporting layers. This separation allows the 
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luminescent layer material to be chosen based solely on the desired emission color for the 

device. In particular, organic compounds are attractive luminescent materials because 

they exhibit high fluorescence quantum yields throughout the visible region of the 

spectrum. While many organic molecules are highly flourescent as monomers, for organic 

LED applications their emission in the solid state must be strong. Based on these criteria, 

many other lumophores are currently under evaluation. Alqj, PPV, and several other 

interesting lumophores will be discussed in more detail in Chapters 3 and 4. 

Materials commonly used as hole transport agents (HTA) and electron transport 

agents (ETA) are shown in Figure 1.9. HTAs are typically triarylamines such as tri-p-

tolylamine (TTA), divalent and trivalent metal phthalocyanines (Pc), and polymers such as 

poly(N-vinyl carbazole) (PVK). ETAs are typically compounds containing electron-

withdrawing groups such as 2-(4-biphenylyl)-5-(4-t-butylphenyI)-l,3,4-oxadiazole (butyl-

PBD) and diphenylsulfone (DPS). These HTAs and ETAs are chosen to exhibit high hole 

and electron mobilities, respectively. In addition, because these layers are unipolar 

(transport primarily one type of charge only), they also serve as barriers to trap the 

injected holes and electrons in the luminescent layer so that charge recombination followed 

by emission occurs in the LM. Without such barriers, one type of charge may be 

preferentially transported through the LM layer, resulting In different charge injection rates 

for holes and electrons^" and subsequent nonradiative charge recombination at the 

luminescent layer/electrode interface." In some cases the LM may efficiently transport 

one type of charge so that only the opposite type of transport layer is necessary. For 



example, Alq3 transports electrons as well as or better than most of the commonly used 

ETAs, so bright LEDs are possible using only Alqj and a 

Transparent indium tin oxide (TTO) on a glass substrate is typically used as the 

anode material to allow observation of the emitted light. Low workfiinction metals such 

as calcium (Ca), magnesium (Mg), aluminum (Al), silver (Ag), and gold (Au) are typically 

used as the cathode to facilitate electron injection into the device. Ca and Mg generally 

provide LEDs with low turn-on voltages, but their rapid oxidation in air leads to a rapid 

decline in device performance after a brief time period.^ Heteroelement cathodes, in 

particular Mg;Ag^ and Mg:In (In = indium) alloys and double-layer cathodes*', have been 

used to provide low workfiinction electrodes which are more stable toward oxidation than 

a single metal cathode. 

A variety of methods are currently used to fabricate OLEDs. Many of the 

compounds described above are soluble in volatile organic solvents and can be spun-cast 

as thin films. This is the simplest deposition method, and is primarily used to make the 

polymeric layers in organic LEDs. These polymer layers can consist of a single 

component, such as a luminescent layer of PPV, or multiple components, such as layers 

where the polymer serves as a matrix for a LM, HTA, or ETA.^*'^ OLEDs have also been 

constructed using the Langmuir-Blodgett (LB) technique^"'^'-^-^^, although the 

requirement of hydrophobic and hydrophilic endgroups on the molecule limits the 

compounds which can be used. Finally, in the case of most molecular organic layers in 

OLEDs, vacuum deposition is employed to minimize contaminants in the various layers. 



which can decrease device efficiency by providing trap sites which act as centers for 

nonradiative charge recombination.' 
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1.6.1. OLED Performance Issues 

The brightness of organic LEDs can currently reach levels greater than 1000 

cd/m^ which is substantially greater than the brightness of a cathode ray tube (CRT) (100 

cd/m^)^ and is comparable to commercially available inorganic LEDs and 

electroluminescent devices based on ZnS}° The fundamental issues controlling device 

performance have already been identified, such as the barrier heights to charge injection 

and the charge mobility within each layer.^ In order to increase the brightness of OLEDs 

and to provide devices with longer lifetimes, lower drive voltages, and increased efficiency 

it is necessary to understand these issues on a molecular level. The following sections 

describe the mechanism for charge recombination within the luminescent layer and the 

issues which limit the eflBciency of this process. 

1.6.2. Charge Injection and Recombination in the Luminescence Layer 

Light emission from the luminescent layer of an OLED occurs when an injected 

electron and an injected hole become localized on a single molecule within the luminescent 

layer to form an excited state of the molecule followed by charge recombination on that 

molecule and the subsequent emission of a photon. Improving device performance and 

efficiency will therefore require an understanding of how the electron and hole arrive at 



the molecule and become localized there. Knowledge of the competing mechanisms for 

excited state relaxation of the molecule is also necessary to optimize the molecular 

environment to promote relaxation through radiative rather than nonradiative routes. 

The injection and transport of holes and electrons in OLEDs is discussed in terms 

of Gerisher's electrochemical model described above. Holes injected from the anode into 

the hole transport layer (HTL) result in the formation of radical cations of the HTA; 

p" + HTA-»HTA-". 

The HTA radical cations are transported through the HTL by a hopping mechanism; 

HTA*"+ HTA-»HTA + HTA'\ 

When the HTA*" reaches the hole transport layer/luminescent layer interface, the positive 

charge can be transferred to a molecule of the luminescent material: 

HTA*" + LM-» HTA + LM* ̂  

Similarly, electrons injected from the cathode into the electron transport layer (ETL) result 

in the formation of radical anions of the ETA: 

e- + ETA-»ETA*-

which are transported through the ETL by a hopping mechanism: 

ETA* - + ETA -» ETA + ETA*". 

At the electron transport layer/luminescent layer interface the negative charge can be 

transferred to a molecule of the luminescent material: 

ETA* - + LM -• ETA + LM* 

Charge transport through the luminescent layer also occurs through a hopping mechanism: 



LM*" + LM-> LM + LM* * 

LM*- + LM-»LM + LM*-. 

Formation of an excited state luminescent material molecule occurs via radical 

cation/radical anion annihilation of two LM molecular ions; 

LM*" + LM* •LM* + LM. 

This reaction occurs spontaneously any time the LM radical cation and radical anion come 

into contact, resulting in the formation of one ground state LM molecule and one excited 

LM molecule. The excited LM molecule thus formed can be in either the singlet (S) or 

triplet (T) excited state, and this excited state is characterized by a bound electron-hole 

pair, or exciton. 

The radiative decay of the singlet exciton (fluorescence) is the emission of interest 

for organic LED applications since the electroluminescent output of a device is generally 

identical to the fluorescence color and spectral shape for a thin film of the LM upon 

photoexcitation.' Accordingly, the efficiency of organic LEDs depends on the efficiency 

of singlet exciton formation. The generation of excitons fi-om recombination of an 

electron-hole pair is diagramed in Figure 1.10. Production of singlet and triplet exciton 

states is proportional to the multiplicity of the final state, so LM triplet excitons are 

formed three times as often as LM singlet excitons. This indicates that the maximum 

achievable efficiency for an organic LED is 25%. However, two lowest energy triplet 

excitons can recombine to produce an excited triplet (T*) or singlet (S*) exciton, 

depending on the total spin of the two lowest energy triplet excitons: 
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T + T -• T* (total spin = 1) 

T + T ̂  S* (total spin = 0). 

Since three times more pairs having total spin 1 can be formed than pairs having total spin 

zero, three times more triplet than singlet excitons are formed from triplet-triplet 

recombination. The decay of T to S* or T* is the product of the probability of triplet-

triplet recombination with a given total spin and a factor of'/2 to account for the loss of 

two T. The decay of T* to T should occur in a considerably shorter time than the lifetime 

of T, so that these triplet excitons contribute to the triplet concentration. The number of 

singlets formed by this added concentration of triplets is the product of the probability of 

excited triplet formation from two ground-state triplets (the probability for T-T 

recombination with total spin 1 and the factor of V^ to account for the loss of two T) and 

the probability of singlet formation from the combination of two ground-state triplets (the 

probability for T-T recombination with total spin 0 and the factor of V-i to account for the 

loss of two T). The predicted quantum efficiency using this scheme is 39%, which is large 

in comparison to the QE for large-bandgap semiconductors (QE < 1% at room 

temperature). The efficiencies achieved to date for OLEDs are considerably lower than 

the theoretical value, with a typical range of < 1% to a maximum reported value of 

2.4%.^^ That these values are lower than the ideal value is expected since nonradiative 

decay routes exist for both singlet and triplet excitons. The fact that the observed 

efficiencies are substantially lower than 39% indicates that additional restrictions on 

OLED light output may depend on charge injection into the luminescent layer and on 



charge transport to a molecular site of interest. 
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1.6.3. Charge Mobility Within a Single Layer 

Emission from a molecule in the luminescent layer is dependent on the arrival and 

localization of an electron and a hole on a single molecule within the luminescent layer. 

The probability of both events occurring (localization of both an electron and a hole on the 

same molecule) is dependent on the ease of transporting both types of charge between 

molecules within the luminescent layer. Injection of charge into the luminescent layer also 

plays an important role since charge injection from the transport layers is limited by the 

ease with which the HTL and ETL can conduct holes and electrons, respectively, as well 

as by the energetic barriers to charge injection. Typically, pure organic thin films are 

insulators due to the poor overlap of orbitals on adjacent molecules. As a result, 

intermolecular coupling is weak and the valence and conduction bands of molecular films 

are narrow (usually ca. 10 -100 meV wide)." Consequently, charge cannot be easily 

transferred between neighboring molecules, and the conductivity is low.® Furthermore, 

organic compounds are generally p-type (probably due to their low EAs), so that few 

organic materials exhibit good electron mobilities, and good ETAs are difficult to design." 

Poor charge mobilities combined with the tendency to preferentially transport one type of 

charge lead to reduced device efficiencies as a result of unbalanced charge injection into 

the LM. Transport layers, therefore, may serve two purposes: (i) to block the LM 

majority carriers in the luminescence layer, and (ii) to facilitate charge injection into the 
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luminescence layer.' The former is achieved by the choice of a transport layer (TL) with 

the appropriate band offset relative to the luminescence layer (LL) so that the LL majority 

carrier is prevented from moving from the LL into the TL. The result is the formation of a 

space-charge layer at the transport layer/luminescence layer interface which balances 

charge transport in the LM by reducing the current in the LM.' The latter is also achieved 

by comparing the band offsets of the TL and LL, but in this case the TL is chosen such 

that the barrier to injection at the electrode is lowered (compared with injection from the 

electrode directly into the LL), and charge is more easily injected into the device from the 

electrode. 

A significant amount of both theoretical and experimental research has been 

conducted to determine organic thin film mobilities. Successfiil theoretical efforts to 

model the transport of charge in organic films are based on Bassler and co-workers' 

disorder formalism.^*'^' The disorder formalism is characterized by a hopping mode of 

charge transport through a manifold of localized states with a Gaussian shape having 

superimposed positional disorder. The hopping mechanism corresponds to charge transfer 

between two adjacent molecules, and is equivalent to an electrochemical redox process 

between two identical molecules. The aaivation energy (E J for this process is a 

combination of intermolecular and intramolecular contributions. The intermolecular 

contribution follows from the fact that chemically equivalent hopping sites are physically 

inequivalent due to statistical disorder in the film, so that the lattice contribution to the E, 

is affected by the local disorder. The intramolecular contribution arises from the 



molecular conformation change that occurs upon oxidation or reduction. Two mobility 

models arise depending upon which contribution is thought to be larger. The hopping 

model assumes that the charge coupling to inter- and intramolecular modes is weak and 

the E, is largely due to the hopping site statistical disorder. The small polaron model 

assumes that the energy of molecular reorganization upon addition or loss of charge is the 

dominant contribution to the E,. 

The hopping mechanism appears to best describe the transport phenomena in the 

molecular semiconductors, for both hole and electron mobilities. The high-field mobility 

(n) given by the hopping mechanism adapted by Bassler, et al, is 

n(a',S,E) = jioexp[-(2/3of ]expC(a'' - S^)E"'. 

The parameters are a' = o/kT, where a is the hopping site manifold width, S depends on 

the degree of disorder, ^o is the prefactor mobility, and C = 2.9 x lO"* (cmAO '^. From the 

expression above, the low-field mobility is then 

^(a•,S,E) = Hoexp[-(2/3o')^]. 

A linear dependence of Inn on T"^ is therefore expected for thin films in which the mobility 

is strongly dependent on the local disorder. 

In cases where nondisorder effects also contribute to the E„ a (the hopping 

manifold width) can be determined fi'om the nondispersive to dispersive transition 

temperature (TJ, which is the temperature at which the thickness-independent mobility 

becomes thickness-dependent. The o value of 0.080 eV obtained from T^ measurements is 

smaller than that fi-om an E, dependent only on disorder (0.096 eV). This difference is 



thought to be the result of polaron formation or trapping. Based on these results, the 

contribution of nondisorder effects to E, is ca. 25%.^ 

This model of energetic and positional disorder with some additional contributions 

has been used to eflfectively describe transport in a variety of disordered molecular 

semiconductors for either electron or hole mobility. Experimental determinations of 

carrier mobility have primarily been reported by Borsenberger and coworkers, who have 

reported prefactor mobilities for a variety of hole transport agents as pure thin films*' and 

doped into polymer matrices*^*^-'"'''' with typically in the range of 10'^ - 10"' cmWs 

under an applied field of ca. 10' V/m. Corresponding measurements for electron transport 

agents in thin film form^"*^'** and doped into polymer matrices*''^ give jIQ values in the 

range of 10'® -10"' cmWs. In general, lower mobilities are observed for materials which 

transport electrons compared with those that primarily transport holes. For this reason, 

OLEDs with good performance have been reported using a variety of HTAs, while those 

incorporating an electron transport layer (ETL) often exhibit higher turn-on voltages and 

lower efficiencies than when no ETL is used. 

Polaron models have also been used to describe charge transport in disordered 

molecular solids. This model assumes that the mobility is described by the product of the 

probabilities for coincident energies and for jumping. The probability of adjacent hopping 

sites with the same energy is given a Boltzman distribution, while the probability for 

charge carrier movement between the adjacent sites may occur through thermal activation 

when energy coincidence is established. The polaron model predicts an Arrhenius 



relationship between the zero-field mobility and temperature. Comparison with 

experimental results, however, show that the fit is poor over a wide temperature range, the 

mobility field dependence is not accurately described, and the large prefactor mobilities 

obtained using this relationship are difificult to explain.*® 

1.6.4. Heterojunction Formation and Energetic Barriers to Charge Injection 

OLEDs, as shown in Figure 1.9, are multilayer devices, consisting of both 

organic/organic' and organic/inorganic heterojunctions. As a result, OLED efficiency is 

dependent on the quality of heterojunction formation, and this has been shown in the 

decreased efficiencies and lifetimes of devices containing layers with pinhole defects.' 

Also, as described above, these heterojunctions are characterized by the energy band 

offsets of the two materials, which influence charge transfer across the interface. These 

issues are particularly critical to understanding OLED behavior. 

To best illustrate the nature of the heterojunctions present in OLEDs, the entire 

device is modeled in terms of a band diagram, as shown in Figure 1.11, with the ordering 

of the layers identical to that in Figure 1.9. Only the critical energy levels are shown in the 

figure: the workfiinctions of ITO and the metal contact, and the HOMO and LUMO 

positions for the luminescent layer and the transport layers. Under a forward applied bias 

(indicated by the + and - in the figure), holes are injected into the HOMO of the HTA, and 

following transport through this layer they are injected fi'om the HOMO of the HTA into 

the HOMO of the LM. Similarly, electrons are injected fi'om the low-workfiinction metal 
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electrode into the LUMO of the ETA, followed by injection from the LUMO of the ETA 

into the LUMO of the LM. Recombination of the holes and electrons within the LM 

results in the emission of light (indicated by the arrow labeled hv). 

As seen in Figure Lll, under the applied bias, barriers to hole injection at the 

rrO/HTA and HTA/LM interfaces are overcome, as well as barriers to electron injection 

at the metal/ETA and ETA/LM interfaces. In addition, substantial barriers to hole 

injection from the LM into the ETA and to electron injection from the LM into the HTA 

are present, trapping the injected charge in the LM layer. These barriers are controlled by 

the band bending which occurs upon heterojunction at each interface in the OLED, as 

described for a single heterojunction in Section 1.3 above. Although they are not to scale, 

this diagram also indicates that each of the layers has a certain thickness. The quality of 

the ITO/glass substrate (i.e. surface roughness and purity) combined with the layer 

thicknesses will determine the sharpness of the heterojunctions formed, as well as the 

potential for shorting. As a result, not only are the charge injection barriers critical, but 

transport of the charge from one interface to the next must also be considered. Therefore, 

knowledge of the absolute positions of the HOMO and LUMO energies, as well as the 

charge mobility, in each layer is highly desirable, since the required applied bias must 

overcome the total of these barriers for current to flow in the device and for light emission 

to occur. 

Currently, there is considerable controversy over the relative importance of the 

charge injection barriers and the charge mobility in determining the efficiency of OLEDs. 



This stems, at least in part, from the fact that the energy barriers and charge mobilities 

have not been well-characterized. Also, it is virtually impossible to vary the mobility of a 

layer without also changing the energetic barriers, and reported studies in which the 

charge injection barrier has been systematically varied involve changing only the metal 

cathode workfunction."-'' Based on more recent studies, Forrest, et. al", seem convinced 

that the mobility is the only important issue, and that the barriers to charge injection do 

not play a role in OLED behavior. However, all of their measurements were performed 

for applied voltages well above the device turn-on voltage, so that their results may only 

apply to this regime. 

This dissertation clarifies these issues through the first report of absolute values vs 

vacuum for the energies of the frontier orbitals of a number of lumophores and transport 

agents currently under evaluation in OLED technologies. Using these results, the barriers 

to charge injection at each interface are determined, and a correlation between these 

barriers and OLED behavior is demonstrated. A further refinement of the energy barrier 

height for the occupied frontier orbitals is achieved via in-situ UPS measurements to 

directly determine the extent of charge transfer and band-bending during heterojunction 

formation. 

1.7. Electrogenerated Chemiluminescence 

The increased interest in the applications of solid-state OLEDs has also served to 

renew interest in its solution counterpart, electrogenerated chemiluminescence (ECL). In 



ECL, the working electrode in a solution of luminescent material (LM) is rapidly cycled 

between the oxidation and reduction potentials of the lumophore to create radical cations 

(LM"*) and anions (LM*") of the LM, as described above for the solid-state OLEDs. 

Radical annihilation of LM* and LM' can then occur, with subsequent light emission near 

the working electrode. Such a reaction has been demonstrated for a number of 

lumophores, in particular 9,10-diphenylanthracene (DPA)"-^-"'^®, which exhibits a bright 

blue emission. 

An even more fascinating aspect of ECL is that light emission can be obtained for 

heterogenous solutions, i.e. solutions in which the radical cation of one species reacts with 

the radical anion of a second species to produce light. The classic example of 

heterogenous ECL is the reaction of DP A*' and TMPD** (the radical cation of 

N,N,N',N'-tetramethyl-p-phenylenediamine) in DMF^, although many examples of this 

phenomenon have since been reported.More recently, Heeger, et. al, have reported 

a successful solid-state electrochemical light-emitting diode (EC-LED) using a solid 

polymer and electrolyte." With the evidence that charge transport in the solid-state 

OLEDs occurs via a hopping mechanism, involving the formation of radical cations and 

anions in the thin films, information gleaned from electrochemical measurements of these 

materials has the potential to clarify several issues. 

Electrochemical measurements are presented in this dissertation which address the 

issues of materials stability and energy sufficiency of the various routes to radical 

annihilation to produce light emission in OLEDs. These results provide concrete evidence 
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for decomposition of many of the lumophore radical cations, which likely limits device 

lifetimes. The energy sufficiency of lumophore anion/hole transport agent cation reactions 

are also demonstrated, verifying earlier evidence that charge recombination occurs at the 

lumophore/hole transport agent interface in OLEDs. Finally, the role of oxygen as an 

electron trap and potential catalyst for organic thin film composition is established. 
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CHAPTER 2 
EXPERIMENTAL 

2.1. Organic Molecular Semiconductor Materials 

Tris(8-hydroxyquinoIine)aIuminum (Alqj), tris(8-hydroxy-5-piperidinyI-quinoline-

suIfonamide)aluminum (AI(qs)3), bis(8-hydroxyquinoline)zinc (Znqj), and bis(8-hydroxy-

5-piperidinyIquinolinesuIfonamide)zinc (Zn(qs)2) were synthesized by Dr. Trad Hopkins in 

Dr. H. K. Hall, Jr.'s group at the University of Arizona.®' Additional quantities of Alqj 

were purchased from Aldrich, and additional Znq2 was synthesized in this group. Bis(4-

acridinoI)zinc (Znaz) was synthesized using the published procedure for other metal 

quinolates®", and all starting materials were purchased from Aldrich. I, l,4,4-tetraphenyl-

l,3-butadiene (TPBD) was purchased from Acros Organics. Diphenyi anthracene (DPA) 

was purchased from Aldrich. 4,4'-bis(2,2-diphenylethenyl)-l,r-biphenyl (DPVBi) was 

synthesized by Dr. M.-F. Nabor in Dr. E. Mash's group at the University of Arizona. 

Dihydroxynapthaldiazine (DHNA) was provided by G. Sims of Spectral Instruments. 

Poly(p-phenylenevinylene) oligomers were provided by K. Muellen at the Max-Planck-

Institut flier Polymerforschung, Mainz, FRG. 

Tri-p-tolylamine (TTA), l,l-bis(4-di-para-tolylaminophenyl)cyclohexane (TAPC), 

diphenylsulfone (DPS), 2-tert-butyl-9,10-N,N'-dicyano-anthraquinonediimine (DCAQ), 

and 2-(4-biphenylyl)-5-(4-tert-butylphenyl)-l,3,4-oxadiazole (butyl-PBD) were provided 

by C. Tang at KODAK. KN* diphenyl-N,N'-(3-methylphenyl)-l,r-biphenyl-l,r-diamine 



(TPD) was provided by Dr. H. K. Hall at the University of Arizona. N,N'-bis(l,2-

dimethylpropyl)-l,4,5,8-naphthalenetetracarboxylic diimide (OTCDI) was synthesized by 

Dr. J.-F. Wang in Dr. E. Mash's group at the University of Arizona. Poly(n-

vinylcarbazole) (PVK) was purchased from Aldrich. 

Zinc phthalocyanine (ZnPc), zinc tetrapyridotetraazaporphyrine (ZnTAPPy), and 

peripherally perfluorinated zinc phthalocyanine (ZnPcF,6) were supplied by Dr. Derek 

Schlettwein at the University of Bremen, Bremen, ERG. Chloro-indium phthalocyanine 

(CUnPc) and chl6ro-aluminum phthalocyanine (ClAlPc) were purchased from Aldrich. 

Buckminsterfiillerene (Cgo) was donated by Dr. R. Huffman at the University of Arizona. 

AIqj from Aldrich, Znqj synthesized in this group, Zna,, DP A, DHNA, NTCDI, 

CUnPc, and ClAlPc were purified before use by the entrainer sublimation method. All 

other materials were used as received. In all cases final purification was accomplished by 

outgassing the Knudsen cell used for deposition for up to 24 hours just below the 

compound's sublimation temperature to remove lower molecular weight impurities. 

Al(qs)3 and Zn(qs)2 were used without further attempts at purification since they 

decompose upon heating, even under vacuum. 

2.2. Inorganic Substrates 

Gold (Au) and silver (Ag) polycrystalline foils were purchased from Alpha SAR, 

and the comers were crimped around the sample stubs required for ESCALAB system 

analysis to create an ohmic contact. Potassium bromide (KBr) single crystals were 



purchased from International Crystal Labs in 10 mm x 10 mm x 20 mm rectangles. A 

fresh KBr surface was obtained just prior to introduction into the vacuum chamber by 

cleaving the slab. Polycrystalline 1 cm diameter sapphire substrates were purchased from 

Rolyn Optics. They were rinsed with methanol and distilled water and subsequently dried 

with nitrogen before introduction into the vacuum chamber. Mica purchased from 

Perfeaion Mica and highly ordered pyrolytic graphite (HOPG) from Advanced Ceramics 

were freshly cleaved just prior to use. 

2.3. Ultraviolet Photoelectron Spectroscopy (UPS) 

Ultraviolet photoelectron spectra were acquired at room temperature with a VG 

ESCALAB MKII spectrometer, with the analyzer operated in the constant retard ratio 

(CRR) mode, with a retard ratio of 4. A Hel radiation source with a primary photon 

energy of 21.2 eV was used to obtain all UPS spectra. Survey scans were acquired in 

0.05 eV increments, while measurements to determine peak positions and widths and 

secondary electron onsets were taken at 0.01 eV intervals. Prior to analysis, all vacuum-

compatible materials were outgassed just below the sublimation temperature overnight in a 

deposition chamber directly attached to the VG ESCALAB system. Samples were 

prepared by sublimation onto Au and Ag substrates, and were transferred to the analyzer 

immediately after preparation without breaking vacuum. Layer thicknesses were 

monitored using a quartz crystal microbalance (QCM). Compounds which could not be 

vacuum-sublimed were solution-cast onto highly ordered pyrolitic graphite (HOPG) from 



hexanes in air, and the hexanes were removed by immediate evacuation of the samples in 

the sample introduction chamber of the ESCALAB system. 

2.3.1. Theory 

When a sample is illuminated with radiation of suflBcient energy, electrons are 

ejected from its surface. The number of electrons ejected from the sample as a function of 

the electron kinetic energy can be measured, and this information can be used to determine 

the binding energies of electrons in the sample, as showm in Figure 2.1. Essentially, this is 

just a manifestation of the photoelectric effect: 

hv = K.E.+B.E., (2.1) 

where hv is the energy of the incident radiation, K.E. is the kinetic energy of the electron, 

and B.E. is the electron binding energy. Figure 2.1 illustrates this concept in terms of the 

initial and final states of the electron. For electrons in the sample in some initial state | i) 

below the vacuum level (indicated by the arrow labeled B.E.), excitation by light with 

energy hv results in ejection of the electron from the sample to a final state |f> (a process 

indicated by the arrow labeled hv), which corresponds to complete removal of the electron 

from the sample, and in which the electron has some kinetic energy as a result of the 

conservation of energy and momentum during this process. For the UPS experiment, 

ultraviolet radiation from a He discharge lamp corresponding to the He(I) emission at 21.2 

eV is used. The relatively low energy of this source (as compared with the X-ray sources 

used in XPS, for example) preferentially accesses the valence occupied frontier orbitals of 
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the sample, rather than the deeper core levels. 

As illustrated in the figure, and firom rearrangement of the above photoelectric 

effect equation (Eqn. 2.1), the absolute binding energy (with respect to vacuum) of the 

electron in the sample is simply the difference between the energy of the incident radiation 

and its measured kinetic energy; 

B.E. = hv - K.E. (2.2) 

However, the actual experiment is complicated by the fact that the vacuum level of the 

analyzer and sample differ®', so that the kinetic energy of the electron measured by the 

analyzer is lower than its actual K.E. upon ejection from the sample by an amount a 

(indicated in Figure 2.1) equal to the workfunction difference between the analyzer and 

sample. 

This workfunction difference between analyzer and sample can be clearly seen in 

the UPS spectra of clean metal surfaces. Figure 2.2 shows the UPS spectrum for a clean 

Au foil, which has been converted to a binding energy scale for the purposes of discussion. 

The spectrum consists of a series of peaks which correspond to the joint density of states 

between initial and final states (|i) and |f), respectively) of the electrons (see Figure 2.1), 

superimposed on a background of secondary electrons. Despite the convolution of 

occupied and unoccupied states that gives rise to the observed UPS spectrum, to a first 

approximation the UPS spectrum can be treated as a measurement of only the occupied 

states of the sample. The secondary electron emission on the high binding energy side of 

the spectrum, and the sharp signal fall-off corresponding to the Au Fermi edge (Ef) on the 
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low binding energy side, are also indicated in Figure 2.2. The Fermi edge, also known as 

the Fermi energy or worldunction, is typically a sharp feature in the UPS spectra of clean 

metal surfaces, with a characteristic value for a given metal with a specified surface 

morphology. Since metals are good conductors, and the sample is grounded to the 

analyzer chamber, one would expect to find no difference in the workfiinctions of a clean 

metal and the analyzer, since electrons fi'om the metal should be quickly replenished from 

ground, so that Ef should fall at 0.00 eV on the binding energy scale. However, the 

observed Au workfunction is 1.15 eV higher in binding energy than expected, indicating a 

difference in the workfiinctions of the metal sample and the analyzer. 

Due to this difference in sample and analyzer workfunctions, the metal Fermi edge 

is commonly used as the reference in UPS studies since the workfunctions of most metals 

are well-known. Unfortunately, Ef shifts when the metal surface is modified, for example 

by contaminants or upon sample deposition, and its falloff becomes less sharp. As a result, 

only very thin films can be analyzed by this method (so that the Au Fermi edge remains 

visible), and the reference changes continuously. Therefore, results obtained using the 

metal Fermi edge as a reference actually reflect the properties of the metal/overlayer 

heterojunction, since both the metal and overlayer signals are visible in the UPS spectrum, 

and not the bulk characteristics of the overlayer material. The other method commonly 

used to reference the observed UPS data to absolute vacuum is the deposition of a metal 

film on top of the sample film. This method is subjected to the same difficuhies as using 

the metal substrate as a reference (influence on the Fermi edge position and sharpness by 



the overlayer thin film), with the additional disadvantage that the sample of interest is 

destroyed in the process, since the metal overlayer cannot be easily removed. 

78 

2.3.1.a. The Applied Bias Method for UPS 

Therefore, it is nearly impossible to determine the difference between the sample 

and spectrometer workfunctions, which changes continuously throughout the experiment. 

The solution to this problem is to use the secondary electron onset as a reference. This 

onset corresponds to the electrons which just barely possess enough energy to reach the 

analyzer to be detected, and is therefore the kinetic energy scale zero since these electrons 

are emitted from the sample with a minimum of excess (kinetic) energy. However, as seen 

in Figure 2.2, the secondary electron onset is not well-defined, so that this method would 

also appear to involve a significant amount of error. This problem can be overcome 

through the application of a negative bias to the sample with respect to the spectrometer 

ground. The applied bias enhances the low kinetic energy region (high binding energy 

region) signal, so that the onset of secondary electron emission is clearly visible. Figure 

2.3 illustrates this effect as a fijnction of applied bias for a thin film of diphenylsulfone 

(DPS) on Au. When no bias is applied, the secondary electron onset is poorly defined. As 

the bias voltage is increased, the entire spectrum shifts to higher kinetic energies by an 

amount equal to the bias voltage, and the secondary electron onset becomes clearly visible 

as a sharp, sudden transition firom zero counts to a strong signal, as indicated in the figure. 

Since the bias shifts the entire spectrum, the relative positions of the peaks and Fermi edge 
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Figure 2.3; Influence of applied bias on the UPS spectrum of a DPS thin film on Au, 
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with respert to each other and the secondary electron onset remains constant, so that the 

only difference in the spectrum without and under bias is the clarity of the onset. Since 

the secondary electron onset corresponds to the zero of the kinetic energy scale, this onset 

can be used as the reference for determining the absolute binding energies of the states 

(peaks) visible in the UPS spectrum by energy conservation: 

B.E. = hv-(K.E.-K.E.^, (2.3) 

where B.E. is the state binding energy, hv is the incident radiation energy, K.E. is the peak 

kinetic energy, and K-E.^^ is the kinetic energy at the secondary electron onset. 

Figure 2.4 illustrates the application of the applied bias method in UPS for 

determining the workflinction of a clean Au foil. Application of a -5.00 V bias to the Au 

sample simply shifts the entire spectrum to higher kinetic energies, while enhancing the 

onset signal. The spectrum shown in Figure 2.4 has been corrected for this shift, although 

such a correction is not necessary to obtain absolute binding energies by this method. The 

difference between the kinetic energies of the Au Fermi edge and the secondary electron 

onset of the sample (both indicated in the figure) gives the absolute kinetic energy of the 

state of interest, in this case the Au Fermi edge (or workfiinction); K.E. - K.E.^^ = 20.02 

eV - 3.92 eV = 16.08 eV. The absolute binding energy of this state is then found by 

rearrangement of equation 2.3 above: 

B.E. = hv-(K.E.-K.E.^ (2.3a) 

= 21.2 eV- 16.08 eV = 5.10eV. 

This value of the Au workfijnction is in good agreement with previously reported 
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Figure 2.4; UPS spectrum of a clean Au foil under a -5,00 V applied bias. 



values,® which vary slightly depending upon the surface morphology of the sample. 

Binding energies for any other state in the UPS spectrum can be found by applying the 

same procedure. 

This applied bias method allows for the analysis of thick overlayer films, such that 

no metal signal is detected in the UPS spectrum and the bulk properties of the overlayer 

are observed. This technique is particularly useful for insulating or semiconducting 

samples, since the low He(I) source energy (21.2 eV) probes just slightly below the 

sample surface. Therefore, only thin overlayers are required before the substrate signal is 

no longer appreciably detected in the UPS spectrum, while the overlayer thickness remains 

small enough to prevent the surface charging which typically prevents characterization of 

these materials. A more detailed description of the overlayer characterization procedure is 

given below in section 2.3.3, including a more thorough discussion of the features unique 

to organic overlayer UPS spectra. 

2.3.2. Au and Ag Substrate Preparation and Characterization 

Au and Ag substrates were mechanically polished using a 1.0 ^m alumina 

(Buehler) suspension in H2O on a Buehler Microcloth® polishing cloth to create a smooth 

surface for deposition. The Au and Ag were then cleaned in-situ by Ar"^ ion sputtering. 

Substrate cleanliness was verified by the lack of a carbon signal in XPS and by the 

workfimction value obtained from the UPS spectrum. The UPS spectrum of a clean Au 

foil under a 5.00 V bias is shown in Figure 2.4. A workflinction of 5.10 eV is obtained for 



Au according to the applied bias method described in section 2.3.1.a. The small difference 

between this value and reported values® can be explained by differing levels of sample 

surface crystallinity m the various studies. Prior to Ar* ion sputtering, the fairly flat 

background of secondary electrons just above the onset in the UPS spectrum is generally a 

very broad peak, indicative of surface contamination which facilitates secondary electron 

emission, increasing the secondary electron background and shifting the onset to lower 

kinetic energies. As a result of the contamination (and, therefore, the lowering in kinetic 

energy of the secondary electron onset), the measured Au workfunction is decreased 

compared with that for a clean surface, generally to less that 5.0 eV. This contamination 

is confirmed by the presence of additional peaks in the Au X-ray photoelectron spectrum 

attributable to the carbon Is (C Is) orbital, the oxygen Is (O Is) orbital, and the aluminum 

2s and 2p (A12s and A12p, respectively) orbitals (although the latter may be obscured by 

the Au 4f and 5d peaks). 

To verify that the applied bias method gives the absolute energies (vs vacuum) of 

the overlayer sample fi^ontier orbitals, as well as to ensure that these results are substrate 

independent and accurately reflect the bulk properties of the overlayer, experiments were 

performed using both Au and Ag substrates. The UPS spectrum of a clean Ag foil under a 

5 V applied bias is shown in Figure 2.5. Features similar to those observed in the Au 

spectrum are present (sharp secondary electron onset and Fermi edge), although the 

number, shape, and intensity of peaks differs due to the different emission probability from 

the various states in Ag as compared with Au. The measured Ag workfunction of 4.72 eV 
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is in good agreement with previously reported values," and any variation is most likely 

due to differing amounts of surface crystallinity in the samples used for each study. As for 

Au, Ag surface contamination was indicated in UPS by a lowering of the secondary 

electron onset kinetic energy, a broad peak of secondary electrons at low kinetic energies, 

and a reduced metal workfimction, and in XPS by the presence of the C Is, O Is, and/or 

A12s and 2p peaks. 

2.3.3. HOPG Substrate Preparation and Characterization 

Several of the materials of critical interest in the OLED project, and which 

required UPS characterization, decomposed during sublimation attempts under vacuum. 

Therefore, it was necessary to employ solution deposition techniques to create thin films 

of these materials for UPS analysis. Using the existing VG ESCALAB system, removal of 

the substrate to ambient conditions following its characterization was required in order to 

solution-cast the organic films. However, use of Ar^-ion sputtering on the Au and Ag 

substrates resulted in clean, but reactive, surfaces, leading to immediate contamination 

upon removal fi-om vacuum. Recent literature reports of the successfijl UPS 

characterization of organic materials vacuum-deposited onto fi-eshly cleaved " 

indicated that it would be an appropriate substrate. HOPG is readily cleaved in air to 

provide a fi-esh, essentially inert surface, and its electronic states are well-characterized,^^ 

making it ideal for these experiments. The materials of interest were soluble in a variety of 

organic solvents, so to minimize the influence of residual solvents on the UPS results films 
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were cast from hexanes since this solvent is very volatile (and therefore should be easily 

removed upon introduction of the sample into vacuum), and it is similar in nature to the 

HOPG substrate (since it contains only carbon and hydrogen) so that any residual hexanes 

should not contribute appreciably to the UPS spectrum of the molecule of interest. 

The HOPG was mounted into a tantalum boat attached to a VG ESCALAB 

compatible sample stub, and freshly cleaved immediately prior to introduction into the 

vacuum chamber. Ohmic contact between the HOPG surface and the sample stub was 

made using several thin tantalum metal strips. Due to the poor charge mobility 

perpendicular to the graphite layers®®, excessive charging of the surface upon electron 

emission resuhed in a UPS spectrum with no discemable features. Direct Ohmic contact 

between the HOPG surface and instrument ground, however, was sufficient to compensate 

for charging during the experiment. The UPS spectrum of freshly cleaved HOPG under a 

10.00 V applied bias is shown in Figure 2.6. Due to the insulating behavior of HOPG in 

the direction perpendicular to the graphite sheets, and its poor conductivity along 

individual sheets, no Fermi edge is visible in the UPS spectrum.®® The peaks observed at 

2.9 eV, 7.0 eV, and 14.5 eV kinetic energy (relative to the secondary electron onset) are 

in good agreement with previously reported results for the band structure of graphite.®^ 

The feature at 10.0 eV appears to originate from oxygen adsorbed to the graphite surface 

based on the observation of the 01s peak in the XPS spectrum of a freshly cleaved HOPG 

surface. 
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2.3.4. Organic Thin Film Deposition and Characterization 

2.3.4.1. Vacuum-Compatible Organic Materials 

Thin films of vacuum-compatible organic materials were deposited onto Au or Ag 

substrates by sublimation fi-om a Knudsen cell in a deposition chamber directly attached to 

the analysis chamber, so that no exposure to the atmosphere occurred during transfer 

between the deposition and analysis chambers. UPS spectra for the organic molecules 

studied here differ somewhat from the spectra shown above for Au and Ag foils since 

these materials are insulators or semiconductors rather than metals. The UPS spectrum 

for a thick film (such that the spectrum contains no measurable contribution from the 

metal substrate) of tris(8-hydroxyquinoline)aluniinum (AIqj) on Ag under a 5.00 V applied 

bias is shown in Figure 2.7. The secondary electron onset is more pronounced than for 

the clean metal substrates due to a greater ease of secondary electron emission from 

organic materials, and no sharp Fermi edge is seen. Rather, a series of gaussian-shaped 

peaks are observed throughout the spectrum. The peak at highest kinetic energy (blown 

up in the insert to Figure 2.7) corresponds to the highest occupied molecular orbital 

(HOMO) of the molecule. This peak contains two pieces of information. The peak 

position corresponds to the average energy of an electron in this highest occupied orbital, 

and is labeled the HOMO of the thin film. The high kinetic energy onset of this peak 

corresponds to the minimum amount of energy required to remove an electron from the 

thin film, and is labeled the ionization potential (IP). To calculate the absolute energies of 

the HOMO and IP (as described in section 2.3.1 a), a linear background is subtracted from 
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the peak, as indicated by the dotted line in the insert to Figure 2.7, followed by a gaussian 

fit to the peak. The peak position determined by the gaussian fit is the HOMO state 

kinetic energy (corresponding to K.E. in equation 2.3), while extrapolation of the fit peak 

on the high kinetic energy side to the baseline gives the kinetic energy of the IP. HOMO 

and IP absolute binding energies for the Alqj thin film are obtained by inserting these 

values into equation 2.3.a, to give values of 6.65 eV and 5.93 eV, respectively. 

To ensure that the HOMO and IP absolute binding energies obtained for the 

organic overlayers characterized here reflect the bulk properties of the organic material, 

and not the heterojunction formed between the organic material and the metal substrate, 

several additional steps were taken. Measurements were taken for a series of coverages 

on both Au and Ag beginning with very thin coverages (for which the metal substrate 

signal was still visible in the UPS spectrum), and alternating thicknesses for the two 

substrates, until three consecutive measurements (two on one substrate, one on the other) 

gave identical HOMO and IP absolute binding energies within ± 0.05 eV. The consistency 

of results confirms that they are independent of the substrate used, while the agreement at 

higher overlayer coverages also demonstrates that sufficient thicknesses have been reached 

that the UPS spectrum reflects the bulk properties of the sample, and not a 

sample/substrate heterojunction. An identical procedure was used for all of the vacuum-

compatible materials studied here, including confirmation of the substrate and thickness 

independence of the results. 



23.3.2. Vacuum-Incompatible Organic Materials 

Thin films of vacuum-incompatible materials were drop-coated onto freshly 

cleaved HOPG substrates in air fi-om hexanes, followed by immediate removal of the 

hexanes via evacuation of the samples in the sample introduction chamber of the 

ESCALAB system. Reintroduction of the sample to air, and vacuum-assisted solvent 

removal, was required for subsequent additions of the material. Very low sample 

coverages were used to avoid charging due to the low surface conductivity of HOPG (see 

Section 2.3.1 above). UPS measurements were performed using the applied bias method, 

as described in the previous section for vacuum-compatible organics. Spectral features 

analogous to those observed for the vacuum-deposited organics were observed (i.e. peaks 

corresponding to the HOMO, HOMO-1, etc, and a sharp low-energy secondary electron 

onset) under bias, permitting data analysis as described above. 

2.4. X-ray Photoelectron Spectroscopy (XPS) 

X-ray photoelectron spectra were obtained with the same VG ESCALAB system 

used for the UPS analyses, with the analyzer in the constant analyzer energy (CAE) mode, 

for CAE values of 50 eV or 100 eV. XPS studies were performed using either aluminum 

or magnesium X-rays, with primary energies of 1486 eV and 1254 eV, respectively. 

Survey spectra were acquired in 2.0 eV intervals, while close-up scans to determine peak 

shapes and positions were measured in 0.2 eV increments. In the case of samples which 

were characterized by both XPS and UPS, the UPS studies were completed prior to 



exposure of the sample to the higher energy of the X-ray source m order to mimnuze 

beam damage effects on the results. 

2.5. Electrochemistry 

Cyclic vohammetry was performed using a Cypress Systems, Inc. model CS-1090 

computer-controlled electroanalytical system. A Pt ball, flag, or disk working electrode, 

Au wire counter electrode, and Ag wire pseudo-reference electrode were used for all 

studies. HPLC grade acetonitrile (99.99%) was obtained fi-om EM Science. All solvents 

were passed through a fresh alumina column to remove residual water just prior to 

introduction into the electrochemical cell. Tetraethylammonium perchlorate (TEA?) 

obtained from Aldrich was recrystallized from absolute ethanol (Quantum Chemical Co.) 

prior to use. 

All OLED materials were analyzed in a 5 ml aliquot of 0.1 M TEA? supporting 

electrolyte in acetonitrile which had been degassed by bubbling Nj through it. 

Background cyclic voltammagrams (CV) (for solutions containing supporting electrolyte 

only) exhibited only non-Faradaic currents for potentials from -2.5 V to +2.5 V and little 

or no indications of solvent decomposition at the extreme potentials. To correct for the 

potential drift of the Ag pseudo-reference electrode over time, all CVs were referenced to 

N.H.E. by correcting for the shift of the ferrocene/ferricinium ion (Fe°(Cp)2/Fe°(Cp)2*) 

couple. This shift was determined by adding a small amount of ferrocene upon completion 

of the voltammagram for each material, recording a CV for the solution containing both 



material and ferrocene, and adjusting the pure material CV for the difference between the 

measured Fe°(Cp)2/Fe°(Cp)2'' couple potential and the reported value of +0.69 V vs 

N.H.E.^ The corrected CV for the Fe"(Cp)2/Fe°(Cp)2'" couple in 0.1 M TEAP in 

acetonitrile is shown in Figure 2.8. This couple is chemically reversible over repeated 

scans, and provides an accurate internal standard for the systems under investigation here. 

Degassing of the supporting electrolyte solution was performed based on the 

understanding that oxygen dopants in the organic layers in OLEDs degrade device 

performance and lifetimes. Most likely, reactions involving the oxygen molecule radical 

anion (Oj*') decompose the organic materials, limiting the lifetimes of OLEDs. 

Therefore, CVs of all OLED component materials were performed on degassed solutions. 

However, oxygen is readily dissolved in the 0.1 M TEAP/acetonitrile solution, permitting 

an electrochemical determination of the reduction potential for Oj for comparison with 

those determined for the OLED materials. The corrected voltammagram for the O/O,*' 

couple is shown in Figure 2.8. Oxygen reduction occurs at -0.62 ± 0.05 V vs N.H.E. The 

implications of this low reduction potential to OLED behavior will be discussed in Chapter 

3. 

Finally, the energies of the occupied and unoccupied frontier orbitals of the 

molecules studied in this dissertation are obtained by two primary methods: UPS/optical 

measurements and electrochemical measurements. A comparison of the energies 

determined using these two methods is required to fiilly evaluate their accuracy and the 

applicability of each method for the systems of interest. The problem of referencing 
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electrochemical data to the vacuum scale (i.e. determining absolute redox potentials) has 

attracted considerable attention in the photovoltaic community for comparison of 

electrochemically measured redox potentials to work function-derived "Fermi level" 

energies already referenced to vacuum.^® The primary difficulty in determining absolute 

redox potentials is that they cannot simply be measured, but involve a combination of 

measurement and theoretical estimation.® Attempts to calculate and/or measure the 

absolute redox potential of the normal hydrogen electrode (N.H.E.; H* + q' V2 Hj) have 

yielded a range of values from 4.43 - 4.73 v.®'-™-'' The accepted value for use in 

referencing electrode potentials vs N.H.E. to vacuum is the average of the reported 

values, or 4.5 The absolute redox potentials reported in this dissertation are 

obtained by adding 4.5 V to the measured redox potential vs N.H.E. (i.e. £^^""^(02) 

-0.62 V, so E^^(0,J = + 4.5 V = 3.88 V). 

2.6. Reflection High Energy Electron Diflraction (RHEED) 

Thin film growth and structure was monitored in situ using reflection high energy 

electron diffraction (RHEED). The surface of a crystalline sample behaves as a two-

dimensional diffraction grating, and may be characterized by the manner in which it 

diffracts a beam of particles. In RHEED, a high energy electron beam (12 KeV for the 

data presented here) was directed upon the sample surface at grazing incidence (~ 1"), and 

the diffraction pattern of the scattered electrons was observed on a phosphorescent screen. 

The direction and deBroglie wavelength of the incident electron beam are characterized by 



the wavevector k (= pAi, with 1 k| = 2irA). Most of the incident electrons are elastically 

scattered by the atoms on the sample surface (due to the grazing incidence condition), and 

are then characterized by the wavevector k'. Maxima in the diffracted beam intensities 

occur when the von Laue diffraction condition, which requires that the dot product of the 

wavevector change and a surface vector (r) must be an integral multiple (m) of 271, is 

satisfied: 

(k'-k)-r = ni27r. 

In principle, the diffraction pattern should consist of a row of bright spots on the phosphor 

screen. However, streaks are commonly observed due to nonidealities in the quality of the 

sample surface, and the observed spots or streaks form an arc on the screen due to the 

grazing angle of incidence of the electron beam. 

The observed diffraction pattern represents the reciprocal lattice of the surface, 

and the spacing between spots or streaks corresponds to the reciprocal space distance 

between equivalent rows of atoms on the sample surface. The reciprocal lattice spacing is 

related to the real space separation by^* 

a=A.L/2:iW 

where a is the lateral atom spacing in real space, W is the observed spot or streak 

separation on the RHEED screen, X is the incident electron wavelength (A = 12.3/[V(1 + 

1.95 X10"® V)]'^ A, where V is the accelerating potential), and L is the distance from the 

point of incidence of the electron beam on the sample surface to the RIIEED screen. 

While W can be measured directly from the image on the RHEED screen and V (and thus 



A.) can be manually controlled, L cannot be accurately determined for the system used 

here, so the real space atom separation cannot be determined from a single RHEED 

pattern using this formula. However, the surface lattice constants of the primary 

substrates used here are well-known, so that the spacing in a layer deposited on top of one 

of these substrates can be determined by ratioing the above formula for the two materials 

of interest, where the subscripts 1 and 2 indicate the substrate and overlayer lattice 

spacing, respectively: 

aA = (AL/ 27rW,)/(AL/27rW2) = WjAV,. 

Or, in terms of the overlayer real lattice spacing: 

a2 = aiW,/W2. 

Therefore, the overlayer real lattice spacing (a^) can be determined from the known 

substrate lattice spacing along the direction of the RHEED measurement (aj), and 

measurements of the spot or streak separation on the RHEED screen. Most of the 

overlayer spacings reported here were obtained from images captured using a camera and 

frame-grabber, under conditions such that the position of the camera remained unchanged 

between measurement of the substrate and the overlayer. 
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3.1. Introduction 

For the reasons discussed in Chapter 1, it is of interest to know the electronic 

structure of materials used in heterojunction devices. The occupied (HOMO, IP) and 

unoccupied (LUMO,EA) frontier orbital positions of materials which are typically used or 

may potentially be used as the luminescent layer or as the hole or electron transport layer 

in OLEDs as determined by a combination of UPS and optical spectroscopies and by 

electrochemical methods are presented in this chapter. The results for the various OLED 

layers are combined to determine pre-contact barrier heights to charge injection into the 

device and are compared with OLED turn-on voltages for devices using specified layer 

materials. Additionally, a decrease in device turn-on voltage is demonstrated by the 

appropriate choice of transport layer materials, by the incorporation of an additional hole 

transport layer, and/or by the modification of the ITO anode with a high workfianction 

metal. 

Before this work, there had been few reports in the literature of experimental data 

for the energies of the electronic states for most organic materials used in OLEDs." 

Previous attempts to ascertain the HOMO and IP energetic positions for organic 

molecules in the solid state have been limited to approximations based on electrochemical 

measurements in solution, or to theoretical calculations which may predict the trend of 

values for a series of compounds, but fail to give accurate energetic positions. There is 



also some uncertainty in the electrode material work function values. For metal 

electrodes, the workfimction depends on the crystal structure of the metal, which can vary 

depending upon the deposition conditions.' For ITO electrodes, the work funaion is very 

sensitive to compositional variations. In particular, the ratio of oxygen to indium and tin is 

highly dependent on preparation conditions and subsequent treatment of the ITO. 

The concept of energy level matching to improve OLED eflBciency has been 

demonstrated by varying the metal (M) cathode in PPV devices with the structure ITO I 

PPV i M." The device efiBciency increased with decreasing cathode workfimction for 

devices utilizing Au, Al, and Ca metals. Based on estimates of the electron afiRnity of 

PPV, the decreasing cathode workfimction corresponded to a decrease in the pre-contact 

barrier height for electron injection from the metal into the PPV.^ This concept should be 

easily extended to matching the energetic levels of the organic layers in OLEDs if accurate 

values for those levels can be determined. 

The following results will begin to fill the gap of experimental data for the 

electronic states of organic materials of interest for electronics applications, and will verify 

the importance of energy level matching for fabrication of efficient OLEDs having low 

turn-on voltages. Results of the UPS, optical, and electrochemical measurements for each 

material within a given class of materials will be discussed, followed by a comparison of 

results for each class of materials. A pre-contact OLED band diagram incorporating the 

LMs, HTAs, and ETAs studied will be presented, and the implications of injection barriers 

at the various HJs to device performance will be discussed. Finally, specific OLED 
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structures will be examined, and the correlation between device turn-on voltage and 

efficiency and the energetic barriers to charge injection will be addressed based on recent 

experimental results. 

3.4. UPS Investigation of PPV Oligomers 

PPV has been the most widely explored polymeric LM since Friend, et al, 

demonstrated its applicability to OLEDs.^* Despite its widespread use, the electronic and 

optical states of PPV are not well-known. Fahlman, et. al., have measured UPS spectra 

for PPV and some of hs derivatives, but only report a relative comparison of their 

electronic structures.^® The absolute binding energies for the electronic and optical states 

of PPV have only been estimated from theoretical calculations.^® As described in Chapter 

1, direct knowledge of the absolute binding energies of the optical and electronic states of 

PPV is necessary, especially since theoretical studies cannot account for all of the factors 

contributing to these properties in thin films. While it is difficult to prepare sufficiently 

thin films of PPV for UPS analysis, a great deal of information about PPV can be obtained 

by studying a series of its oligomers. This approach has already been employed by several 

research groups to investigate the absorption"-'* ", photoluminescence*" *', and redox 

properties of PPV.*^" These oligomers are also of interest for use in OLEDs because as 

the length of the oligomer decreases the absorption and luminescence wavelengths also 

decrease, so that the color of emitted light from the oligomers is blue-shifted compared to 

PPV. Additionally, the fluorescence quantum yield increases with decreasing conjugation 
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length. The following study of PPV oligomers allows an experimental determination of 

the absolute binding energies of the electronic states of PPV through extrapolation from 

the oligomeric properties. 

K. Mullen and Th. Wehrmeister (Max-Planck Institute for Polymer Research, 

Mainz, FRG) provided the PPV oligomers (oligo-(p-phenylenevinylene); OPV-n) 

evaluated in this study. Their structure is shown in Figure 3.1. Oligomers with n = 1-5 

were investigated, where n represents the number of repeat units. The 5.3 to 8.5 eV 

absolute binding energy region of the UPS spectra for these oligomers is shown in Figure 

3.2. With increasing number of repeat units the binding energy of the HOMO and IP 

decrease, although the overall change from OPV-5 to OPV-1 is only 0.4 eV. Figure 3.2 

shows just one peak in the HOMO region for OPV-1, while two peaks (labeled HOMO 

and HOMO-1) are evident for OPV-2, and a shoulder to the large peak above 7 eV can be 

identified as a third peak in the HOMO region of the OPV-3 spearum. The HOMO and 

HOMO-1 peak separation decreases as the number of repeat units increases, and all three 

peaks converge in the OPV-5 spectrum. This trend continues as the conjugation length is 

increased. The UPS spectrum of PPV^' contains only one peak in this energy region, 

indicating a complete merging of states. Table 3.1 summarizes the results for the IP, 

HOMO, and HOMO-1 for the five oligomers. 

The decrease of the HOMO and IP values and the merging of the frontier occupied 

electronic states can be understood by modeling the problem as a "particle in a box"." In 

this case, the waveflinctions of the electrons are described by the number of nodes, N. 
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Figure 3.1: Structures of poIy(p-phenylenevinyIene) (PPV) and olieo-fD-
phenylenevmylene) (OPV-n). 
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Figure 3.2: Normalized photoeiectron spectra of OPV-n oligomer thin films in the low 
binding energy (vs vacuum) region. The number of repeat units is indicated by n. The 
data are offset for clarity. 



COMPOUND UOMO-1 
[eV]± 
0.15 eV 

HOMO 
[eV]± 
0.15 eV 

IP [eV] 
±0.15eV 

lowest 
energy 

ABS„„ [eV] 

(0-0 phonon) 
PU„[eV] 

ABS state [eV] 
±0.15 eV 

PL state [eV] 
±0.15 eV 

OPV-1 7.13 6.16 5.76 3.24 2.95 2.92 3.21 

OPV-2 6.57 5.93 5.55 2.98 2.68 2.95 3.25 

OPV-3 6,37 5.89 5.51 2.82 2.63 3.07 3.26 

OPV-4 6.19 5.76 5.42 2.73 2.55 3.03 3.21 

OPV-5 6.02 5.76 5.36 2.66 2.50 3.10 3.26 

PPV 5.11 ±0.08'" 2.46"' 2.40"' 

fit: A 5.32 ±0.09 5.47 ±0.05 5.12 ±0.04 2.28 ±0.01 2.20 ±0.05 3.18 ±0.08 3.25 ±0.06 

fit: B 28.3 ±2.1 10.8±1.1 10.2 ±0.9 15.3 ±0.2 11.6±1.1 -4.21 ±1.74 -0.47 ±1.74 

Table 3.1: HOMO, HOMO-1, IP, ABS,n„, PI., ABS state, PL state values for the OPV-n oligomers and values for PPV 
derived from fits of the OPV-n data. 
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The correspond electron energy, E, is proportional to the square of the number of nodes 

and inversely proportional to the square of the conjugation length, L, of the molecule; E 

« (N/L)~." The length of a molecule can be estimated by the number of carbon atoms in 

the shortest path across the molecule.*' In this case, L = (6n + 10). The number of nodes 

for orbital HOMO-S have been determined by semiempirical calculation: N = (3n + 4 -S) 

= [L/2 - (1 + S)], where S = 0 for the HOMO level, S = 1 for HOMO-I, etc.'® This gives 

N/L = [Vz - (1+S)/L]. The electron energy is therefore linearly dependent on the inverse 

length of the molecule: Ej^l = A + B/L, where A = 1/4 and B = - (1 + S). The (I/L^) 

term is negligible since the conjugation length (L) is large compared to the (1 + S) term. 

For suflRciently large L, i.e. for the polymer PPV, the electron energy is given by the 

parameter A. The parameter B depends on S, and for a particular OPV-n (i.e. a given L) 

the difference in B between HOMO-S and H0M0-(S+1) is 1/L, so that adjacent orbitals 

converge for large n (i.e. large L). 

Figure 3.3 shows the linear 1/L dependence of the HOMO and HOMO-1 and the 

orbital merging with increasing L. Reported AMI semiempirical calculations" give the 

same trend but larger energy values. This difference occurs because the calculations were 

performed on single molecules while the experiments were performed on thin films, and 

the solid-state polarization energy of the molecules in thin film form has not been 

accounted for in the calculations. 

Values for fit parameters A and B are also included in Table 3.1. The PPV IP of 

5.12 ± 0.04 eV determined from this fit is in excellent agreement with the reported 
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Figure 3.3; Linear relationship between the HOMO (•) and HOMO-1 (B) binding 
energies determined by UPS and the inverse conjugation length (1/L). The merging of the 
HOMO and HOMO-1 states with increasing L is also evident. 
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theoretical value of 5.11 ± 0.08 eV.'®-*' This IP value indicated that the IP of the polymer 

should be observed for a molecule with 15 or more repeat units, i.e. a molecular 

conjugation length of 100 carbon atoms; IP(ni 15) - IP(n-«») ^ 0.1 eV. This result is in 

good agreement with the effective conjugation length of 8-15 repeat units determined 

from photoexcitation measurements." 

While the experimental IP values of 5.76 eV for OPV-1 and 5.51 eV for OPV-3, 

are not in perfect agreement with the calculated values of 5.53 ± 0.07 eV and 5.29 ± 0.07 

eV, respectively, the difference in values, 0.24 eV theoretically and 0.25 eV 

experimentally, is equal within the error. A polarization energy correction of 1.9 eV was 

used to provide realistic solid-state energetic values from calculations performed on a 

single polymer chain.'^" Experimental polarization energies of 1.7 ± 0.4 eV have been 

reported for a wide range of hydrocarbons.'^ The resuhs obtained here are well within the 

± 0.4 eV error margin. 

Absorbance and fluorescence spectra for the five oligomers are shown in Figure 

3.4. Both absorption and emission spectra shift to lower energies as the number of repeat 

units increases. A shoulder on the low energy side of the absorbance spectrum is 

characteristic for each OPV-n. The lowest energy absorption peak and highest energy 

photoluminescence peak values as well as the fit parameters are reported in Table 3.1. 

The absorbance shape and low-energy absorbance peak position (determined by fitting the 

low-energy shoulder) are in agreement with reported results for OPV-n in KBr and BaS04 

pellets." " These peaks have been assigned to the 0-0 phonon n-Ti* transition." Fitting 
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Figure 3.4: Normalized photo-absorfaance and photoiuminescence spectra of OPV-n thin 
films. The data are offset for clarity. 
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the optical data in the same manner as the photoelectron spectroscopy data gives a low-

energy absorbance peak position of 2.28 eV, which is comparable to the reported value of 

2.46 eV." This difference can be attributed to a distribution of molecular weights in the 

polymer. 

The photoluminescence shape and peak positions are comparable to those reported 

for OPV-n in a PMMA matrix, except for the peak position of OPV-1 The OP V-1 

maximum luminescence occurs for the high energy transition, while the strongest 

luminescence for the other OPV-n is not at the highest energy. This is due to a change in 

the Frank-Condon factor between OPV-1 and OPV-2. The spectral shape is nearly 

identical for OPV-4 and OPV-5. The difference in the high-energy peak values for OPV-2 

through OPV-5 is less than 0.05 eV. For OPV-1, a peak position of 2.95 eV was obtained 

here, while a value of 2.77 eV has been reported.*' The difference can be explained by 

varying amounts of disorder in the samples.*' The PPV 0-0 phonon photoluminescence of 

2.20 ± 0.05 eV obtained from the fit is in agreement with the reported value of 2.40 eV.®' 

The absolute binding energies of the occupied electronic states and optical states 

for the five OPV-n's are shown in Figure 3.5. The decrease in Stokes shift from OPV-1 to 

OPV-5 can be seen in Figure 3.5 by comparing the difference in the photoabsorbance and 

photoluminescence states. The observed Stokes shift decreases 0.13 eV from 0.29 eV for 

OPV-1 to 0.16 eV for OPV-5. A Stokes shift of 0.08 eV is expected for PPV based on 

the fits to the optical data, which is comparable to the reported value of 0.06 eV." 

For comparison with previously reported results, as well as with the above UPS 
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Figure 3.5: Experimental binding energies (vs vacuum) of the frontier orbitals and optical 
levels of OPV-n. The size of the symbols reflect the experimental error. The dashed lines 
are fits to the data. 
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results, the electrochemical behavior of OPV-1 (the most soluble oligomer of the series) 

was explored. The cyclic voltammagram (CV) of a saturated solution of OPV-1 in 

acetonitrile at a scan rate of 5 V/s is shown in Figure 3.6. The CV for DP A (see Figure 

3.13 for structure), which exhibits completely reversible electrochemistry under the same 

conditions, is included for comparison. The OPV-1 reduction process appears to be 

chemically reversible based on the symmetry and similar intensity of the reduction and 

reoxidation peaks. Heinze, et al*^, observe two well-defined, reversible reductions for an 

OPV-1 analogue (with peripheral t-butyl groups rather than methyl groups), at more 

negative potentials. The difference in the two results can be explained by the low 

temperature (-40 °C) used during their analysis, and by stabilization of the radical anion in 

their solvent (THF). The peak broadness and the lack of a significant peak current for the 

OPV-1 oxidation and its corresponding reduction make it difficult to determine whether or 

not this process is reversible. The oxidation and reduction potentials for OPV-1 vs 

N.H.E. are 1.07 V and -1.78 V, respectively. Reported first reduction potentials for the 

OPV-1 analogue mentioned above range fi-om ca. -2.2 to -2.4 V vs N.H.E.*^*^ The larger 

reduction potential obtained fi-om these experiments can be explained by significant 

differences in the experimental conditions: they used reduced temperatures (-40 to -60 

°C) and different solvents (THF and DMA). The "electrochemical bandgap" of 2.85 V is 

substantially smaller than the "optical bandgap" of 3.24 eV, and is also surprisingly smaller 

than the observed photoluminescence energy of 2.95eV. The poorly resolved oxidation 

process and subsequent difficulty in defining the oxidation potential would explain this 
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Figure 3.6: Cyclic voltammagrams for OPV-1 and DPA. All experiments were 
performed on de-oxygenated saturated solutions in acetonitrile at a scan rate of 5 V/s. 



discrepancy. Redox potentials for PPV have also been reported = 0.56 V, = -

1.94 V vs N.H.E.)" to give an "electrochemical bandgap" of 2.5 V, which is in good 

agreement with the "optical bandgap" of 2.28 extrapolated from the OPV-n series. 

One or both of the OPV-1 oxidation and reduction processes were confirmed to be 

somewhat irreversible, as evidenced by the lack of electrochemical activity after multiple 

scans between the first redox potentials. As a result, electrogenerated chemiluminescence 

(ECL) could not be observed from OPV-1 radical anion/radical cation annihilation. 

However, Bard, Heeger, and coworkers have reported ECL from thin films of 4-methoxy-

(2-ethylhexoxyI)-2,5-polyphenylenevinylene (MEH-PPV).** MEH-PPV, which contains 

electron-withdrawing groups para-substituted on the PPV benzene ring, exhibits reversible 

redox chemistry, however its thin film ECL can only be maintained for ca. 60 cycles due to 

dissolution of the oxidized form of MEH-PPV.** These results indicate that proper 

modification of existing lumophores can provide materials with improved mechanical and 

redox properties. 

3.2. UPS Investigation of Metal Quinolates and Related Materials 

Aluminum quinolate (AIQj) has been the most widely studied molecular LM for 

applications in OLEDs due to its high solid-state fluorescence efficiency.*® More recently, 

several related materials have been synthesized here by Hopkins, et. al., with the intent to 

shift the solid state emission color while maintaining the strong solid-state fluorescence 

efficiency of Alqj.®" These compounds are pictured in Figure 3.7: Alqj Znq,, Al(qs)3, 



CP 
.. A1 

I •••-. 

Alq, 

99 
114 

—o 

oi 
Znqj 

Ol 

02 

Al(qs); 
o 

Zn(qs) 2 

Zna. 

Figure 3.7: Structures of the metal quinolates and related molecules under investigation: 
aluminum quinolate (Alq3), zinc quinolate (Znqj), aluminum sulfonamidoquinolate 
(Al(qs)3), zinc sulfonamidoquinolate (Zn(qs)2), and zinc diacridinol (Zna;). 
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Zn(qs)2, and Znaj. Alq, as well as these related materials have been investigated via UPS 

and optical spectroscopy to determine the energetic barriers to charge injection in OLEDs 

with these lumophores as the luminescent layer. 

The UPS spectrum of a thin film of Alqj on Au under a 5.0 V bias voltage is 

shown in Figure 3.8. The AIqj HOMO and IP occur at 6.65 eV and 5.93 eV, respectively. 

The IPs of several metal quinolates have been reported by Hamada, et. al.®" Their value of 

5.66 eV for the IP of Alqj is in good agreement with the upper limit reported here 

considering the expected deviation of 0.2 ±0.1 eV for the different methods and 

spectrometers used. 

Figure 3.8 also displays the absorption and fluorescence spectra for a thin film 

(having a similar thickness as those which yielded bulk values for the HOMO and IP in the 

UPS experiments) of Alqj on sapphire. The Alqj absorbance maximum occurs at 390 nm 

(3.17 eV), and its photoluminescence maximum occurs at 517 nm (2.40 eV), 

corresponding to a green emission color. These values for the optical states are in good 

agreement with previously published resuhs."'"'®^ The 127 nm red-shift of the emission vs 

absorption in Alqj thin films may be attributed to a Stokes shift (due to relaxation of the 

vibrationally excited molecule to a lower vibrational excited state via energy transfer to the 

surrounding molecules) or to excimer formation two Alq, molecules. The behavior of 

AIq3 in a PVK matrix has been reported, with little change in the observed absorbance 

spectra, and slightly blue-shifted photo- and electroluminescence spectra (compared with 

the pure Alqj thin film).®' This can be explained by excimer formation between adjacent 
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Figure 3.8: Ultraviolet photoelectron spectrum and optical spectra of Alqj. 
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molecules in the pure film to give a red-shifled emission, while these interactions are 

reduced in the PVK matrix.'^ The Alqj absorbance state (exciton) energy is estimated to 

be 3.48 eV fi'om the vacuum level, and the photoluminescence state absolute energy is 

estimated to be 4.25 eV. The electroluminescence (EL) spectrum for Alqj is identical to 

its PL spectrum*®, indicating production of the same excited state by both photoexcitation 

and external charge injection. 

The cyclic voltammagram of a saturated solution of Alqj in acetonitrile vs N.H.E. 

at a scan rate of 5 V/s is shown in Figure 3.9. Both the reduction and oxidation of Alqj 

are irreversible at low scan rates and become more reversible as the scan rate is increased. 

At 5 V/s the reduction has become fairly reversible; however, the oxidation remains 

irreversible, with a pre-adsorption peak at 1.86 V which remains clearly visible even at 

high scan rates. The oxidation and reduction potentials of Alqj vs N.H.E. are 1.42 V and 

-1.87 V, respectively. The error in these values is ± 0.05 V due to the diflBcuIty in 

accurately determining peak positions due to the irreversibility of the voltammetry. The 

oxidation and reduction states of Alqj vs vacuum are 5.92 eV and 2.63 eV, respectively, 

based on the average reported N.H.E. vs vacuum potential difference of 4.5 eV. (The full 

set of references and a discussion of the method used to obtain this value are given in 

Chapter 2.) The "electrochemical bandgap" of 3.29 ±0.1 V is comparable to the "optical 

bandgap" of 3.17 eV, measured from the absorbance spectrum of the thin film. 

A zinc precursor was used during synthesis of the metal complex to produce a 
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Figure 3.9; Cyclic voltammj^rams for Alqj, Znqj, AlCqs),, and Zn(qs)2. All experiments 
were performed on de-oxygenated saturated solutions in acetonitrile at a scan rate of 5 
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compound with a different metal center but the same ligand, namely zinc quinolate (Znqj). 

Since the common oxidation state of zinc is and that of aluminum is Al^*, the zinc 

complex has only two ligands associated with it rather than three, as in the aluminum 

complex. Zinc was chosen because the coordination of just two ligands around the Zn^^ 

ion may permit the molecule to adopt a planar geometry, with the possibility of epitaxial 

film preparation. UPS spectrum for Znqj are shown in Appendix 1, Figure A1.1. The 

HOMO and IP of Znqj lie closer to vacuum than those of Alqj, with values of 6.42 eV and 

5.72 eV, respectively. The absorption and photoluminescence ofZnq, are lower in energy 

than those of Alqj, with values of 3.26 eV (380 nm) and 2.29 eV (542 nm), respectively, 

and the emission red-shift is larger (162 nm). The emission color of Znqj thin films is 

yellow-green. The absorbance spectra of Znqj as a pure film and in a PVK matrix are 

reported to be nearly identical, while the PL and EL peaks are blue-shifted (as for the 

analogous Alq, thin films) by ca. 15 nm and 12 nm, respectively, in the PVK films.®" As 

discussed above for Alqj, the diSerence between the PL and EL wavelengths in pure and 

matrix-isolated Znqj thin films is most likely excimer formation in the pure film. The 

absolute binding energies of the absorption and photoluminescence states ofZnqi are 3.16 

eV and 4.13 eV, respectively. 

The cyclic voltammagram of a saturated solution of stoichiometric amounts of 

Znqj and DMSO in acetonitrile at a scan rate of 5 V/s is shown in Figure 3.9. The 

voltammetric shape is nearly identical to that of Alqj, but the Znq, oxidation is notably less 

reversible, as no clear peak is observed upon reduction of the oxidized species. The Znq, 
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redox processes are less pronounced than those of Alqj, and neither the oxidation nor 

reduction process was observable without the addition of DMSO. Preparation of Znqj 

under nonaqueous conditions has been shown to result in the formation of anhydrous Znq2 

tetramers'*, and it is likely that this Znqj tetramer is insoluble in acetonitrile. The addition 

of DMSO has been shown to break up the insoluble tetramer by occupying the two axial 

positions on the Zn^^ ion not coordinated by the quinolate ligands®", analogous to the 

known crystal structure of the dihydrate Znqj complex.'^ Znqj is easier to oxidize and 

more difficult to reduce than Alqa, as expected from the UPS and optical measurements. 

The Znq2 redox potentials vs N.H.E. are 1.02 V for oxidation and -2.02 V for reduction 

(5.52 eV and 2.48 eV vs vacuum, respectively), and the "electrochemical bandgap" is 3.04 

V. The 3.26 eV "optical bandgap" is somewhat larger than the "electrochemical 

bandgap", and this difference is most likely due to the difficulty in determining the redox 

potentials due to the irreversibility of the processes and the low peak intensities. 

Addition of an electron-withdrawing group to the 5-position of the quinoline ring 

was predicted to increase the HOMO-LUMO energetic separation®® ", and, therefore, to 

blue-shift the photoluminescence. Two sulfonamide-substituted quinolates, Al(qs)3 and 

Zn(qs)2 (see Figure 3.7), were studied to confirm this hypothesis. Since these two 

compounds decompose upon heating, they were cast from hexanes onto HOPG for UPS 

analysis as described in Chapter 2. The UPS spectra of AI(qs)3 and Zn(qs)2 on graphite 

under a -10.00 V bias are shown in Appendix 1, Figure A1.2. The HOMO and IP for 

Al(qs)3 were determined to be 6.50 eV and 5.66 eV, respectively, and those for Zn(qs)2 to 
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be 6.36 eV and 5.70 eV, respectively. These values are slightly closer to vacuum than 

those of the respective parent Alqj and Znq^, although within the error of the experiment 

(± 0.15 eV) the values of the parent and sulfonamide-substituted complexes are identical. 

Based on the electron-withdrawing nature of the sulfonamide substituent, the opposite 

was expected: the decreased electron density in the quinolate backbone due to the 

electron-withdrawing nature of the sulfonamide group was predicted to make these 

complexes more difficult to ionize. A possible explanation for the discrepancy is the 

solution-casting method used to prepare the UPS samples. Although graphite is an inert 

substrate the exposure of the sample to atmosphere during introduction of the quinolate 

films may have introduced impurities which had a significant contribution to the UPS 

spectra. Although a similar procedure was followed using the parent quinolates for 

comparison, an identical substrate was probably not achieved for each experiment, so that 

atmospheric affects were not identical. Also, although HPLC grade hexanes were used, 

no additional purification of the solvent was attempted, and nonvolatile contaminants may 

also have contributed to the observed UPS signal. The similarity of the results is 

explained if significant amounts of atmospheric or nonvolatile solvent contaminants were 

present in the samples. 

The absorbance and photoluminescence maxima for both complexes were blue-

shifted relative to the parent quinolates, as predicted. The AlCqs), absorbance maximum 

occurred at 380 nm (vs 395 nm for Alqj), with a photoluminescence maximum at 502 nm 

(vs 519 nm for Alq,), and an excimer red-shift 5 nm smaller than that for Alqj.®" Similarly, 
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for Zn(qs)2 these maxima occurred at 375 nm (vs 380 mn for and 514 nm (vs 542 

nm for Znqj), respectively, and the excimer red-shift was 23 nm less than for Znqa *" The 

reported EL from Al(qs)3 in a PVK matrix is identical to PL from the same film, while the 

EL maximum for Zn(qs)2 in a PVK matrix is blue-shifted by ca. 7 nm relative to the 

observed PL.®" This indicates that electrons injected into Zn(qs)2 from an external source 

result in the formation of a slightly different excited state than that produced by 

photoexcitation." The resultant optical state absolute binding energies are therefore 3.24 

eV and 4.03 eV, respectively, for Al(qs)3, and 3.05 eV and 3.95 eV, respectively, for 

Zn(qs)2. 

Cyclic voltammagrams for saturated solutions of Al(qs)3 and Zn(qs)2 in acetonitrile 

at a scan rate of 5 V/s are given in Figure 3.9. Most notable are the clearly observed 

multiple reversible reductions for the sulfonamide-substituted quinolates. The parent Alqj 

and Znqj show a single somewhat irreversible reduction in this region. The sulfonamide 

substituent apparently stabilizes the AI(qs)3 and Zn(qs)2 radical anions in acetonitrile. The 

oxidation of both compounds is irreversible, exhibiting the same pre-adsorption peak as 

the parent compounds. The oxidation potential of Al(qs)3 is 2.12 V, 0.7 V more positive 

than that of Alq,. Similarly, the oxidation potential of Zn(qs)2 is 1.43 V, 0.41 V more 

positive than that of Znq2. The first reduction potentials of Al(qs)3 and Zn(qs)2 are -1.19 

V and -1.49 V vs N.H.E., respectively; therefore, they are easier to reduce than the parent 

molecules by ca. 0.6 V. These results contradict the UPS and optical results, which 

indicate the sulfonamide-substituted quinolates are more easily oxidized and less easily 
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reduced than the parent complexes, but concur with the expected influence of the 

sulfonamide group to withdraw electrons from the quinolate backbone, destabilizing the 

radical cation and stabilizing the radical anion. Based on these redox potentials, the 

"electrochemical bandgap" of Al(qs)3 is 3.31 V, while that of Zn(qs)2 is 2.92 V, in good 

agreement with the "optical bandgaps" reported above (3.26 eV and 3.31 eV, 

respectively). 

Extending the conjugation along the ligand backbone was predicted to red-shift the 

photoluminescence color. Accordingly, Znaj (see Figure 3.7) was prepared, with an 

additional benzene ring adjacent to the nitrogen-containing ring in 8-hydroxyquinoline. 

Unfortunately, the photoluminescence from thin films of Znaj is considerably less intense 

than that from the other quinolate systems studied. Apparently this intensity reduction is a 

result of the self-afBnity of the 4-acridinoI ligands, where the resultant aggregates serve as 

nonradiative decay centers or lead to emission at lower energies, outside the visible 

spectral region. Nevertheless, the electronic and optical properties of this material were 

explored to determine whether a modified version with aggregation-preventing 

substituents should be synthesized. The UPS spectrum ofZnaj is shown in Appendix I, 

Figure A1.3. The Zna2 HOMO and IP occur at 6.18 eV and 5.57 eV, respectively. The 

Zna2 absorbance maximum occurs at 478 nm (2.59 eV), with a photoluminescence 

maximum at 627 nm (1.98 eV). The absolute binding energy of these states is 3.59 eV 

and 4.20 eV, respectively. 

Figure 3.10 compares the positions of the UPS and optical levels of the quinolates. 
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the sulfonamide-substituted quinolates, and Zna^, which are summarized in Table 3.2. The 

expected workfiinction for ITO, the typical OLED anode material, and the workfunrtions 

for several metals typically used as cathodes are also plotted to clearly depict the barriers 

to charge injection for devices with these LMs. Less than 0.3 eV separates the HOMOs 

and IPs of the five complexes, and their EAs differ by only hundredths of an eV more. 

Based on the nearly identical barriers to hole and electron injection into Alqj, Al(qs)3, 

Znqj, and Zn(qs)2 similar turn-on voltages (less than a 0.1 V difference using A1 as the 

cathode) and efiBciencies would be expected for OLEDs based on these lumophores. The 

reported efiBciencies of OLEDs with structure IT0/MQ:PVK/A1 (MQ = metal quinolate, 

MQiPVK indicates the quinolate is dissolved in a PVK matrix) for MQ = Alqj, Znq2, 

Al(qs)3, and Zn(qs)2 are similar (ca. 0.01 % internal QE)®", as expected. Turn-on voltages 

for the various devices were not reported, so the predictions that the Alqj OLED should 

have the lowest turn-on voUage (2.62 V for an A1 cathode based on Figure 3.10) and the 

Zn(qs)2 OLED should have the highest turn-on voltage (2.71 V) could not be confirmed. 

The reported turn-on voltage for the ITO/AlqjiPVK/Al device of 16 V®" indicates that the 

devices were far fi^om optimized, since is predicted to be ca. 2.6-2.7 V based on the 

energetic barriers shown in Figure 3.10. More recent results for ITO/TAPC/MQ/MgAg 

devices show nearly identical turn-on voltages (ca. 8.5 V) and efficiencies (ca. 0.5%) for 

OLEDs using Alq, and Znq2 as the emissive layer, consistent with their nearly identical 

HOMO and PA states. Early attempts to fabricate OLEDs based on a Znaj emissive layer 
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COMPOUND HOMO 
leV] 

± 0.15 eV 

IP 
[eV] 

±0.15 eV 

lowest energy 
PA^ 
[eV] 

(0-0 phonon) 

[eV] 

PA state 
[eV] 

±0.15eV 

PL state 
[eV] 

±0.15eV 

Alqi 6.65 5.93 3.17 2.40 3.48 4.25 

Znq, 6.42 5.72 3.26 2.29 3.16 4.13 

Al(qs)3 6.50 
(±0.25eV) 

5.66 
(±0.25eV) 

3.26 2.47 3.24 4.03 

Zn(qs)2 6.36 
(±0.25eV) 

5.70 
(±0.25eV) 

3.31 2.41 3.05 3.95 

Znai 6.18 5.57 2.59 1.98 3.59 4.20 

TPBD 6.73 6.18 3.41 2.94 3.32 3.79 

DPVBi 6.27 5.96 3.50 2.88 2.77 3.39 

DHIMA 6.42 5.93 2.70 2.33 3.72 4.09 

DPA 5.97 5.48 3.07 2.89 2.90 3.08 

Table 3 2; HOMO, IP, PA, PL, PA state, and PL state values for the molecular lumophores determined from UPS and optical 
measurements. 

N) o\ 



127 

(and using a variety of both solution-casting and evaporative techniques) have failed. The 

poor solubility ofZna^ prevents preparation of doped emissive layers with sufiBcient 

lumophore concentration, while no emission is visible in OLEDs with pure Zna2 

luminescent layers, probably due to excimer formation. 

As reported above, the trends observed in the electrochemical data are opposite to 

those determined from the UPS and optical results. These trends are illustrated in Figure 

3.11 for the HOMO, PAS, E°^, E^, and Eg^'^ of these materials, with the data 

plotted on both the N.H.E. and vacuum scales. Table 3.3 summarizes the electrochemical 

results. As seen in Figure 3.11, the difference in HOMO values for Alqj and Al(qs)3 is less 

than 0.2 eV, while the E^^ values differ by 0.7 eV, and the relative stability of the levels is 

reversed. The same correlation is observed for the PAS and E^ data. As discussed 

above, the trend in the electrochemical data is consistent with the expected influence of 

the sulfonamide substituent on the molecular frontier orbitals. This disparity is explained 

by varying degrees of crystallization in solution and in the solid state (the piperidine 

moiety on Al(qs)3 increases its solubility in MeCN and likely reduces crystallization in the 

solid state), as well as by the issues of substrate reproducibility and contamination 

discussed above for UPS measurements on solution-cast films. For the same reasons, a 

similar discrepancy is seen in the UPS/optical and electrochemical data for Znq2 and 

Zn(qs)2. The observed oxidation potentials do not seem to follow either the HOMO or IP 

levels from the UPS experiments: E^^ for Alq3, Znq2, and Zn(qs)2 lie closer to the 

measured IP, while Eo,^ for Al(qs)3 lies closer to the measured HOMO (see Figure 3.11 and 
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COMPOUND r; NH.E. 
^red 

(V,±50mV) 

E N.n.E. 

(V,±50mV) 
electrochemical 

bandgap 
(V,±100mV) 

C VK 

(V.±50mV) 

C VM 

^OX 

(V,±50mV) 

Alqj - 1.87 1.42 3.29 2.63 5.92 

Znqj -2.02 1.02 3.04 2,48 5.52 

Al(qs)3 - 1.19 2.12 3.31 3.31 6,62 

Zn(qs)2 - 1.49 1.43 2.92 3.01 5.93 

DPA -1.63 1.59 3.22 2.87 6.09 

TPBD -1.77 1.63 3.40 2.73 6.13 

DPVBi -1.70 1.34 3.04 2.80 5.84 

OPV-1 - 1.78 1.07 2.85 2.72 5.57 

Table 3.3: Oxidation (EQ^) and reduction (E„j) potentials (vs N.H.E, and vs vacuum) and electrochemical bandgaps for the 
molecular lumophores as determined by cyclic voltammetry. 

VO 
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Tables 3.2 and 3.3). The observed reduction potentials lie closer to the PA state than the 

PL state determined from the optical measurements, indicating that the PA state as 

determined here is a good approximation to the EA of these compounds, and to the 

absolute energy of an electron injected into a thin film of the material from an external 

source. As seen in Figure 3.11, the reduction potentials of the sulfonamide-substituted 

quinolates are nearly identical in energy to the PA state, while the reduction potentials of 

the parent compounds are noticeably more negative than the PA state on the N.H.E. scale. 

This may reflect a lower degree of crystallization in thin films of the sulfonamide-

containing quinolates, so that their solution and solid-state behavior mimic each other, 

while the parent quinolates are more prone to aggregation in the solid state. However, 

excimer-based red-shifts in the emission spectra of all four compounds is observed, so that 

a more likely explanation is that this is simply coincidence due to problems (discussed 

more fully above) in accurately measuring the frontier orbital positions of these materials 

using the solution-casting method employed here. The reduction potential of oxygen 

(3.88 ± 0.05 V vs vacuum; -0.62 ± 0.05 V vs N.H.E.), thought to trap electrons to form 

the reactive peroxy radical anion (Oj*"), is also shown in Figure 3.11 for comparison. 

Both the PA and E^ states of the quinolates and sulfonamide-substituted quinolates are 

higher in energy than the reduction state for Oj, while the PL states of all four complexes 

are stable with respect to oxygen reduction (see also Tables 3.2 and 3.3). If formation of 

a state analogous to the PA state is the initial step to light emission, O2 contaminants will 

be problematic in OLEDs based on these materials. O, is likely to trap electrons injected 
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into thin films of these materials to form 02*', decreasing the current in the device (and 

lowering the efiBciency), while subsequent reaction of O2*" to decompose the organic film 

may explain the poor lifetimes of OLEDs with quinolate-based luminescent layers. Figure 

3.11 also provides a du-ect comparison of the optical (E^) and electrochemical (E^) 

bandgaps of these materials. For the A1 compounds, the values are nearly identical (less 

than ca. 0.1 eV difference), while is ca. 0.3-0.4 eV larger than for the Zn 

compounds. It is possible that the features in Figure 3.9 which were assigned as the Znq, 

and Zn(qs)2 oxidation peaks are actually pre-adsorption peaks (analogous to those 

observed for the oxidation of Alqj and Al(qs)3), so that the oxidations were outside of the 

available solvent window. If this is the case, the E„ values reported in Table 3.3 for the 

Zn complexes are less positive than the correct values, and the electrochemical bandgaps 

based on these values are smaller than the correct values. 

3.3. UPS Investigation of Other Molecular LMs 

Several other compounds, not related to the quinolates, which exhibit high solid-

state fluorescence efficiencies were also evaluated as potential LMs, and are pictured in 

Figure 3.12: TPBD, DPVBi, DHNA, and DP A. DPA is a derivative of anthracene, one 

of the first molecular systems studied for solution-based electroluminescence due to the 

strong blue emission obtainable from anthracene single crystals'* '' and thin films. 

Investigations of DPA luminescence in solution are well-documented in the 

electrochemical literature"''^"'*, but until this work DPA had apparently been overlooked 
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Figure 3.12; Molecular lumophores under investigation; tetraphenylbutadiene (TPBD), 
4,4'-bis(2,2-diphenylethenyl)-l,r-biphenyl (DPVBi), dihydroxynapthaldiazine (DHNA), 
and diphenylanthracene (DPA). 
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by the OLED community. The UPS and optical spectra of DP A are shown in Figure 3.13. 

The HOMO and IP of DPA are 5.97 eV and 5.48 eV, respectively; its absorbance and 

photoluminescence maxima are 404 nm (3.07 eV) and 429 nm (2.89 eV), respectively; and 

the binding energy of the absorbance and photoluminescence states of DPA are 2.90 eV 

and 3.08 eV, respectively. The DPA absorbance spectrum exhibits a broad tail at low 

energies due to scattering in the thin film, so that the overlap of the DPA absorbance and 

fluorescence spectra is expected to be much less than is implied in the figure. A similar 

phenomenon is observed for TPBD and DPVBi (see below). This broad tail may influence 

the apparent position of the absorbance peak, so that there is some uncertainty in the 

values obtained fi"om these measurements. Measurements on films of less thickness or on 

solutions are, therefore, required for a more accurate determination of the absorbance 

maximum position as well as the peak spectral shape. 

For comparison with the other LMs studied here, the electrochemistry of DPA in 

acetonitrile was repeated under the same conditions used for the other LMs. In contrast 

to the quinolates, the cyclic voltammagram of DPA (shown in Figure 3.6) is completely 

reversible, even after many cycles. This reversibility allows for the observation of a blue-

colored emission from the working electrode at a scan rate of 10 V/s during repeated 

cycling. The oxidation and reduction potentials of DPA vs N.H.E. are 1.59 V and -1.63 

V, respectively. These values are in good agreement with reported values in MeCN'® (Eo,^ 

= 1.46 V, = -1.66 V), DMF"'' (E„, = 1.49 V, E^ = -1.71 V; E„, = 1.59 V, E^ = -

1.65 V, respectively), and PhCN" (E^^ = 1.61 V, E„d = -1.55 V). The corresponding 
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Figure 3.13: UPS (on Au) and optical spectra of DP A. 
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redox states vs vacuum are 6.09 eV and 2.87 eV, respectively, and the electrochemical 

bandgap is 3.22 eV, which is slightly larger than the optical bandgap of 3.07 eV. Due to 

the reversibility of the DPA redox properties, the error in the electrochemical bandgap is 

probably less than the value of ± 0.05 V estimated for potentials derived from irreversible 

couples. The difference between the electrochemical and optical gaps is most likely the 

result of aggregates in the thin films. DPA is fairly soluble in acetonitrile, while its nearly 

planar structure and extended ^-conjugation favor the formation of aggregates in 

condensed states. Therefore, the electrochemistry is probably representative of single 

molecule behavior, while the UPS and optical measurements reflect some degree of 

aggregate behavior. 

DHNA is a commercially available lumophore with yellow emission. The UPS and 

optical spectra of DHNA are given in Appendix 1, Figure A1.4. The HOMO and IP of 

DHNA are 6.42 eV and 5.93 eV, respectively; its absorbance and photoluminescence 

maxima are 459 nm (2.70 eV) and 532 nm (2.33 eV) (a 73 nm excimer emission shift), 

respectively; and the binding energy of the absorbance and photoluminescence states of 

DHNA are 3.72 eV and 4.09 eV, respectively. Characterization of the electrochemical 

properties of DHNA, as well as evaluation of its performance in OLEDs, is currently 

underway. Its strong thin film photoluminescence coupled with small barriers to hole and 

electron injection into the HOMO and PA state (ca. 1.72 eV and 0.0 eV for Ca and Mg, 

respectively) indicate that a DHNA OLED should be very bright, although the presence of 

O, traps (energy 3.88 eV vs vacuum) is likely to reduce the device efficiency and may be 



136 

detrimental to the device lifetime. 

TPBD and DPVBi are structurally very similar, as shown in Figure 3.12, and both 

emit blue radiation upon photoexcitation. There are few accounts in the literature in 

which TPBD (a commercially available compound) has been used as the emissive layer in 

OLEDs.'"' Recently, Hosokawa, et. al., reported bright blue luminescence from 

distyrylarylene derivatives such as DPVBi.In an OLED with a DPVBi luminescence 

layer containing a low dopant percentage of another distyrylarylene derivative they 

obtained a 2.4% external quantum efiRciency'"^, one of the highest efficiencies yet reported 

for OLEDs. 

The UPS and optical spectra of TPBD and DPVBi are shown in Figures 3.14 and 

3.15, respectively. The TPBD HOMO and IP lie farther from vacuum than those of 

DPVBi (6.73 eV vs 6.27 eV, respectively, for the HOMO, and 6.18 eV vs 5.96 eV, 

respectively, for the IP). This value for the IP of DPVBi is in excellent agreement with 

that reported by Hosokawa, et al, of 5.9 eV.'"^ Therefore, the barrier to hole injection is 

greater from ITO to TPBD than from ITO to DPVBi. The absorbance and PL maxima for 

TPBD are 364 nm (3.41 eV) and 422 nm (2.94 eV), respectively, and 354 nm (3.50 eV) 

and 430 nm (2.88 eV), respectively, for DPVBi. The EL peak for thin films of both of 

these molecules is identical to the PL peak. The corresponding absorbance states for 

TPBD and DPVBi are 3.32 eV and 2.77 eV, respectively, in good agreement with the 

reported value of 2.8 eV for DPVBi"'^ although this value is based upon the 

photoluminescence in solution. Electron injection from the cathode into TPBD requires 
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overcoming a smaller energetic barrier than for injection into DPVBi. 

A potentially important detail not evident in the optical spectra presented here is 

the visible phosphorescence of TPBD, which can be easily seen for several seconds after 

the photoexcitation source is removed. DPVBi, on the other hand, exhibits only a very 

weak, relatively short-lived phosphorescence. As discussed in Chapter 1, an OLED based 

on a luminescent layer material having strong phosphorescence will likely produce less 

emission at the desired wavelength since exciton recombination may be more favorable 

from the triplet state (with radiative decay at a longer wavelength than analogous decay 

from the singlet state), and since the device efficiency is at least partially dependent on the 

recombination of triplet states to form singlet states. 

The cyclic voltammagrams (CV) of saturated solutions of TPBD and DPVBi in 

acetonitrile at a scan rate of 5 V/s are shown in Figure 3.16, with the CV of DP A included 

for comparison. The TPBD reduction process is fairly reversible at this scan rate, but the 

irreversibility of the oxidation process prevents the observation of light during cycling. 

Visco and Chandross'' have reported electrogenerated chemiluminescence from TPBD in 

DMF solutions, so perhaps this solvent stabilizes the TPBD radical cation. The oxidation 

and reduction potentials of TPBD vsN.RE. are 1.63 V and -1.77 V, respectively (6.13 

eV and 2.73 eV vs vacuum, respectively). The "electrochemical bandgap" of 3.40 eV is 

identical to the "optical bandgap" (3.41 eV). Steric hindrance results in torsion of the 

peripheral phenyl rings on TPBD so that its structure is not planar and aggregation is 

impeded. Therefore, even in thin film form the behavior reflects that of isolated 
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molecules. The DPVBi reduction process is also fairly reversible, but the oxidation 

processes are less so. A small pre-adsorption peak is evident, as well as two oxidation 

peaks. The first reduction and oxidation potentials ofDPVBi are -1.70 V and 1.34 V, 

respectively. Therefore, it is slightly easier to oxidize and reduce than TPBD, probably 

due to the more extended conjugation in DPVBi. The 3.07 V electrochemical bandgap is 

ca. 0.5 V smaller than the 3.50 V optical bandgap. The pendant phenyl groups are most 

likely tilted out-of-plane, as for TPBD, although some aggregation in condensed phases 

would be reasonable given the longer conjugation length along the backbone of the 

molecule. However, if this were the case, a larger bandgap would be expected for the 

electrochemical experiment compared with the optical result. Electrogenerated 

chemiluminescence was not observed for either TPBD or DPVBi, likely due to 

polymerization reaction at the working electrode surface. The double bonds present in 

both molecules coupled with the extensive conjugation along the molecular backbone, 

which stabilizes the radical cation or anion formation, could lead to radical-catalyzed 

polymerization at the electrode surface, indicating that this the most likely explanation for 

the lack of electrochemical activity after several cycles. 

The UPS and optical states of DPA, TPBD, DPVBi, and PPV are plotted in Figure 

3.17 along with those for Alq3 and typical anode and cathode materials for comparison. 

Table 3.2 summarizes the results. DPA has the lowest barrier to hole injection from ITO, 

and only a small barrier to electron injection if Ca is used as the cathode. However, 

evaporated films of DPA are cloudy, and empirical results indicate that OLEDs containing 
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non-glassy layers exhibit poor lifetimes."" The high roughness of these films is evidence 

for a large number of grain boundaries which probably impede charge transport through 

the film,'°^ TPBD evaporated thin films are also non-glassy, but spun-cast solutions of 

TPBD and PVK in chloroform form optically transparent films of TPBD in a PVK matrix. 

A turn-on voltage of ca. 9 V is obtained for an ITO/PVK:TPBD(ca. 60 nm)/Mg, with a 

maximum external Q.E. of0.035% at 11 V and 150 cd/m^ output. Evaporated DPVBi 

films are glassy, and blue light emission is observed fi'om ITO/CuPc(20 nm)/TPD(60 

nm)/DPVBi(40 nm)/Alq(20 nm)/Mg:Ag OLEDs, but measured external quantum 

eflBciencies by our collaborators in the Optical Sciences Center of 0.1-0.2 are well 

below the ca. 1.4 % reported by Hosokawa, et al.'"^ 

The differences in oxidation potentials between the lumophores is much less than 

the variation in HOMO (and IP) values, as seen in Figure 3.18, where the data have been 

plotted vs N.H.E. and vs vacuum. The electrochemical results are summarized in Table 

3.3. DPVBi is slightly easier to oxidize than TPBD, as expected fi'om the extended 

derealization of electrons along the DPVBi backbone. The oxidation potentials of Alqj, 

TPBD, and DPVBi all lie fairly close to the measured IP (see Tables 3.2 and 3.3), while 

Eo35 for DPA is much closer to its HOMO level. Aggregation in the solid state to form an 

intermolecular extended 7c-system which delocalizes the electrons is one possible 

explanation for the ease of oxidation of DPA in thin films compared with that in solution. 

Similarly, the variation in reduction potentials between the molecules is much less than the 

spread of PA (and PL) values, as seen in Figure 3.19. DPVBi is slightly easier to reduce 
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than TPBD, as expected. As for the quinolates, the reduction potential of 0,*' lies well 

below the PA and reduction states of the lumophores, and in most cases below the PL 

state as well; therefore, it is likely that peroxy radical formation reduces the Q.E. in these 

OLEDs, and reactions with the lumophores contribute to OLED failure over time. Figure 

3.18 also gives a direct comparison of the optical and electrochemical bandgaps of these 

materials. and Eg^'^ are nearly identical for Alqj and TPBD, while they are 

substantially diflFerent for DPA and DPVBi. Excimer formation in DPA thin films is the 

most likely reason that Eg°"^ is smaller than Eg^'^ for DPA. The poor solubility of DPA in 

solvents generally used for preparation of polymer matrices prevented the verification of 

excimer formation in pure DPA thin films by comparison of its emissive properties to 

matrix-isolated DPA (as demonstrated above for the quinolates). For DPVBi, the 

decreased value of Eg^'^ compared with Eg°"^ may be due to a problem in assigning the 

oxidation peak in its CV. As seen in Figure 3.16, DPVBi exhibits complex oxidation 

behavior, so that the peak attributed to (the first oxidative peak in the CV) may be 

a pre-adsorption feature. The second oxidative peak occurs at ca. 1.6 eV vs N.H.E., and 

use of this peak to determine Eg^'^ gives a value of 3.3 eV, which is still less than the 

observed Eg°"^ by ca. 0.2 eV. Nevertheless, this complex, pseudo-reversible oxidative 

behavior is likely to limit the lifetimes of OLEDs based on DPVBi, depending on the 

reactivity of the DPVBi radical cation. 
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3.5. UPS Investigation of Hole Transport Agents 

The hole transport agents discussed in this chapter are shown in Figure 3.19. 

TTA, TAPC, and, in particular, TPD and PVK have been most widely used as the HTL in 

OLEDs with separate hole transport and luminescent layers, while PVK is most commonly 

used as a matrix material. More recently, Ammermann, et al, have demonstrated 

significantly increased internal quantum efiBciencies when a layer of CuPc is interposed 

between the TPD HTL and Alqj in multilayer OLEDs."" 

The UPS and optical spectra of TTA and TAPC are shown in Appendix 1, Figures 

A1.5 and A1.6, respectively. The HOMO and IP of TTA (5.85 eV and 5.37 eV, 

respectively) are slightly farther from vacuum than those of TAPC (5.67 eV and 5.12 eV, 

respectively). The similarity in values is not surprising considering TAPC is essentially 

two TTA molecules connected by a cyclohexane ring. The destabilization of the TAPC 

occupied frontier orbitals compared with those of TTA may arise from steric hindrance 

constraints which prevent optimization of the molecular geometry in the oxidized state. 

The optical states of TTA and TAPC are identical: the lowest energy absorbance 

maximum occurs at 309 nm (4.01 eV) and the 0-0 phonon photoluminescence occurs at 

380 nm (3.26 eV). The absolute binding energies of the optical states for TTA are 1.84 

eV and 2.59 eV, respectively, while those for TAPC are 1.66 eV and 2.41 eV, 

respectively, based on this data. 

Based on their nearly identical structure and UPS and optical behavior it was 

assumed that TTA and TAPC would also exhibit similar electrochemical behavior, so the 
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more soluble TAPC was selected for this study. The cyclic voltammagram for a saturated 

solution of TAPC in acetonitrile at a scan rate of 5 V/s is shown in Figure 3.20. Only the 

oxidation process is visible in the available solvent window, as expected for this compound 

which forms optically transparent thin films, and correspondingly has a large optical 

bandgap. The observed oxidation is fairly chemically reversible at this and higher scan 

rates, but was difiRcult to observe at low scan rates (less than 0.5 V/s), perhaps because of 

the poor solubility of TAPC in acetonitrile. The TAPC oxidation potential was 

determined to be 1.11 V vs N.H.E. and 5.91 eV vs vacuum. This value is in good 

agreement with the value of 0.98 V vs N.H.E. for TTA reported by Jenekhe and 

Osaheni.'"^ Despite good reported hole mobilities (ca. 10"^-10"' cmWs at -10^ 

V/cm"'®''°^), poor TTA thin film quality (many microcrystalline regions'"^) is the primary 

reason this transport agent is not used in OLEDs. TAPC also exhibits good hole mobility 

(ca. 10'- cmWs at -10^ V/cm'"*), and its ability to twist into a nonplanar molecular 

structure allows for formation of glassy films, thus it has found more widespread use as a 

transport layer. Tang and VanSlyke reported the first success in using TAPC as a HTL in 

their manuscript which proposed bilayer OLEDs.*' Their reported turn-on voltage of 2.5 

V was markedly lower than those for single layer devices (OLEDs with structure 

ITO/LM/M), and multilayer or multicomponent (i.e. a single layer containing both 

lumophore and transport agent) OLEDs are now standard. 

The UPS and optical spectra of TPD are shown in Appendix I, Figure A1.7. The 

HOMO and IP of TPD are 5.73 eV and 5.38 eV, respectively. The optical bandgap is 
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3.37 eV, corresponding to an absorbance state of 2.36 eV vs vacuum. The photo-

lummescence maximum at 3.10 eV (400 nm) gives a PL state at 2.63 eV vs vacuum. 

The cyclic voltammagram of a saturated solution of TPD in acetonitrile at a scan 

rate of 5 V/s is shown in Figure 3.20. Two peaks are observed upon the oxidative sweep, 

while the reduction is outside of the available solvent potential window. Additional 

electrochemical characterization in other solvent systems has shown that these peaks are 

consistent with two consecutive one-electron oxidations"", consistent with the two 

identical amine groups which are present on the molecule. Based on these peak 

assignments, the first oxidation potential of TPD is 1.17 eV vs N.H.E. and 5.67 eV vs 

vacuum, identical to that for TAPC within a few mV. 

TPD has found extensive use as the HTL in OLEDs due to its high hole mobility. 

The reported mobility of ca. 10'^ cmWs at -10'^ V/cm"°''" is comparable to that of TTA 

and TAPC, and TPD forms good optical quality films. Adachi, et al, demonstrated that 

inclusion of a TPD HTL is necessary to achieve emission in perinone OLEDs. 

Compared with single-layer devices and devices with an electron transport layer, the 

insertion of a TPD HTL drastically increased the injection current into the perinone layer, 

apparently due to the reduction of the hole injection barrier."^ 

PVK is commonly used as the hole transport agent in OLEDs because of its high 

solubility in chloroform, which facilitates preparation of the hole transport layer through 

spin-casting techniques. The UPS spectrum of PVK is displayed in Appendix 1, Figure 

Al .8. Since these results are for sublimed films, they are probably representative of the 
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low molecular weight species present in the true polymer. The HOMO and IP of PVK are 

6.60 eV and 5.79 eV, respectively. The absorbance maximum is 342 nm'" (3.62 eV), and 

the absorbance state binding energy with respect to vacuum is 2.98 eV. 

Photoluminescence from PVK is observed at ca. 410-440 ran'"'-'" (2.82 eV), and PVK 

electroluminescence at ca. 410-425 nm'" (2.92 eV). The cyclic voltammagram of a 

saturated solution of PVK in acetonitrile at a scan rate of 10 V/s is shown in Figure 3.20. 

The oxidation of PVK is barely visible above the background current, and its reduction 

occurs beyond the available solvent window. The PVK oxidation potential of 1.15 eV vs. 

N.H.E. and 5.65 eV vs vacuum is practically identical to those obtained for TAPC and 

TPD. The primary disadvantage to using PVK as the hole transport layer in OLEDs is its 

poor hole mobility (ca. 10"^ cmWs'") compared with that of TPD, TTA, and TAPC. 

However, PVK is still frequently used in this capacity due to the reproducibility of 

thickness and optical quality in spun-cast PVK films. 

More recently, CuPc has been used as a HTL in OLEDs'°^; however, the strong 

absorbance of this compound from ca. 600-800 nm limits its application to devices which 

emit at wavelengths below this range or which have sufficiently strong emission to provide 

sufficient intensity despite the CuPc absorption. The UPS and optical spectra for CuPc 

have already been reported.The CuPc HOMO and IP occur at 5.44 eV and 5.01 eV, 

respectively, and its absorbance peak occurs at 729 nm (1.7 eV). Therefore, the CuPc PA 

state binding energy is 3.74 eV. The electrochemical behavior of CuPc has been well-

studied, and for comparison with the results reported above the appropriate reported 
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oxidation and reduction potentials of CuPc are 0.80 eV and -0.80 eV, respectively.'" 

The UPS and optical states for the five HTAs discussed are plotted relative to the 

vacuum scale in Figure 3.21 for comparison. These results are also summarized in Table 

3.4. The PVK HOMO lies farthest fi-om vacuum, therefore, the barrier to hole injection 

fi-om the no anode ((j) = 4.7 eV) into PVK is greater (by 0.75 - 1.16 eV) than that for the 

molecular HTAs. The manifold of occupied states is also broader for PVK, based on the 

large difference between the HOMO and IP levels compared with the other materials. The 

barrier for hole injection is smallest for CuPc. A comparison of IP levels, however, 

indicate a much smaller difference in hole injection barrier heights for all of the HTAs fi^om 

ITO (0.41 - 0.78 eV). Therefore, the density of states (DOS) near the IP (the onset of 

occupied levels) may play an important role in OLED turn-on voltages if sufficient states 

near the onset are available for oxidation by the ITO anode. If the DOS directly affects 

the diode properties, the integral of the UPS spectrum of the HTA in the HOMO region 

should mimic the current-voltage behavior of OLEDs. The photoabsorption energies of 

all of the HTAs, except for CuPc, are sufficiently large (3.37 - 4.01 eV) to prevent 

absorption of the light emitted by the lumophores discussed above, although scattering in 

this layer certainly decreases the light output actually observed. 

The oxidation potentials of TAPC, TPD, PVK, and CuPc are plotted in Figure 

3.22 vs N.H.E. and vs vacuum, and the values are given in Table 3.5. The HOMOs and 

IPs of these materials are also included for comparison. While the HOMOs and IPs of 

TAPC, TPD, CuPc, and PVK were markedly different, their oxidation potentials are 
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COMPOUND HOMO [eV] ± 
0.15 eV 

IP [eV] 
±0.15 eV 

lowest energy 
ABS„„ [eV] 

(0-0 phonon) 
PL„„. [eV] 

ABS state [eV] 
±0.15eV 

PL state [eV] 
±0.15 eV 

TTA 5.85 5.37 4.01 3.26 1.84 2.59 

TAPC 5.67 5.12 4.01 3.26 1.66 2.41 

TPD 5.73 5.38 3.37 3.10 2.36 2.63 

PVK 6.60 5.79 3,62" 2.98 

CuPc 5.44"® 5.01"® ,70116 3,74"® 

Table 3.4: HOMO, IP, PA, PL, PA state, and PL state values for the hole transport agents determined from UPS and optical 
measurements. 

COMPOUND P N.H.E. 
•^(IX 

(V,±50mV) 
F '-0.V 

(V,±50mV) 

PVK 1.15 5.65 

TPD 1.17 5.67 

TAPC 1.11 5.61 

Table 3.5: Oxidation potentials vs N.H.E. ) and vs vacuum for representative hole transport agents. 
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nearly identical (only 0.4 eV separates them). The similarity in oxidation potentials can be 

attributed to the presence of aryl and/or alkyl amine groups in all four molecules. TAPC 

and TPD contain two nearly identical triarylamine moieties, PVK consists of an amine 

connected to two aryl groups within a single aromatic heterocycle and one alkyl group, 

while CuPc contains eight amino groups within the phthalocyanine ring, and all behave as 

isolated molecules in the electrochemical experiment. The differences in the HOMOs and 

IPs result from differences in the morphology of the thin films prepared during the UPS 

experiment. The p-methylphenyl groups in TPD are probably twisted out-of-plane due to 

their proximity to the TPD backbone, preventing significant aggregation of the molecules 

in the solid state. Similarly, the two triarylamine groups in TAPC are probably not planar 

with the cyclohexane ring since they are fi-ee to rotate about the single bond to the ring. 

TAPC forms glassy films, although some crystallization due to interaction between 

triarylamine moieties on different molecules is likely. A significant amount of 

crystallization is likely for the PVK films used in the UPS experiments since the films were 

prepared by evaporation and therefore consist primarily of low molecular weight PVK. 

CuPc is known to form films with several packing structures which consist of aggregates, 

leading to unique properties compared with those of single CuPc molecular units. 

Therefore, it is not surprising that the oxidation states of these molecules as determined by 

UPS vary, while those from the cyclic vohammetry are quite similar, based on the 

similarity of the amine moieties. E„ for the molecular HTAs lies between the HOMO and 

IP levels, while for PVK it lies above both of these energies. The significance, if any, of 
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this resxilt is not clear given the low molecular weights of PVK involved for both the UPS 

and electrochemical experiments. 

3.6. UPS Investigation of Electron Transport Agents 

The electron transport agents studied in this chapter are shown in Figure 3.23. 

These ETAs have not found extensive use in OLEDs since their electron mobilities are 

several orders of magnitude smaller than that of Alqj. Also, as seen in Figure 3.23, there 

does not appear to be a common structure or substituent which gives "good" electron 

mobilities, so attempts to design and synthesize new ETAs are challenging.^' Nevertheless, 

as discussed in Chapter 1, mobility is just one of several issues which may influence a 

material's device suitability, so the UPS, optical, and electrochemical properties of these 

compounds are explored here to determine how the barriers to electron injection into ETA 

thin films may affect OLED performance. 

UPS and optical spectra for butyl-PBD are shown in Appendix 1, Figure A1.9. 

The HOMO and IP of butyl-PBD are 7.62 and 7.08, respectively. Its lowest energy 

absorbance maximum occurs at 304 nm (4.08 eV), and its highest energy 

photoluminescence maximum is at 376 nm (3.30 eV), both outside the visible region of the 

spectrum. The absorbance and photoluminescence states of butyl-PBD are 3.54 and 4.32 

vs vacuum, respectively. The absorbance state at 3.54 eV is easily accessible by Ca (<j) = 

3.2 eV), and the barrier to injection from Mg (({) = 3.7 eV) is < 0.2 eV. The cyclic 

voltammagram of a saturated solution of butyl-PBD in acetonitrile at a scan rate of 
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Figure 3.24; Cyclic voltammagrams for the electron transport agents butyl-PBD, DPS, 
DCAQ, and NTCDI. Ail experiments were performed on de-oxygenated saturated 
solutions in acetonitrile at a scan rate of 5 V/s. 
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5 V/s is given in Figure 3.24. Two reduction processes are visible within the available 

solvent window. The first reduction is clearly reversible, and the second appears to be so 

as well, since an identical voltammagram is obtained after repeated cycling. The first and 

second reduction potentials of butyl-PBD are -1.72 V and -2.12 V vs N.H.E., respectively 

(2.78 eV and 2.38 eV vs vacuum, respectively). Both reductions occur substantially 

negative of the reduction potential of O2 (E^ = -0.62 eV). Injection of electrons into a 

butyl-PBD thin film will, therefore, most likely result in the formation of O2*" traps, 

limiting electron transport in these films and possibly leading to the subsequent 

degradation of the film due to reactions with the peroxy radical anion. 

The UPS and optical spectra for DPS thin films are displayed in Appendix 1, 

Figure Al.lO. The DPS HOMO and IP are 8.24 eV and 7.43 eV, respectively. The 

absorbance and photoluminescence maxima of DPS are 448 nm (2.77 eV) and 517 nm 

(2.40 eV), respectively, and the corresponding absolute binding energies vs vacuum are 

5.47 eV and 5.84 eV, respectively. The absorbance state at 5.47 eV allows for the 

formation of an Ohmic contact between DPS and any of the cathode materials discussed in 

Chapter 1 . 

The cyclic voltammagram of a saturated solution of DPS in acetonitrile at a scan 

rate of 5 V/s is shown in Figure 3.24. Two reversible reduction processes are observed, 

with reduction potentials of +0.07 eV and -0.55 eV vs N.H.E. (4.57 eV and 3.95 eV vs 

vacuum, respectively). These are potentials are considerably more positive than those for 

the butyl-PBD reductions, as seen in Figure 3.24. The first reduction is stabilized by ca. 



4.87 

5.62 

3.fi4 

4.32 

6.60—, LUMO 
6.B2 4 PL 

7.43-

8.24' 

7.62 

8.43 

7.08 
7.62 

8.15 

8.85 

IP 

HOMO 

DPS DCAQ butyl-PBD NTCDI 

Figure .3.25; Absolule binding energies oflhe frontier occupied electronic states and the optical states ofbutyl-PBD, DPS, 
DCAQ. and NTCDI. 



162 

0.7 eV relative to O2 reduction, while the second reduction is only a few hundredths of an 

eV more favorable. Nevertheless, Oj contaminants should not trap charge in DPS thin 

films. 

UPS and optical spectra for DCAQ are presented in Appendix 1, Figure A1.11. 

The HOMO and IP of DCAQ are 8.43 eV and 7.62 eV, respectively. Its absorbance and 

photoluminescence maxima are 348 nm (3.56 eV) and 426 nm (2.91 eV), respectively. 

The absolute binding energies of these states vs vacuum are 4.87 eV and 5.52 eV, 

respectively. Ohmic contacts between DCAQ and Ca, Mg, Al, and Ag are possible, while 

the barrier to electron injection from Au is only ca. 0.2 eV. 

Two reduction processes are observed in the cyclic voltammetry of a saturated 

solution of DCAQ in acetonitrile, as shown in Figure 3.24. The overall shape of the 

voltammagram is identical to that for DPS, and the reduction potentials are similar. The 

two DCAQ reductions occur at -0.01 eV and -0.39 eV vs N.H.E. (4.49 eV and 4. II eV vs 

vacuum, respectively). Also analogous to DPS, these potentials are positive of the O2 

reduction potential, so that O2 should not affect charge injection and/or transport in 

DCAQ thin films. 

UPS and optical spectra for NTCDI are given in Appendix 1, Figure AI. 12. The 

HOMO and IP of NTCDI are 8.85 eV and 8.15 eV, respectively. NTCDI photo-

absorbance and luminescence maxima occur at 3.25 eV and 3.03 eV, respectively. The 

absolute binding energies of these states vs vacuum are 5.60 eV and 5.82 eV, respectively. 

The cyclic voltammagram for a saturated NTCDI solution in acetonitrile at a scan 
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rate of 5 V/s is shown in Figure 3.24. Two reversible reduction waves at -0.34 V and -

0.81 V vs N.H.E. are visible in the available solvent window. The former occurs at a 

more positive potential than O2 reduction (by ca. 0.3 eV), while the latter is ca. 0.2 eV 

negative of the O2 reduction potential. For one-electron injection into NTCDI thin films 

O2 should not act as a trap, but at higher injection rates Oj could reduce electron transport 

m these films. 

The UPS and optical states for the four ETAs discussed above are plotted 

relative to the vacuum scale in Figure 3.25 for comparison, and are summarized in Table 

3.6. The PA states of DPS, DCAQ, and NTCDI indicate that more stable, higher 

workfiinction metals such as AI and Ag can be used for electron injection into these 

materials with no apparent energetic barrier, and that the barrier to injection fi-om Au is 

minimal at worst. In contrast, low workfiinction metals such as Ca and Mg are necessary 

to facilitate electron injection into butyl-PBD. A comparison of PL states gives similar 

results, although efficient injection into butyl-PBD from AI or Ag should be possible if the 

DOS at the bottom of the absorbance manifold is large. Of course, energetic barriers to 

injection from the ETA into the LM are predicted to influence the device behavior as well, 

and may determine which unoccupied states of the ETA must be filled to provide 

sufficient energy to produce the LM singlet excited state. 

A comparison of the reduction potentials and the PA and PL of the four electron 

transport agents is shown in Figure 3.26. The UPS/optical and the electrochemical results 

are consistent in predicting that butyl-PBD is significantly more difficult to reduce than the 



COMPOUND HOMO [eV] ± 
0.15 eV 

IP [eVJ 
±0.15 eV 

lowest energy 
ABS^ feV] 

(0-0 phonon) 
PL^ [eV] 

ABS state [eV] 
±0.15eV 

PL state [eV] 
±0.15eV 

butyl-PBD 7.62 7.08 4.08 3.30 3.54 4.32 

DPS 8.24 7.43 2.77 2.40 5.47 5.84 

DCAQ 8.43 7.62 3.56 2,91 4.87 5.52 

NTCDI 8.8S 8.15 3,25 3.03 5.60 5.82 

Table 3.6; HOMO, IP, PA, PL, PA stale, and PL state values for the electron transport agents determined from UPS and 
optical measurements. 

COMPOUND Cf N.H.E. 

(V,±50mV) 

rj H U E -
^ied2 

(V,±50mV) 

R VIC 

•^rcdl 

(V,±50mV) 

butyl-PBD -1.72 -2.12 2,78 

DPS + 0.07 -0.55 4.57 

DCAQ -0.01 -0.39 4,49 

NTCDI -0.34 -0,81 4.16 

Table 3.7: First (E„j,) and second (E^jj) reduction potentials vs N.H.E. and first reduction potentials vs vacuum 
(E.ej,"") for representative electron transport agents. 
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other three ETAs. Similar to the results for the lumophores and HTAs reported above, 

the variation in HOMO and IP levels for DPS, DCAQ, and NTCDI is somewhat greater 

than the difference in reduction potentials. Looking at the structures of the four molecules 

(see Figure 3.23), some aggregation in the solid state is possible, despite the t-butyl 

groups on butyl-PBD and DCAQ and the long alkyi chains on NTCDI, and this would 

explain the differences in results by the two techniques. The reduction potential for Oj is 

also shown in Figure 3.26. The HOMO, P, and of DPS, DCAQ, and NTCDI are 

sufiBciently negative of E^  ̂for oxygen that Oj traps should not play a significant role in 

the charge injection and transport properties of these materials. However, the opposite is 

true for butyl-PBD: Oj likely traps electrons in butyl-PBD, and likely contributes to 

degradation of the butyl-PBD film with a subsequent decrease in OLED lifetimes. 

3.7. Evaluation of UPS and Optical Measurements vs Electrochemical 
Measurements for Determination of the Occupied and Unoccupied Electronic 
States of Molecular Thin Films 

The lack of a consistent correlation between the UPS/optical measurements and 

the electrochemical results makes it difficult at this time to decide absolutely which values 

most accurately describe the energy levels in the device. However, to apply these results 

to explaining/predicting OLED behavior, some understanding of the relative advantages 

and disadvantages of describing the frontier orbital energetic positions using each set of 

resuhs or some combination thereof is required. While the results should not be identical 

from the two methods (for the reasons stated earlier), it is somewhat surprising that the 
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electrochemical results did not consistently over- or underestimate the UPS/optical results. 

Due to these discrepancies, and in an effort to assign the most accurate parameters for an 

actual device, the choice of which values to use for the occupied and unoccupied states 

which undergo charge transfer during device operation is discussed below. 

The UPS results should reflect accurate values for the oxidation energy of the 

materials in the solid state, since these experiments were performed on pure thin films 

using a reliable internal reference to obtain absolute energies vs vacuum. However, the 

application of the bias voltage during the UPS measurement likely skews the results 

slightly since, although conductivity in the films is low, an external source is available to 

fill the electron vacancies created during the experiment. Nevertheless, these results are 

very reproducible and the shift in HOMO/IP positions due to the applied bias should be 

negligible within the error of the experiment, and these results should therefore serve as 

accurate values for the bulk material. The irreversibility of nearly all of the oxidation 

processes, as well as the presence of a preadsorption peak (indicative of surface-adsorbed 

species on the electrode) in many cases, lead to a much larger error in estimating the 

oxidation energy fi-om the electrochemical experiments. Due to this large error, and to the 

fact that OLEDs are solid-state devices (whereas the electrochemistry was performed in 

solution), these values are not as reliable for determining solid-state thin film properties. 

Electrochemical measurements on thin films of these materials should give results which 

are more consistent with those obtained fi-om the UPS measurements, and these are 

currently underway for the most promising OLED candidate materials. Therefore, the 
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UPS results will be used to assign the absolute energetic positions of the occupied 

electronic levels for the LMs, HTAs, and ETAs discussed below. A further distinction 

must be made concerning the choice of the HOMO (the average energy of the electron in 

the uppermost occupied level) or the IP (the energy of the onset of occupied levels) as the 

most accurate value for the energy of electrons in the solid. The trend in IP values is 

identical to that for the HOMO levels in all cases, although the magnitude of the 

differences between levels is not the same. Since the HOMO represents the average 

energy of an electron in the highest occupied level in the solid, the majority of the 

electrons in the solid will likely have this energy (the HOMO energy), or an energy close 

to it. Therefore, the HOMO energy will be used to determine the barrier heights for hole 

injection. 

A comparison of the UPS/optical measurements and the electrochemical 

experiments is more difficult due to the differences in the properties which are 

characterized. The best approach seems to be determining whether the optical or 

electrochemical bandgap more accurately reflects the bandgap in these organic thin films, 

and adding that value to the HOMO position determined by UPS to estimate the EA. In 

many cases, Eg®*  ̂and Eg  ̂are nearly identical, so that the value of EA would be 

essentially the same in either case. However, there were considerable differences in Eg°"  ̂

and Eg '̂̂  for several of the materials (i.e. Znqj, DPVBi), requiring a choice between these 

values. Due to the chemical irreversibility of most of the oxidation processes, and the 

added difficulty of determining the reduction potentials in cases where the peaks were not 



169 

very pronounced, the optical measurements seem more reliable. However, several other 

issues of importance are discussed below before settling on this result. 

The estimation of the EA from the UPS HOMO level and the optical PA assumes 

that the photoabsorption state (excitation of an electron from the ground state to an 

excited state and formation of an exciton) reflects the state that an electron added to the 

neutral molecule would occupy. This approximation should give an upper limit for the 

EA, with the actual EA probably lies closer to the vacuum level. The EA determined from 

the electrochemistry should reflect the actual EA more accurately since this experiment 

directly examines the attachment of an electron to a neutral molecule, and one would 

expect E  ̂to be higher in energy than the PL (the lowest vibrational excited state of the 

neutral molecule). In general this was found to be true, but the variation in reduction 

potentials is much less than that in the PA/PL values. This may be partially explained by 

aggregation affects in the UPS measurements, but the diflFerent nature of the processes is 

certainly a significant factor. Also, although the reduction processes were chemically 

reversible for all of the compounds studied here, in many cases the peaks in the CV were 

barely visible above the background, contributing to the uncertainty of the reduction 

potentials. The primary consideration, however, arises from the nature of the 

electroluminescent process in OLEDs. The electroluminescence spectrum almost always 

mimics the photoluminescence spectrum of the emissive thin film, indicating that the state 

leading to photo- and electroluminescence is identical, or nearly so. Therefore, although 

the electrochemical measurement may be a more accurate determination of the absolute 
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EA, clearly the photoabsorbance state closely resembles the state into which electrons are 

injected to produce photo- or electro-emission. In the following sections, the 

determination of barriers to electron injection at the junctions in OLEDs will, therefore, be 

based on the photoabsorbance state. 

3.8. Conclusion 

The occupied and unoccupied frontier orbital positions of many OLED component 

materials were determined using UPS, optical spectroscopies, and cyclic voltammetry. 

The appropriateness of these methods for characterizing these energy levels most reliably 

in OLEDs was evaluated, with the conclusion that the UPS studies best measure the 

absolute positions of the occupied energy levels, while the absorbance energy accurately 

reflects the state from which electroluminescence occurs, and is therefore a good measure 

of the relevant unoccupied level. This is the first report of such measurements for OLED 

component materials on an absolute scale, using techniques that are readily applicable to a 

variety of materials for reference to the same absolute scale for comparison. 
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CHAPTER 4 
ELECTRONIC STRUCTURE OF OLED COMPONENT HETEROJUNCTIONS 

4.1. Introduction 

As discussed in Chapter 1, the operation of heterojunction devices is understood to 

be dependent on a number of criteria, one of which is the relative displacement of the 

frontier energy levels at the heterojunction. The previous chapter dealt with the issue of 

determining the electronic structure of OLED component organic thin films with an 

absolute reference, to facilitate a comparison of these levels at heterojunctions between 

the various materials. In this chapter, the results of the previous chapter are applied to 

understanding the current-voltage, light output, and efficiency behavior of OLEDs, and to 

suggest materials combinations to improve these performance characteristics. The barriers 

to charge injection across each interface of the OLED, as well as a straightforward 

comparison of various materials for each layer, are determined by comparing the 

component material pre-contact energy levels in diagram form. Furthermore, the energy 

level discontinuities at critical OLED heterojunctions are correlated with observed device 

behavior. Finally, the direct application of UPS to heterojunction studies is demonstrated 

for the in-situ characterization of the HOMO energy level displacements during the 

formation of an Alqj/TAPC heterojunction. This final study gives a more accurate 

measure of the occupied frontier orbital energetic differences at the heterojunction, since 

charge transfer across the interface and band-bending generally accompany heterojunction 

formation. 
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4.2. Pre-contact Energy Barriers to Charge Injection in Multilayer OLEDs 

Plotting the occupied and unoccupied orbitals of the OLED component materials 

on a single diagram in the order they appear in the OLED sandwich structure facilitates a 

comparison of the energetic barriers to charge injection at each interface of the device, 

analogous to the OLED band schematic proposed in Chapter 1, Figure 1.11. These values 

are for pure thin films of each component material, so their differences are designated pre-

contact barriers since equilibration of the Fermi levels upon heterojunction formation will 

lead to differences in the actual barrier heights due to charge transfer and band-bending at 

each junction. For reasons discussed in the previous chapter, the HOMO and 

photoabsorbance state values will be used as the most likely energetic positions of the 

occupied and unoccupied states through which charge transport and recombination occur. 

The barriers at each interface will be discussed individually, followed by consideration of 

the effect that the sum of the barriers across all of the heterojunctions has on OLED 

performance. 

The pre-contact HOMO and photoabsorbance state energies for several LMs, 

HTAs, and ETAs in a multilayer OLED are plotted in Figures 4.1 and 4.2 (as well as the 

workfunctions of ITO and several metal cathodes) for comparison of the energetic barriers 

at each junction in the device. While it is necessary to look at the sum total of the junction 

barriers and the layer transport properties to understand how an OLED having a specific 

structure operates, each junction where charge injection occurs will first be discussed 
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individually to determine plausible materials combinations, and explain observed results 

where possible. Evaluation of several device compositions to predict the effects of 

varying specific junctions within the device based on the UPS/optical results and the 

Icnown transport properties of the individual layers will be correlated with experimental 

results. 

Hole injection and transport through the device will be discussed first. The first 

junction within the device pertaining to hole injection is that between ITO and the HTA. 

The smallest pre-contact energy barrier to hole injection from ITO is into CuPc, while the 

largest is for injection into PVK. This barrier should contribute to the device turn-on 

voltage, although subsequent transport of the holes to the luminescent layer(LL) and/or 

the barrier to hole injection from the HTL into the LL may be more significant to the 

device behavior. The issue of charge transport within the hole transport layer seems to be 

the dominant contribution to OLED performance and efficiency once the applied bias is 

well beyond the threshold required for emission.'̂  The relative contribution of each of 

these factors to device operation will be more fiilly discussed later in this chapter. 

The next junction which holes must cross is that between the HTL and the LL, and 

several reports in the literature have indicated that the HTL/LL interface controls charge 

recombination and emission in Alqj OLEDs.̂ "-*' The relative barrier heights between the 

various HTAs and lumophores vary considerably depending on which combination of 

materials is considered, as seen in Figures 4.1 and 4.2. The HOMO levels of AJq, and 

TPBD (Figure 4.2) are sufficiently far from vacuum so that a barrier to hole injection will 
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still be present at the HTL/LL interface with any of any of the HTAs studied. Use of 

TPD, TTA, or TAPC creates a step in which the barrier from ITO into the HTA and from 

the HTA into the LL is approximately half the energy of direct hole injection from ITO 

into the LL. Use of PVK, on the other hand, requires that most of the barrier to hole 

injection be overcome at the ITO/PVK interface, with almost no barrier to subsequent 

hole injection into the LL from the PVK. The large barrier between the lumophore 

HOMOs and the HOMOs of all of the ETAs ensures that the holes remain trapped in the 

luminescent layer after injection, even if they are transported to the LL/ETA interface. 

Electron injection into the OLED first occurs at the metaI(M)/ETA interface. 

Injection into all four ETAs is possible using low workfiinction metals such as Ca and Mg. 

However, the rapid oxidation of these metals in air greatly reduces OLED lifetimes. More 

stable metals such as Al, Ag, and Au apparently may be used with all of the ETAs, except 

butyl-PBD, to provide an Ohmic contact. The next barrier to electron injection into the 

LL occurs at the ETA/LL interface. Unfortunately, while Ohmic contacts with DCAQ, 

DPS, and NTCDI are possible at the M/ETA junction, the barrier to electron injection 

from these materials into all of the lumophores is fairly large, as seen in Figures 4.1 and 

4.2. Also, since the electron aflBnity of Oj is greater than that of the lumophores, electron 

injection into the LL likely results in trapped charge at O2 dopant sites, rather than 

reduction of the lumophore and subsequent current flow in the LL. The former problem 

can be reduced by using butyl-PBD as the ETA, since the barrier to electron injection into 

the LL is significantly reduced for this material. However, Ca or Mg must be used, or the 
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minimization of the LM/ETA electron injection barrier is compensated by a larger barrier 

to injection at the M/ETA interface. In any case, even if butyl-PBD is used as the ETA, 

electron injection into the LL most likely results in O2 trap filling initially. As discussed in 

Chapter 1, preventing both types of charge from passing through the LL and into the next 

layer should increase the probability of charge recombination to produce emission. 

Looking at Figures 4.1 and 4.2, the barrier to subsequent electron injection from the LL 

into PVK is much smaller than the barrier trapping holes at the LL/ETA interface, and 

electron injection from the lumophores into CuPc is favorable in all cases. The reasonable 

barrier height to electron injection from the LL for TPD and TAPC, coupled with the low 

mobility of charge in both layers, indicate that the contribution to nonradiative losses due 

to electron transfer from the LL to a TPD or TAPC HTL is probably small. 

4.3. Comparison of OLED Characteristics to Predicted Behavior Based on the 
UPS/Optical Results 

There are few reports in the literature which systematically evaluate specific OLED 

device parameters. Moreover, it is difficult to compare published results from different 

groups for the turn-on voltage, light output, and efficiency of OLEDs, since the deposition 

conditions, layer thicknesses, and cathode materials vary in the individual experiments. 

The purity of the materials used can also critically affect device performance. Attempts to 

compare these data are made more difficuh by the different methods which may be used to 

calculate the internal and external quantum efficiencies, since the formalisms used are not 

commonly reported. These factors make it nearly impossible to reproduce the results 
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reported by other groups. Therefore, to test the hypothesis that energetic barriers to 

charge injection into the LL of OLEDs is a contributing factor to the device behavior and 

performance, several systematic experiments performed by our collaborators in the Optical 

Sciences Center at the University of Arizona are presented and analyzed. 

The typical rectifying current-voltage (I-V) behavior of OLEDs, as well as 

characteristic light output and external quantum eflSciency curves, have previously been 

discussed in Chapter 1. All current-voltage, light output, and efficiency data presented 

below were obtained by Sean Shaheen and Mike Morrell of the Optical Sciences Center, 

and their assistance, as well as that of Dr. Bernard Kippelen and Prof Nasser 

Peyghambarian, is greatly appreciated. 

Preliminary experiments in the Optical Sciences Center focused on identifying the 

critical parameters to optimize OLED light output. These initial experiments established 

many critical parameters, including the individual layer thicknesses, deposition rates, 

substrate temperature, substrate preparation, and materials purity. Impurities appear to 

dominate OLED behavior in cases when the organic materials have not been thoroughly 

purified. Analogous affects on OLED behavior were also observed if the ITO/glass 

substrate was not cleaned sufficiently. Optimal cleanliness for the ITO/glass substrate was 

achieved using a three-step process (1) sonication in acetone for 20 minutes, 2) sonication 

in methanol for 20 minutes, 3) plasma etching for 30 seconds) to remove any organic 

contaminants fi-om the ITO surface, followed by immediate introduction into a dry 

nitrogen glove box for subsequent processing. Finally, there were indications that 
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deposition of the metal cathode resulted in decomposition of the underlying organic layers 

due to the elevated temperatures required to evaporate the metal. This problem was 

minimized by mounting the OLED assembly onto a liquid nitrogen cooled holder during 

the metal deposition. The optimal deposition rate and thickness is unique for each organic 

layer, and must be maximized for the individual material. 

The results presented below represent preliminary studies performed in the Optical 

Sciences Center subsequent to adopting all of the aforementioned improvements to OLED 

fabrication. Initial experiments indicated that addition of an electron transport layer to the 

basic device structure (i.e. ITO/LM/M ITO/LM/ETA/M) decreased the observed light 

output and efficiency. Addition of a hole transport layer, and variations in the HTA or use 

of a combination of HTAs, resulted in more desirable OLED behavior. Based on these 

results, a more thorough investigation of the hole injection process was pursued. 

The representative OLED structure chosen as a reference for the study was 

ITO/PVK/Alqj/Mg, based on reproducibility of the film quality and thickness for these 

materials. All devices were fabricated using a pre-prepared ITO-coated glass substrate 

from Donnelly Corporation with an ITO thickness of 160 nm and a sheet resistance of 20 

Q/D. The rrO/glass substrate was cleaned prior to use by the three-step process 

described above, then introduced into a dry nitrogen glove box for subsequent processing. 

PVK films were spun-cast fi-om a chlorobenzene solution, then baked to drive off the 

solvent. Alqj films were sublimation-deposited at a rate of 3-4 A/s in a vacuum chamber 

with a base pressure of 10"® torr. The Mg cathode was evaporated at a rate of 7 A/s. The 
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current-voltage, light output, and efficiency curves for an ITO/PVK(50 nm)/Alq3(70 

nm)/Mg(150 nm) OLED for layers of the indicated thicknesses are shown in Figure 4.3. 

Typical behavior, as discussed in Chapter 1, is observed for all three characteristics. The 

turn-on voltage is ca. 7.5 eV, with a brightness of 2,400 cd/m  ̂at 15 V, and a peak 

efficiency of l.O %. 

The obvious approach to evaluatmg the usefulness of diagrams such as those in 

Figures 4.1 and 4.2 to predict and/or explain OLED behavior is to vary the hole transport 

layer (PVK above), and determine how the turn-on voltage, light output, and efficiency 

are affected. One specific example is given here, for identically prepared OLED structures 

ITO/HTA(50 nm)/Alq3(70 nm)/Mg with PVK or TPD as the hole transport layer. As seen 

in Figures 4.1 and 4.2, the TPD HOMO level lies approximately halfway between the ITO 

Fermi level and the Alqj HOMO level, while the PVK HOMO level is almost identical to 

that of Alqj. A comparison of the current-voltage, light output, and efficiency curves for 

these two devices is shown in Figure 4.4. The TPD device has a lower turn-on voltage, 

greater forward light output, and higher efficiency than the PVK device. The TPD device 

has a 5 V turn-on vohage, and a brightness of 5,400 cd/m* at 12 V, and a peak external 

quantum efficiency of 1.2% vs 7.5 V, 2,400 cd/m  ̂at 15 V, and 1.0 %, respectively, for 

the PVK device. 

The 1.5 V difference in device tum-on voltage using these two hole transport 

agents is in good agreement with the ca. 1.0 eV smaller injection barrier from ITO into 
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TPD than into PVK (see Figures 4.1 and 4.2). The smaller injection barrier into TPD 

from no may also explain the increased light output and higher efiSciency in this OLED. 

However, the diflference in turn-on voltages is larger than the difference in charge injection 

barriers from ITO, and the turn-on voltages in both cases (7.5 V for HTA = PVK; 5.0 V 

for HTA = TPD) are much larger than the sum of energetic barriers across the device 

(2.17 V), so that these pre-contact energy barriers do not give the entire picture. 

The voltage drop across each layer (which is directly related to the resistance of 

moving charge through each layer) also contributes to the OLED turn-on voltage, since 

the charge must be transported between the interfaces in the device. The parameter 

commonly used to compare charge transport through different materials is the charge 

mobility (n), which is inversely proportional to the layer resistivity. (See Chapter 1, 

Section 1.6.3 for further details.) The hole mobility (jih) in TPD is ca. 10"  ̂cmWs'", 

which is several orders of magnitude greater than that in PVK, in which = 10"® 

cmWs."* While resistance in both the TPD and PVK layers contributes to the turn-on 

voltage in the respective devices, the significantly larger resistance in the PVK layer 

explains the discrepancy in the observed difference in turn-on voltages for the two devices 

(ca. 1.5 V) and the difference in injection barriers from ITO (ca. 1.0 V). The relative hole 

mobilities take on increased significance if the ionization potentials (IPs) of TPD and PVK 

are considered. As discussed above and in Chapter 3, Figures 4.1 and 4.2 are based on the 

selection of the HOMO energy as the average energy of an electron in the highest 

occupied energy level in the bulk material. Statistically, however, some molecules within 
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the thin fihn will require less energy than the HOMO energy to give up an electron (and 

accept a hole), with the IP corresponding to the minimum requirement of energy for this 

process. A comparison of the IPs for TPD and PVK (5.38 eV and 5.79 eV, respectively, 

from Table 3.4) indicates that the minimum energetic barrier to hole injection from ITO 

into these materials is 0.68 eV and 1.09 eV, respectively, a difference of ca. 0.4 eV. This 

is approximately half of the difference in hole injection barriers from ITO into the HOMOs 

of TPD and PVK (ca. 1.0 eV). Preliminaiy studies indicate that below and near the turn-

on voltage the barriers to charge injection dominate the observed OLED behavior, while 

at voltages much greater than the turn-on voltage charge mobility is the more important 

parameter. Many of the studies to date concerning OLED lifetimes and output parameters 

were performed at or near the peak efficiencies of these devices, which typically occurs for 

applied biases ca. 5 V greater than the turn-on voltage, as seen in Figure 4.4. 

A second approach toward modification of the hole injection and transport 

properties in the ITO/PVK/Alqj/Mg OLED focused on creating a more Ohmic contact 

between the ITO and the organic layer adjacent to it, as well as reducing the barriers to 

charge injection. Reduction of the barrier to hole injection was accomplished using a 

multicomponent hole transport layer consisting of a bilayer of two different hole transport 

agents. In this case, CuPc was chosen as the second HTA since its HOMO level lies 

between the ITO workfiinction and PVK HOMO values. The resultant 

IT0/CuPc/PVK/Alq3/Mg OLED geometry should provide more efficient hole injection 

into the Alqj layer due to increased HOMO orbital overlap between the layers. This 
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concept is illustrated in Figure 4.5, and is analogous to the use of sensitizers in 

photovoltaic devices; the manifold of states around the CuPc HOMO position should 

provide more overlap between the ITO energetic states and those of PVK, resulting in 

higher currents (increased charge injection) at lower applied voltages. The OLEDs were 

prepared as described above, with vacuum deposition of the CuPc layer, and layer 

thicknesses as follows: ITO/CuPc(40 nm)/PVK(30 nm)/Alq3(35 nm)/Mg. Figure 4.6 

compares the current-voltage behavior of these two devices. As expected, the turn-on 

voltage for the OLED with the CuPc layer is reduced (ca. 4 V vs 4.5 V without CuPc), 

and the current density increases more rapidly. Figure 4.7 compares the observed light 

output for the same two devices. Despite the reduced turn-on voltage and increased 

current density in the OLED with the CuPc layer, light emission in both devices is 

detected at approximately the same applied bias (ca. 4.5 - 5 V), and at higher applied 

biases the light output in the CuPc device is reduced compared to the device without this 

layer. Absorption of some of the emitted light by the CuPc layer, as well as additional 

light scattering within this layer, provides a partial explanation for the decreased light 

output. However, a CuPc layer with a thickness comparable to that used in the OLEDs 

exhibits a transmittance greater than 80%'" at the Alqj peak emission wavelength (512 

nm), so this cannot fiilly explain the decrease in emission intensity. Most likely, a short in 

the device is formed upon addition of the CuPc layer, which allows current to flow 

through states which do not lead to light emission. This could occur by the following 

mechanism. CuPc is slightly soluble in the chloroform solvent used to spin-cast the PVK 
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layer, so that the CuPc/PVK interface is probably not perfectly sharp. Furthermore, the 

CuPc probably difiuses into the bulk of the PVK layer during subsequent baking of the 

device following the spin-casting to drive oflf the chloroform. Therefore, although the 

bulk of the CuPc/PVK mixing probably occurs in the interfacial region, there may be some 

dopant concentrations of CuPc throughout the entire PVK layer, mcluding within the 

PVK/Alqa mterfacial region. Charge recombination at the PVK/Alq3 interface can then 

occur via three pathways: 

Alq3*" + Alqj*" -• Alqj* + Alqa -• Alqj + Alqj + hv (4.1) 

Alq3- + PVK'*-» Alq3* + PVK-» Alqa + PVK + hv (4.2) 

Alq,'" + CuPc*  ̂—» Alqj + CuPc* -• Alq3 + CuPc + hv'/heat (4.3) 

Pathway 4.1 can occur at voltages sufiBciently high as to allow for direct injection of holes 

into the Alqj layer to form Alq3* .̂ At lower voltages, pathway 4.2 is more probable, and 

the Alq3*7PVK'* annihilation is energy sufficient for formation of the AJqj* excited state 

leading to emission at the same energy as the Alqj'VAlqj** annihilation reaction (4.1). 

Finally, if CuPc is dispersed throughout the PVK layer, particularly near the P VK/Alq3 

interface, pathway 4.3 is also possible. However, Alqj'VCuPc"  ̂radical annihilation is 

energy insufiRcient by nearly 0.5 eV for formation of the required Alq,*, so that the 

annihilation energy is consumed in forming CuPc* with subsequent light emission at 

wavelengths in the infra-red or is dissipated as heat in the device. Such a pathway is 

particularly likely given the tendency of CuPc to form long, needle-like crystals both in the 

bulk and in vacuum-deposited thin films."* This type of growth would result in a very 
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rough surface upon which to deposit the PVK, and increase the surface area of CuPc 

available to dissolve in the chloroform. Given the rough texture of the ITO surface, these 

CuPc crystals may extend significantly into the PVK, and may interfere with the formation 

of a smooth PVK layer, subsequently preventing the formation of a sharp PVK/Alqj 

interface. Given these issues, a definitive conclusion as to the benefit of using CuPc as an 

additional HTL cannot be made unless a method for depositing a uniform CuPc layer onto 

ITO can be found, and a more suitable solvent (which does not dissolve CuPc) can be 

found fi-om which to deposit the PVK layer. 

A second approach to reducing the hole injection barrier into the HTL, as well as 

improvement of the Ohmic contact at the ITO/HTL interface, was modification of the ITO 

surface by deposition of a high workfiinction metal, in this case Au. The Au work 

fiinction of 5.1 eV is higher than that of ITO by ca. 0.4 eV, reducing the barrier to hole 

injection into the HTL. Also, the workfiinction of Au is accurately known, while the 

workfiinction of ITO can vary greatly depending on composition and on impurities chemi-

and physisorbed to its surface. The disadvantage to modifying the ITO surface with a 

metal such as Au is that although Au does not absorb visible light, it scatters light 

effectively due to its high reflectivity, reducing the amount of forward light output. 

Therefore, submonolayer coverages of Au on ITO were used to minimize this problem. 

Figure 4.6 compares the current-voUage behavior of an ITO/Au/PVK/Alqj/Mg OLED 

with the two devices discussed above. All layer thicknesses are identical to those for the 

previous two devices, and the 3 run thick Au layer was vacuum evaporated. The turn-on 



191 

voltage of the OLED with the metallated-ITO anode is considerably higher than for the 

other two OLEDs (ca. 7.5 V vs 5 V). The light output-voltage behavior of this device 

(shown in Figure 4.7) mimics its I-V behavior, with light output detected at ca. 7.5 V, and 

is less than that observed for the other two OLEDs at all biases. These results are 

surprising considering the Au should reduce the hole injection barrier by pinning the anode 

workfiinction at 5.1 eV. 

Based on the location of the Au workfiinction between that of ITO and CuPc, a 

final OLED structure was fabricated using both Au and CuPc: 

ITO/Au/CuPc/PVK/Alqj/Mg. The current-vohage and light output-vohage curves for this 

device are shown in Figures 4.6 and 4.7, respectively, with those of the three OLEDs 

described above. Use of both Au and CuPc results in a comparable turn-on voltage to the 

representative device and to the OLED with Au-modified ITO, as seen in Figure 4.6, but 

with a steeper increase in the current density as the applied bias is increased compared 

with these devices. As a result, the light output-voltage curve increases more steeply, and 

the observed light intensity is nearly as great as that for the unmodified OLED, despite the 

two additional layers present. 

To determine whether or not the above modifications consistently affect OLED 

behavior for other HTAs, the same set of experiments was performed using TAPC as the 

HTL. The two HTAs were chosen for comparison since both are commonly used, but 

particularly because the barriers to hole injection at the ITO/HTA and HTA/LM interfaces 

are markedly different. As seen in Figure 4.1, and choosing Alqj as the lumophore of 
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interest, the TAPC HOMO level lies approximately halfway between the ITO Fermi level 

and the Alqj HOMO level, while the PVK HOMO level is almost identical to that of Alqj. 

Therefore, in the TAPC device, ca. half of the energetic barrier must be overcome at each 

interface, while in the PVK device almost all of the energetic barrier must be overcome at 

the rrO/PVK interface. 

As above, OLEDs were made by incorporating a layer of CuPc between ITO and 

TAPC (TTO/CuPc/TAPC/Alqa/Mg), depositing Au on the ITO substrate 

(ITO/Au/TAPC/Alqj/Mg), and using both Au-modified ITO and the additional CuPc layer 

(IT0/Au/CuPc/TAPC/Alq3/Mg). The results were surprisingly different for TAPC and 

PVK OLEDs. As discussed above, the OLED using CuPc/PVK as the HTL has a lower 

turn-on voltage than a device using only a layer of PVK. However, an increase in the 

turn-on voltage and a decreased external quantum eflBciency are observed when the 

additional CuPc layer is included in the TAPC device. Similar degradation of device 

performance is seen in TAPC OLEDs when Au-modified ITO or a combination of Au-

modified ITO and CuPc is used. These results can be understood in terms of the band 

diagrams for each device under an applied voltage. Figures 4.8 and 4.9 show the band 

diagrams for the ITO/PVK/Alqa/Mg and ITO/TAPC/Alqj/Mg devices in the pre-contact 

state and after contact under a 4V applied bias, while Figure 4.10 gives the analogous 

post-contact diagrams for the ITO/Au/CuPc/PVK/AIqj/Mg and 

ITO/Au/CuPc/TAPC/Alqa/Mg devices. The pre-contact values shown are those 

determined fi-om the UPS and optical experiments. The Fermi levels (Ef) of the PVK and 
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Alq3 are not known, so it is assumed that they lie at the center of the bandgap. The 

uncertainty in these values is indicated by a tilda (~) above the Ef symbol. Without 

knowing the nature and concentration of impurities in thin films of these materials, it is not 

possible to accurately predict the position of the Fermi level. Equilibration of the Fermi 

levels in each layer and subsequent band-bending at the interfaces upon contact are 

indicated in the post-contact diagram. The details of this process are discussed in Chapter 

1. The applied bias voltage (4V) was assumed to be evenly distributed across the device 

(i.e. the ITO Ef is pulled down 2V, the Mg Ef pushed up 2V), although this is not true in 

an actual device due to the different resistances of each layer.Under this assumption, 

the Mg Ef is raised suflBciently in energy such that the barrier to electron injection from 

Mg into Alqj is removed. Therefore, the device behavior should be dominated by the hole 

injection barriers shown in the band schematics. As seen in Figure 4.8, there is still a 

barrier to hole injection from ITO into PVK after the application of the 4 V bias, while 

Figure 4.9 indicates that the ITO Fermi level is pulled below the HOMO energy of TAPC 

under the same applied bias. When the Au-modification and CuPc layer are included, the 

Fermi level resulting from Ohmic contact between CuPc and the Au-modified ITO is 

pulled below both the PVK and TAPC HOMO energies under the 4 V applied bias. That 

an increased efficiency is observed for the modified PVK device, while a decreased 

efficiency is seen for the modified TAPC device compared with the typical OLED is best 

explained by the theory of Forrest, et al, that once the applied bias is sufficient to 

overcome the barriers to charge injection, OLED performance is primarily determined by 
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the transport properties of each layer.Hole mobility in CuPc is at least one order of 

magnitude less than that in TAPC (ca. 10"^ -10"* cmWs^ vs ca. 10"^ cmWs'°', 

respectively), so the additional CuPc layer increases the resistance to charge transport 

through the device, leading to a corresponding decrease in eflBciency, since the barriers to 

charge injection have already been overcome in the TAPC OLED. The addition of Au and 

a CuPc layer improves the PVK device, on the other hand, because a required applied bias 

to overcome the charge injection barriers has been lowered. 

4.4. UPS Investigation of the Alq/TAPC Heteroj unction 

As demonstrated above, knowledge of the pre-contact barriers to charge injection 

in OLEDs based on the absolute occupied and unoccupied states of OLED component 

materials can be reliably used to understand OLED behavior in the region below and near 

the turn-on voltage. However, heterojunction formation is generally accompanied by 

charge transfer across the interface during equilibration of the Fermi levels in the two 

layers, resulting in band-bending at the junction which may reduce or increase the barriers 

to charge injection across the interface. Therefore, knowledge of the actual frontier 

orbital discontinuities in the heterojunction, rather than estimations of these values from 

pre-contact bulk material energy levels, would give a more accurate picture of the charge 

injection barriers in OLEDs, and should lead to a better understanding of charge injection 

processes in these devices. One approach to determining the heterojunction 

discontinuities is to adjust the pre-contact values determined in Chapter 3 based on the 
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Fermi energies (E{) of tlie individual materials. Unfortunately, values of Ef are not 

available for most of these materials, and in some cases may not be readily determined 

using accepted techniques due to the low charge mobilities in their thin films."' A direct 

measurement of the discontinuity of the HOMO levels is possible by applying UPS to 

examine the shift of the occupied orbitals during heterojunction formation. As 

demonstrated below, the highest occupied levels of both materials comprising the junction 

can be monitored simultaneously, so that the absolute discontinuity in their HOMO 

energies is readily measured. 

The low binding energy region of UPS spectra taken during the formation of a 

TAPC/Alqj heterojunction upon deposition of TAPC onto an Alqj thin fihn are shown in 

Figure 4.11. This heterojunction was selected based on the apparent importance of the 

luminescent layer/hole transport layer interface for charge recombination in OLEDs, as 

discussed above, and the large pre-contact HOMO discontinuity of ca. 1.0 eV for TAPC 

and AlQa (see Figures 4.1 and 4.2 and Tables 3.2 and 3.4). The AIqj film was deposited 

first so that the growth of the TAPC HOMO peak, which occurs at a lower binding energy 

than that of Alq3, could be clearly observed. The spectrum for pure Alqj is shown at the 

bottom of Figure 4.11, followed by several TAPC coverages prior to the thickness 

required to give the pure TAPC spectrum shown at the top of Figure 4.11. The pre-

contact HOMO energies for Alqj (6.40 eV) and TAPC (5.67 eV) and their separation 

(0.73 eV) are indicated in the figure for the films grown during the heterojunction 

experiment. Surprisingly, the HOMO energy for Alqj measured here differs by a fair 
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amount from that given in Table 3.2 (6.65 eV), and by more than the error in the UPS 

technique (±0.15 eV). One possible explanation is that despite the technique of slowly 

increasing the coverages on Au and Ag until a constant Alq3 HOMO value was established 

(as discussed in Chapters 2 and 3), the initial coverages were suflBciently thick that UPS 

spectrum already exhibited signs of charging effects due to the low charge mobility in 

Alqj. This was one of the first compounds analyzed by this technique, so the signs of 

charging may not have been apparent at the time of the initial experiment. Nevertheless, 

the results on Au and Ag were consistent, so that these initially obtained values for the 

Alqj firontier orbitals were reported in Chapter 3. The UPS spectrum taken during this 

heterojunction study was also prepared by slowly increasing the Alq, coverage, but fewer 

coverages were analyzed, and the final coverage was minimized to achieve the bulk Alqj 

behavior and prevent charging upon addition of the next organic layer. The Alq3 UPS 

spectrum taken during the heterojunction study seemed to have sharper features in the low 

binding energy spectral region than the sample used for the results reported in Chapter 3, 

but a more thorough study using multiple coverages on Au and Ag is required to 

determine whether this newer value is a more accurate measure of the Alqj HOMO 

energy. Fortunately, since this study is concerned only with the Alqj and TAPC HOMO 

energy separation, so knowledge of the absolute energy of the Alqj HOMO peak is not 

critical. 

Based on the large pre-contact HOMO peak separation (0.73 eV) (indicated in 

Figure 4.11), it was predicted that the two HOMO peaks would remain well-resolved in 
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the heterojunction spectrum. However, as seen in the middle two spectra of Figure 4.11, 

the two peaks overlap considerably, indicating the transfer of charge across the interface. 

Due to this overlap, peak fitting was required to determine the HOMO peak positions 

within the heterojunction region. These values at the Alqj/TAPC heterojunction 

components (6.44 eV and 5.85 eV, respectively) and their separation at the junction (0.59 

eV) are also indicated in Figure 4.11. The reduction in HOMO energy separation at the 

heterojunction (0.59 eV) compared with the discontinuity expected based on the pre-

contact HOMO positions (0.73 eV) confirms that formation of the Alqj/TAPC 

heterojunction is accompanied by charge transfer at the interface. This is consistent with 

the assignment of Alqa as an n-type material and TAPC as a p-type material, with 

placement of the Alqj Fermi level above the center of the bandgap and the TAPC Fermi 

level below the center of the bandgap, rather than at the center of the bandgap (as shown 

in Figure 4.9). The absolute positions of the Fermi level in each material cannot be 

determined fi-om these measurements, so it is possible that one of the materials has a Fermi 

level significantly removed firom the bandgap center, while the other is basically intrinsic. 

Attempts to accurately determine the Fermi energies in these materials are currently 

underway. 

4.5. Electrogenerated Chemiluminescence (ECL) from Solutions Containing Both 
Hole Transport Agent and Lumophore 

As reported above, electrogenerated chemiluminescence (ECL) in pure solutions 

of the lumophores evaluated here was only observed for DP A, primarily due to the 
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instability of the lumophore radical cation based on the chemical irreversibility of the 

oxidation process. Several studies on solid-state OLEDs have demonstrated that charge 

recombination and light emission in these devices occurs at the luminescent layer/hole 

transport layer interface.These observations, coupled with numerable reports in the 

electrochemical literature of ECL from radical annihilation of anions and cations which are 

different molecular species'*'^, indicate that such reactions may occur between radical 

anion lumophore species (LM**) and radical cation hole transport agent species (HTA"*) 

to produce light at this interface in the solid-state OLED; 

LM- +HTA'*-»LM* + HTA-»LM + HTA + hv (4.1) 

If this process occurs, formation of the unstable lumophore radical cation is avoided, and 

the overall energy required to obtain light emission is reduced since the barrier to 

transferring a hole to a lumophore molecule is no longer necessary. Of course, the 

process shown in Equation 4.1 must be energy sufiBcient for producing the excited state of 

LM* that leads to light emission at the desired wavelength (i.e. production of the singlet 

rather than the triplet excited state). The HTAs studied above exhibited good reversibility 

in their electrochemical behavior, as evidenced by the reproducibility of the cyclic 

voltammagrams after several scans. Therefore, the electrochemical data in Tables 3.3 and 

3.5 were re-examined to determine whether there were any combinations of HTA 

oxidation potential  and lumophore reduction potential  which were energy sufficient  for the 

lumophore PL, and might therefore produce light under the proper conditions in mixed 

solutions ofLM and HTA. Formation of the HTA radical cation occurred at ca. 1.1-1.2 V 
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vs. N.H.E. for the three molecules studied. Therefore, the possibilities for ECL in mixed 

HTA/lumophore solutions were limited to lumophores with sufficiently negative reduction 

potentials. The quinolates and sulfonamide-substituted quinolates are the only compounds 

which fulfill this requirement. 

TPD was chosen as the HTA since its vohammetry was most reversible, while the 

two alummum complexes were used at the lumophore based on the prevalence of Alq, in 

the OLED community. Stoichiometric amounts of TPD and Alqj or Al(qs)3 to produce 

saturated acetonitrile solutions were used, with a scan rate of 10 V/s. No light was 

observed for the TPD/Alq, system, most likely due to complications involving the pre-

adsorption peak to the first reduction of Alqj (see Figure 3.9). In the case of AI(qs)3, 

cycling between the TPD oxidation potential and each of the three Al(qs)3 reduction 

potentials was performed. Figure 4.12 shows the cyclic voltammagram for a TPD/Al(qs)3 

solution cycled between the TPD oxidation potential and the third reduction potential of 

^(^5)3. (Voltammagrams for cycling only to the first or second reduction of Al(qs)3 were 

identical to that shown except for the number of reduction peaks visible.) The energy 

difference between the TPD oxidation potential and the first Al(qs)3 reduction potential 

(2.41 V) is just barely energy sufBcient to produce the required PL energy (2.47 V) within 

the errors of the experiments, while both the second and third reduction potentials are 

clearly energy sufficient. However, no light was observed for cycling between any of 

these potential differences. The questionable energy sufficiency of the first reduction, 

coupled with a low efficiency for light emission via the radical annihilation process, may 
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explain why no light is seen when cycling is limited to this reduction potential. The lack of 

observed light when more negative potentials are cycled is most likely explained by charge 

transfer and subsequent energy loss by the Al(qs)3 dianion or trianion before interaction 

with the TPD radical cation. This process is outlined below: 

Al(qs)3^ + Al(qs)3 Al(qs)3^* + Al(qs)3'" 

Al(qs)3^* + Al(qs)3 -• Al(qs)3'* + Al(qs)3'". 

The rapid cycling produces a small number of anions, so the probability is high that the di-

or trianion produced during the negative cycle sweep will encounter a neutral AI(qs)3 

molecule as it difiuses away from the electrode surface, and that charge transfer will occur 

to produce less energetic species in solution. 

As mentioned above, the failure to observe light from the working electrode for 

solutions of Alq3 and TPD in the electrochemical cell used here may result from the 

inefiBciency of the light emission process. Light emission may have occurred, but at 

intensities below those visible to the naked eye. Therefore, samples of these materials 

were sent to Ernest Ritchie in Dr. R. Mark Wightman's group in the Department of 

Chemistry at the University of North Carolina, Chapel Hill for analysis in a thin-layer 

electrochemical cell equipped with a high gain photomultiplier tube for measuring low 

light intensities. Light emission was observed for Al(qs)3''ATD** radical annihilation with 

an efiBciency of ca. 0.035 - 0.04 % (vs a 6.3 % efficiency for DPA^'/DPA*" annihilation in 

ACN/toluene). Minimal light output was also detected for the Alq3*"/TPD** reaction. 

Species adsorption to the electrode surface appears to be a limiting factor in the ECL of 
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both of these systems. ECL has also been observed for the Al(qs)3**/DPVBi** system (ca. 

0.16 % eflSciency), and for the DPVBi*'/DPVBi** reaction (0.13 % eflSciency). The ECL 

behavior in all of these systems (except Alq3*'/TPD*0 mimics that observed for previously 

studied systems. Other lumophores and hole transport agents are currently under 

evaluation to further address these issues. 

4.6. Conclusion 

Pre-contact energetic barriers to charge injection determined from UPS and optical 

measurements of the frontier orbital energies of OLED component materials were 

successfully applied to explain observed device behavior in a number of cases. The 

usefulness of this information appears to be limited in some cases, however, by the 

behavioral dominance of other parameters such as thin film morphology and charge 

transfer kinetics which vary for different materials and materials combinations. A direct 

measure of the HOMO offset was demonstrated for in-situ UPS measurements during 

Alqj/TAPC heterojunaion formation, and further studies should provide a more accurate 

picture of the extent of charge transfer upon heterojunction formation for these types of 

materials. Finally, the energy sufiiciency of hole transport agent radical cation/lumophore 

radical anion annihilation to produce light was demonstrated electrochemically for the 

Al(qs)3/TPD system. Success for this system, which is minimally energy sufficient, 

indicates that combinations of more energetic radical ions should lead to more efficient 

emission in solution and may provide a means of further understanding the processes 



which occur in solid-state OLEDs. 
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CHAPTERS 
ELECTRONIC STRUCTURE OF PHTHALOCYANINE/ 

PHTHALOCYANINE' HETEROJUNCTIONS 

5.1. Introduction 

Considerable efforts to create eflScient organic-based solar cells have continued, 

despite the low eflSciencies achieved to date (typically ca. 10*'-10"'%, and as high as ca. 

1%).'*'''^ The high molar absorptivity in the visible and infrared regions of the electronic 

spectnim of organic semiconductors, the ease of device fabrication compared with their 

inorganic counterparts, and, most notably, the ability to derivatize organic molecules to 

customize properties such as the absorption wavelength, the dark and photo

conductivities, and the positions of the occupied and unoccupied energy levels make 

organic materials attractive for photovoltaic applications.^'® However, despite the sizable 

body of work on organic photovohaics, the interfacial dark and photo-chemistry in these 

systems is only recently becoming well-understood.^'' A thorough knowledge of these 

processes is necessary to achieve the 5% efficiency required for organic solar cells to 

compete financially in applications currently using their inorganic counterparts'^", and to 

exploit organic photovoltaics in applications for which inorganic materials are 

inappropriate.'^' 

Since the materials used in organic photovoltaics are efficient light absorbers, a 

large number of excitons are formed in the solid upon illumination. The problem, then, is 
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separation of these charge carriers to produce a current. This is accomplished most 

effectively in organic photovoltaic devices at heterojunctions between thin films of two 

materials, one p-type and the other n-type. Differences in the energetic positions of the 

occupied and unoccupied levels in the p- and n-type materials facilitates charge separation 

at their interface upon illumination, and the application of a bias across the heterojunction 

allows for the collection of the separated charges. It is believed that exciton dissociation 

occurs via an electric field assisted process. Therefore, separation of the photogenerated 

charge is largely dependent upon structural defects, the nature and concentration of 

impurities, and the discontinuity of the energy levels at the organic/organic' interface, 

which can establish internal electric fields in the thin films.' Charge separation can also be 

( achieved by the external application of an electric field. Based on these considerations, 

knowledge of thin film morphology, impurity identities and concentrations, and the 

absolute energy levels of the occupied and unoccupied states for each of the organic layers 

is necessary to fully understand the dark and photo-chemical processes in photovoltaic 

devices. 

Of the organic compounds studied to date, phthalocyanines (Pc's) and perylene 

dicarboximides (PTCDI's) produce the best organic solar cells.® ' This has been partially 

attributed to the complimentary spectral regions covered by their absorption, leading to 

collection of a broad portion of the solar radiation spectrum. The large molar 

absorptivities of Pc's and PTCDI's result in the formation of a large number of excitons in 

the organic layers upon illumination, as evidenced by the large photocurrents observed in 
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thin films of these materials (with photocurrent yields as high as 90%).' High exciton 

dissociation quantum e€5ciencies for Pc/PTCDI bilayers have also been achieved, with 

yields as high as 80% reported for CHj-PTCDI/ZnPc heterojunctions.'^ As a result, 

much effort has gone into modifying Pc's, PTCDI's, and related molecules to increase 

organic solar cell efficiencies by improving exciton dissociation at Pc/PTCDI interfaces. 

Most of this work has focused on determining thin film morphology, identification of 

impurities and their concentration, and characterization of thin film electronic behavior by 

means of optical (absorption and fluorescence) spectroscopies, electrochemistry"-'^ and 

photoelectrochemistry '®-' ' -"* ' '^ ,  and dark and photoconductivity measurements." 

More recently, temperature-dependent thermoelectric power measurements have been 

used to assign thin film conduction type and absolute Fermi level positions vs vacuum." '* 

However, the absolute energetic positions of the occupied and unoccupied states of these 

materials have only been determined by UPS using an unreliable reference.'®*" 

Nevertheless, a correlation between the dark and photoconductivities of high-purity 

vacuum-deposited thin films and the UPS measurements in combination with 

electrochemical measurements was established." 

Recently, derivatization of unsubstituted zinc phthalocyanine (ZnPc, which exhibits 

p-type behavior) with electron-withdrawing groups has been accomplished to produce 

molecules whose conductivity is n-type. The structures of the molecules investigated in 

this chapter, ZnPc and two of its derivatives having n-type conductivity, are shown in 

Figure 5.1. Incorporation of electron-withdrawing groups into the ZnPc backbone is 
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Figure 5.1: Structures of tlie phthalocyanines under investigation in this ciiapter and 
several perylene derivarives of interest: zinc phthalocyanine (ZnPc), hexadecafluoro-
phthaiocyaninato-2inc(II) (FigZnPc), and tetrapyridotetraa2aporphyrinato-zinc(II) 
(TPyTAPZn). 
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accomplished in two ways: peripheral substitution of hydrogen atoms by the strongly 

electronegative fluorine atom (Fi^nPc), and substitution of carbon atoms in the 

benzenoid portion of the Pc ring by nitrogen atoms (TPyTAPZn). The formation of highly 

rectifying heterojunctions with improved photovoltaic properties depends upon optimizing 

the Fermi energy difference at the heterojunction interface. Evaluation of these new n-

type Pc's will increase the understanding of substituent effects on thin film frontier orbital 

and Fermi level energies, with the intent to direct future efforts to tailor these properties 

synthetically. 

This work provides the first results for the absolute energies of the occupied and 

unoccupied electronic states for the perfluorinated zinc phthalocyanine derivative FigZnPc, 

as well as more accurate values for ZnPc and TPyTAPZn, which have been analyzed 

previously, but through use of an inaccurate reference.'^" The first direct measurement of 

frontier orbital energetic position changes upon formation of the FjgZnPc/ZnPc 

heterojunction is also reported. A correlation, based on the Fermi energy separation 

determined by temperature-dependent thermopower measurements, between these results 

and the displacement of the pre-contact energy levels determined for the pure thin films is 

established. Finally, these results are used to understand the observed electronic behavior 

of the FjgZnPc/ZnPc heterojunction in vacuuo and under atmospheric conditions. 

5.2. UPS Investigation of Zinc Phthalocyanine and Two of Its Derivatives 

UPS spectra for ZnPc, FigZnPc, and TPyTAPZn are shown in Figures 5.2, 5.3, and 
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5.4, respectively. The well-defined HOMO and sub-HOMO peaks typically observed for 

phthalocyanine thin films are seen in the spectra ofZnPc and FigZnPc, while the 

TPyTAPZn HOMO is barely discemable, and the sub-HOMO levels are blended together, 

indicating a greater mixing of states in this molecule. 

The ZnPc HOMO and IP energies vs vacuum are 5.33 eV and 4.93 eV, 

respectively, and represent values for a-phase ZnPc since the depositions and 

measurements were performed at room temperature.'® These values lie closer to vacuum 

than those reported previously by Schlettwein, et al'^" (6.29 eV and 5.69 eV, 

respectively). The earlier UPS experiments were performed using the Au Fermi edge as a 

reference. However, this method requires that the fihns deposited be sufiBciently thin as to 

allow for observation of the Au Fermi edge, as well as the peaks due to the occupied 

states of the molecule of interest. Also, deposition of the insulating organic thin film on 

the Au substrate leads to charging of the surface and subsequent shifting of the spectrum 

and the Au Fermi edge, as well as blurring the Au Fermi edge somewhat so that it is not 

well-defined. Therefore, only very thin films may be analyzed using this method, and the 

assumption that the position of the Au Fermi edge remains fixed fails to account for 

variations in the interaction of different organic overlayers with the Au substrate. The 

applied bias method used here (as described in Chapter 2) provides a consistent internal 

reference independent of the substrate used and allows for sufiBciently thick films to be 

analyzed that energetic positions for the occupied states in the bulk material can be 

determined. The values reported here are averaged results for several samples on both Au 



I l l  

and Ag substrates in the thickness-independent regime. Therefore, these results more 

accurately describe the absolute energetic positions of the occupied frontier orbitals for 

thin films of these molecules. 

The ZnPc HOMO position reported here is also lower than that of 6.00 eV derived 

from UPS measurements by Koch, et al'^, probably due to differences in sample thin film 

microstructure; however, it is in good agreement with values derived from the first 

oxidation potential of ZnPc thin films: 5.34 eV'^ and 5.43 eV." Similarly, the HOMO 

and IP energies for TPyTAPZn determined here (5.74 eV and 5.18 eV, respectively) are 

significantly different than those previously reported by Schlettwein, et al'® (6.58 eV and 

4.91 eV, respectively), for the reasons stated above. 

The FjgZnPc HOMO and IP values are 6.88 eV and 6.35 eV, respectively, and 

were first determined in this group. The absolute energies of the HOMO and IP vs 

vacuum for these three compounds as thin films are given in Table 5.1. The effect of 

introducing electron-withdrawing substituents on the absolute binding energy of the 

HOMO is shown in Figure 5.5, where the UPS spectra for the three compounds 

(corrected for the high binding energy electron emission onset) are plotted in the low 

binding energy region. Substitution of electron-withdrawing substituents into the tt-

electron system of the Pc ring (the N atoms in the benzenoid portion of TPyTAPZn) does 

not appear to shift the HOMO and IP significantly, while peripheral substitution (the F 

atoms in Fi^ZnPc) leads to a shift of 1.55 eV toward higher binding energies. The 

substantially larger shift observed for the Fj^jZnPc frontier orbital binding energies may be 



Compound HOMO 
(eV) 

IP 
(eV) 

Photoabsorbance 
maximum" (eV) 

Photoabsorbance 
state (eV) 

E, (vac)" 
(eV) 

Ef(0,)" 
(eV) 

ZnPc 5.33 4.93 1.82 3.51 4.7 5.3 

FjjZnPc 6.88 6.35 1.52 5.36 5,4 ca. 5.4 

TPyTAPZn 5.74 5.18 1.84 3.90 

Table 5.1; Fronlier orbilal and Fermi energies for ZnPc, FjaZnPc, and TPyTAPZn. 
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partially attributable to the strong electronegativity of F and the greater extent of electron-

withdrawing group substitution, as well as the substitution position. The observed 

HOMO stabilization of ca. 0.1 eV per F atom substituent in FigZnPc concurs with 

theoretical predictions of a 0.1 - 0.2 eV shift per fluorine atom for fluorinated 

porphyrins.Despite observed differences in electronic behavior, the influence of 

electron-withdrawing groups on the optical band gap is small'"'", as seen in Table 5.1. 

Figure 5.6 shows the absolute energetic positions of the HOMO, IP, and 

photoabsorbance state (PAS) for ZnPc, TPyTAPZn, and Fi^ZnPc. The low energy 

absorption maxima and photoabsorbance state energies for these materials in thin film 

form are reported in Table 5.1. The HOMO and IP of TPyTAPZn and FjgZnPc lie farther 

fi"om vacuum than those of ZnPc, consistent with a decrease in electron density in the Pc 

ring TT-system due to the electron-withdrawing substituents.'" Molecular orbital 

calculations confirm these results. 

The positive Seebeck coefBcient observed in thermoelectric power measurements 

verifies the p-type conductivity of ZnPc, while the negative Seebeck coefficient observed 

for TPyTAPZn and FjgZnPc indicate n-type conductivity in these materials." Dopant 

levels of contaminants are believed to control Pc conductivity, despite extensive measures 

to prepare high-purity materials and thin films.^'' These results are consistent with the 

UPS/optical results. The ZnPc frontier orbitals lie closest to vacuum, and the density of 

acceptor impurity states close the HOMO state is suflBcient to oxidize the film, resulting in 

p-type conductivity. The frontier orbitals of FjgZnPc are well-removed from the vacuum 
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level due to the strong electronegativity of the F atom substituents, so that it can readily 

accept electrons from donor impurities, and n-type conductivity is observed. The frontier 

orbitals of TPyTAPZn lie intermediate to those of ZnPc and FjgZnPc, but its PA state at 

3.90 eV is almost identical in energy to the energy for O2 reduction (3.88 eV). The 

decrease in conductivity of TPyTAPZn thin films upon exposure to O2 indicates a partial 

charge carrier compensation by O2, and a similar result is observed for F,<sZnPc thin 

films." However, dark and photoconductivity measurements show that the reaaion of Oj 

with TPyTAPZn occurs much more quickly than with FigZnPc'', consistent with the 

frontier orbital positions determined here. 

A correlation between HOMO position and conduction type is evident based on 

these results in combination with those for other Pc's reported elsewhere"®: Pc's with 

HOMO bmding energies less than 5.5 eV from vacuum exhibit p-type behavior, while 

those with HOMO energies larger than ca. 5.7 eV are found to be n-type. This correlation 

between HOMO position and conduction type has been reported previously'®, and the 

trend m these results is consistent with the earlier findings, although the absolute HOMO 

positions differ. Insulator behavior is typically observed for p-type Pc's (HOMO <5.5 

eV), which exhibit conductivities below 10"'° Q*'cm** when deposited in vacuuo, and in 

which the dark conductivity increases by up to four orders of magnitude following O2 

exposure.In contrast, n-type Pc thin films (HOMO > 5.7 eV) exhibit high dark 

conductivities (ca. 10"* Q"'cm*'), which drop upon O2 exposure.'®*'̂  

Apparent Fermi energies (Ef) for ZnPc and FjsZnPc measured by temperature-
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dependent thermopower measurements both in vactmo and under oxygen" are indicated 

in Figure 5.6. These are termed "apparent" Fermi energies because the thermopower 

technique measures the average energy of impurity levels in the sample, and is not a direct 

determination of the thin film Fermi energy. The ZnPc Ef in vacuuo lies below the center 

of the bandgap, as is typical for p-type materials, by ca. 0.4 eV. After exposure to O2, the 

Ef is pulled down toward the valence band by ca. 0.6 eV. This is explained by the 

depletion of electrons due to trapping at O2 impurity sites, consistent with the observed 

increase in conductivity of ZnPc thin films (in which the majority carriers are holes) 

following O2 exposure.""  ̂ The in vacuuo Ef ofFigZnPc lies above the center of the band 

gap, as expected for an n-type material, just below the conduction band edge, and does 

not appear to change significantly upon exposure to 02-"  ̂ This is consistent with the 

small change in conductivity of FigZnPc thin films following exposure to air. However, 

attempts to accurately determine Ef for FigZnPc under have failed due to rapid 

desorption of Oj fi'om the F,<jZnPc thin film following exposure."  ̂

5.3. UPS Investigation of the F,^nPc/ZnPc Heteroj unction 

The low binding energy region of UPS spectra taken during the formation of a 

FijZnPc/ZnPc heterojunction upon deposition of ZnPc onto a FigZnPc thin film are shown 

in Figure 5.7. The Fĵ ZnPc film was deposited first so that the growth of the ZnPc 

HOMO peak, which occurs at a lower binding energy than that of FigZnPc, could be 

clearly observed. Clearly resolved fî ontier orbital peaks were expected for the 
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heterojunction, based on the large separation in HOMO energy positions measured for 

single-component thin films of the two molecules ( > 1.5 eV, indicated in Figure 5.7). 

However, while both peaks are discernible for low ZnPc coverages, they are not 

completely resolved so that fitting was necessary to determine the positions of the peaks. 

The F,gZnPc/ZnPc HOMO peak separation of 0.83 eV observed upon formation of the 

heterojunction is also indicated m Figure 5.7. 

The significant difference in the pre-contact (1.55 eV) and equilibrium (0.83 eV) 

HOMO energy separations in the F,jZnPc/ZnPc heterojunction is explained by the relative 

positions of the Fermi levels in pure films of each material (see Figure 5.6). Upon 

heterojunction formation, the Fermi levels in the two films equilibrate, and the fi-ontier 

orbital positions shift proportionately, and in the same direction, as Ef in each material, 

except for the bandedge near the junction (which is pinned), leading to classic 

bandbending at the interface. Figure 5.8 illustrates this concept for F,gZnPc/ZnPc 

heterojunction formation. The first schematic indicates the pre-contaa fi-ontier orbital 

positions and Fermi energies for each material in vacuuo, as well as the HOMO energy 

separation of 1.55 eV. The shaded area within the band diagram of each material is 

indicative of the density of traps within the bandgap. When the Fermi levels are allowed 

to equilibrate, as illustrated in Figure 5.8, the HOMO energy separation is reduced to 0.85 

eV, which is nearly identical to the value of 0.83 eV determined fi-om the UPS 

measurements. Note that the absolute positions with respect to vacuum of the fi-ontier 

orbitals in the bulk of the thin films remains constant, but that their positions relative to 
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each other in the hetercjunction have changed due to equilibration of the Fermi levels. 

These results are consistent with the rectifying behavior observed for an 

ITO/FigZnPc/ZnPc/Au photovokaic device."  ̂ The rrO/FijZnPc and ZnPc/Au 

heterojunctions are both known to be Ohmic '̂̂ , therefore, rectification occurs at the 

F,gZnPc/ZnPc interface. Forward bias corresponds to the application of a positive 

potential to ITO'̂  (FjgZnPc) (a negative potential to Au), as shown in Figure 5.8. Based 

on the relative Fermi level positions, the FjgZnPc/ZnPc heterojunction is also predicted to 

be Ohmic. The observed rectification is explained by the formation of localized charge 

states via a chemical reaction between FjgZnPc (a strong electron acceptor) and ZnPc (a 

strong electron donor)" :̂ 

FifiZnPc + ZnPc Fi5ZnPc~/ZnPc'̂ . 

The localized charge then consists of charge-transfer complexes between the molecular 

species (F,fiZnPc~/ZnPc )̂ or deep hole or electron traps formed from their decomposition 

products. Due to the localized nature of these charged states, a built-in electric field (Vy, 

indicated in Figure 5.8) is formed across the interface, leading to the observed forward and 

reverse rectification behavior. Positive polarization of ITO (FigZnPc) compensates V«, 

and corresponds to the observed forward bias direction. Under white light illumination, 

excitons formed at the F,gZnPc/ZnPc interface are separated, and Vy drives electrons into 

ZnPc and holes into FjgZnPc. 

In the dark, a strong rectification (rectification ration, = 2000) is observed at 

+1.0 Anderson, et al, have reported a rectification ratio of 100 at +5 V for 
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FgCuPc/CuPc and FgCuPc/NiPc heterojunctions."' These resuhs indicate that further 

separation of the Pc Fermi energies and frontier orbital positions by additional substitution 

of electron-withdrawing groups leads to improved photovoltaic behavior. The measured 

maximum open circuit voltage (VoJ of 25 mV"  ̂is significantly less than the Fermi energy 

difference of 700 mV between FigZnPc and ZnPc, indicating that charge recombination 

dominates the observed behavior.'̂  

As mentioned above, under atmospheric conditions the position of the Fermi level 

may differ from that in vacuuo due to the influence of dopants such as O2. The relative 

equilibrium positions of the frontier orbitals of at a FigZnPc and ZnPc heterojunction will, 

therefore, also be different. As seen in Figure 5.6, under atmospheric conditions, the 

Fermi level of ZnPc moves toward the valence band, while that of Fî ZnPc remains nearly 

constant. The result of the fairly large downward shift of the ZnPc Ef is that under O2 the 

Fermi levels of ZnPc and FjgZnPc are nearly identical (only 0.1 eV difference). This small 

difference in Fermi energies explains the low photovoltage observed for the ZnPc/FigZnPc 

heterojunction."' The equilibrium band structure diagram under these conditions is shown 

in Figure 5.8 for comparison, and the expected FigZnPc/ZnPc HOMO separation of 1.45 

eV is indicated. 

Based on Figure 5.8, the open circuit polarity for the device would not be expected 

to change; however, post-atmospheric exposure, the observed polarity is opposite'̂ " to 

that of the device in vacuuo, so that Au (ZnPc) is now positive, ITO (FigZnPc) negative. 

The error in measuring Ef (± 0.2 eV) is sufficient to explain this discrepancy, since the 
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relative positions of the Fermi levels with respect to vacuum are nearly identical. 

Following atmospheric exposure of a F,gZnPc/ZnPc heterojunction prepared and analyzed 

in vacuuo (with the ZnPc layer on top), essentially no change in the relative HOMO 

positions was observed. Although the ZnPc overlayer used for this experiment was thin, 

the brief exposure to air (less than 10 minutes) may have been insuflScient to allow for gas 

penetration into the film to reach equilibrium. Antohe and Tugulea''̂  report that 

formation of a rectifying Pc/porphyrin heterojunction requires doping of the Pc at the 

junction by at minimum a 60 minute exposure to air of the Pc layer prior to deposition of 

the porphyrin. Based on this, much longer exposure times for the heterojunction, 

exposure of the F,gZnPc layer to air prior to deposition of the ZnPc layer, or deposition of 

the layers under a small Oj pressure will be required to accurately determine the relative 

positions of the FjgZnPc and ZnPc occupied frontier orbitals under atmospheric 

conditions. 

5.4. Conclusion 

The absolute energies (vs vacuum) of the occupied and unoccupied fi-ontier 

orbitals of ZnPc, Fĵ ZnPc, and TPYTAPZN were determined using UPS in combination 

with optical spectroscopy. The use of these pre-contact values, in combination with 

known Fermi energies, to accurately predict the HOMO position offset for a 

heterojunction between ZnPc and FigZnPc was demonstrated. Furthermore, these results 

explain the observed electrical behavior of this heterojunction in vacuuo and under 
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atmospheric conditions. As a result, a more thorough understanding of organic/organic' 

heterojunction formation and behavior has been accomplished, and these methods can be 

used to characterize other junctions of interest and predict their electrical behavior. 
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CHAPTER 6 
EPITAXIAL GROWTH AND CHARACTERIZATION OF 

INORGANIC/INORGANIC, ORGANIC/INORGANIC, AND 
ORGANIC/ORGANIC HETEROJUNCTIONS 

6.1. Introduction 

Devices based on precisely generated and controlled optical and electronic signals 

are necessary to meet increasing demands for faster signal generation and processing and 

higher capacity memory storage. Some of these needs are being met through 

improvements in the existing technology based on inorganic materials, but the 

development of devices based on organic materials has also been pursued to exploit the 

versatility of these materials. Hybrid devices which incorporate a combination of organic 

and inorganic layers are most promising, so that newer technologies can be mated with the 

existing Si-based technology, and the advantages of both types of materials exploited. 

The influence of morphology on the optical and electronic properties of organic 

thin films is well established.̂  As a result, the growth and characterization of well-ordered 

organic thin films and multilayer assemblies of thin films has attracted considerable interest 

for the study and optimization of energy transfer for application in organic photovoltaic 

and electroluminescent display devices, and for the development of new photonic and 

electronic materials. More recently, quantum confinement in organic multilayer assemblies 

has been exploited to produce an optical logic device."  ̂

Self-assembly (SA) and Langmuir-Blodgett (LB) techniques are well-known 
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methods for fabricating ordered organic thin films; however, long-range order using these 

techniques can only be achieved by the addition of long side-chains to the molecules of 

interest, and solvent may remain trapped within the layers, even after extensive baking. 

Developments in vacuum technology and electron spectroscopies have made it possible to 

prepare and characterize ordered thin films of many molecules of interest, without the 

need for derivatization, using the molecular beam epitaxy (MBE) technique. High-purity 

thin films can be grown by the MBE technique due to the low density of impurities present 

in the vacuum environment, while precise control over conditions such as substrate 

temperature and deposition rate allow for specification of the molecular ordering within 

the thin fihn. 

The structures of several classes of organic molecules which are of primary interest 

for photonics and electronics applications have previously been shown in Figure 1.1. 

These include the phthalocyanines (Pc's) and naphthalocyanines (Nc's), 

perylenetetracarboxylic dianhydride (PTCDA) and its diimide derivatives (PTCDI's), the 

quinolates, and buckminsterfiallerene (Cgo)- In addition to the dark and photoconductive 

behavior and light absorption and emission properties which make these attractive 

materials, they are all amenable to vacuum deposition to form well-ordered thin films on a 

variety of substrates. This ability seems to follow fi-om a combination of factors. In all 

cases, the bulk crystal structure of these molecules contain a fiat-lying plane of molecules 

along one of the crystal faces. This natural tendency toward planar packing seems to 

facilitate similar packing on an appropriate substrate surface, as well as layer-by-layer 
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growth of subsequent layers. In addition, the planar packing adopted by the molecules is 

favored due to strong molecule-molecule interactions. These intermolecular attractions 

are most fully exploited by choosing substrates which are inert by virtue of a lack of 

dangling bonds and/or strongly reactive/interactive species, so that the overlayer structure 

is determined primarily by intermolecular interactions within a single layer rather than 

interactions between single molecules and the substrate. 

Epitaxial films of many organic molecules, ranging in size from small aromatic 

molecules such as benzene to much larger molecules like the naphthalocyanines and 

perylene dicarboximides, have been prepared on a variety of substrates, and various 

growth modes have been identified.'̂  More recently, differences in the strength of 

intermolecular interactions within a layer and interactions between individual molecules 

and the substrate have been exploited in controlling thin film morphology. While a 

considerable body of work now exists concerning single-layer organic thin films, many of 

the applications mentioned above require multilayer assemblies of organic layers. Much of 

the work in this area has focused on multilayers in which the individual layers are 

amorphous, since these are the simplest type of layer to make. The preparation of 

multilayer assemblies of epitaxial layers is more challenging, but promises greater control 

of the optical and electronic properties of these materials. 

The structures of several molecules which have attracted recent interest for the 

formation of well-ordered superlattice assemblies for electronic and photonic applications 

are shown in Figure 6.1. The tri-valent metal phthalocyanines (XMPcs) such as CllnPc 



XMPc 

Figure 6.1; Structures of the molecules studied in this chapter tri-valent metal 
phthalocyanine (XMPc; CllnPc: X = CI, M = In) and buckminsterflillerene (Cgo)-
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have already been successfully employed in organic photovoltaic devices, and as a result 

their optical and electronic properties have been well-characterized. In particular, the 

optical properties of CUnPc are strongly dependent upon the packing of the Pc molecules 

in thin film form. The recently discovered molecule is of interest because its optical 

behavior is complementary to that of CUnPc, so that the potentially unique optical 

behavior of CUnPc in superlattice assemblies with Cgo can be characterized without 

interference. Preparation of epitaxial Cgo thin films should also be straightforward, since 

its spherical shape and atom homogeneity indicate that it should prefer to form 

hexagonally closest packed layers in thin film form. 

This work represents one of the first successful attempts to produce multilayer 

assemblies consisting of well-ordered layers of two different organic molecular materials. 

Results for the growth and characterization of several inorganic/inorganic' (where the 

prime (') indicates a structurally unique material in comparison with the unprimed 

material), organic/inorganic, and organic/organic' heterojunctions are presented in this 

chapter. Proposed packing structures are presented, and a correlation between overlayer 

packing structure and substrate symmetry is established. The relationship between thin 

film absorption spectra peak width and observed loss of epitaxy by electron diffraction is 

discussed, as well as limitations on the extent of crystallinity as determined by limitations 

in substrate preparation. Finally, sustained epitaxy during subsequent multilayer growth of 

CUnPc and C50 thin films up to ca. 6 layers (i.e. substrate/(ClInPc/C6o)3) is demonstrated, 

and the reasons for loss of epitaxy beyond this point are examined. 
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6.2. Epitaxial Inorganic/Inorganic' Heterojunction Formation 

The muscovite composition of mica (KAl2(OH)2(SiA10io)) was chosen as the 

substrate for much of this woric due to its optical transparency, which allows for 

spectroscopic characterization of the organic overiayers, and its layered structure, which 

readily cleaved to expose a clean surface. The cleavage plane of mica, shown in Figure 

6.2, consists of a hexagonal array of potassium ions (K*) with a pseudo-hexagonal array of 

oxygen atoms directly below.'" As a result of this hexagonal arrangement of atoms, the 

mica surface is sbc-fold symmetric, and is characterized by two crystallographic directions: 

the [100] and [010] directions, shown in Figure 6.2. The surface unit cell is also indicated 

in the figure. 

The RHEED pattern for a freshly cleaved mica surface with the electron beam 

aligned along the [100] direction, shown in Figure 6.3, consists of a hemisphere of well-

defined spots, indicative of a flat, well-ordered surface.̂ * Since the resolution of the 

camera and frame grabber system used to capture the RHEED images is significantly 

better than that of the printer used to produce the copies here, all images have been color 

inverted (the actual diffraction image appears white on a dark background) and filtered to 

provide the best quality laser printout. The observed spacing between diffraction spots is 

e 

consistent with the known mica lattice parameter of 9.04 A. A set of more widely spaced 

spots is observed upon rotation of the substrate by 30°, consistent with the smaller real 

lattice spacing along that direction. The sharpness of the diffraction spots was used as an 

indication of the overall quality of the mica substrate. The fact that only the top layer of 
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Figure 6.2: Surface stmcture of muscovite mica. O = oxygen, 0 - potassium. 
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Figure 6.3: RHEED pattern for a freshly cleaved mica surface looking down the [100] 
direction. 
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the mica (the positively charged potassium atoms) is visible in the difO^ction pattern 

demonstrates the sensitivity ofRHEED to just the uppermost layer or two of the sample 

sur&ce. Contributions from the pseudo-hexagonal oxygen layer would have resulted in 

the observation of additional spots or streaks in the [100] diflB^ction pattern, as well as a 

more complicated RHEED angular dependence. 

However, for the reasons described above, an inert substrate (unlike the positively 

charged mica surface) is, in general, preferred for epitaxial growth of the organic 

molecules of interest. For this purpose, tin disulfide (SnSz), which has an unusually large 

bandgap (2.2 eV") for a metal dicalcogenide, was chosen. As seen in Figure 6.4, the SnS, 

structure consists of layers of Sn atoms sandwiched between layers of hexagonally closest 

packed sulfur atoms, with a sulfur-tin-sulfiir spacing of 5.88 A."* The six-fold symmetric 

packing of sulfur atoms at the SnSj surface facilitates its epitaxial growth on the similarly 

symmetric mica surface. The lattice parameters for the exposed sulfijr surface (a, = aj = a 

= 3.65A) and the corresponding principal surface axes (the [2TT0], [1120], [1210] 

directions) are also indicated in Figure 6.4. 

The RHEED pattern of a SnSz film grown by the MBE method on mica, shown in 

Figure 6.5, consists of a series of evenly spaced vertical lines when looking down the mica 

[100] direction. The horizontal line profile of the RHEED pattern, which more clearly 

shows the peak positions of the diffraction lines, is also included in the figure. A RHEED 

pattern with larger line spacing is observed upon rotation of the sample by 30°. The S 

atom spacings of 3.16 A along the [100] mica direction, and 1.83 A for a 30° rotation 
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Figure 6.4; Side view of the layered SnS, structure showing the exposed sulfur surface, 
and top view of the SnSs surface showing the hexagonal S atom pacidng. 
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Figure 6.5; RHEED pattern with accompanying line profile for ca. 30 monolayers of SnS 
on mica. 
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from this direction based on these difi&action patterns are in good agreement with the 

values expected based on the known lattice spacings in SnSj given above."*-"' The 

observation of lines (rather than spots) in the diffî ction pattern indicates that the surface 

is somewhat disordered/* Lines may also be observed due to instrumental broadening as 

a result of the finite width of the electron beam and/or the kinetic energy spread of the 

beam/* However, the well-resolved spots observed in the mica RHEED pattern indicate 

that this is not the limiting factor in the experimental set-up used. Under non-ideal 

conditions or upon a loss of epitaxy, the observed RHEED pattern is characterized by a 

set of concentric hemispheres, with the resolution of the rings dependent upon the degree 

of crystallinity. The rings result from the formation of many microcrystalline regions of 

SnSz on the mica surface with an anisotropic distribution of directionality, leading to SnS, 

diffraction streaks along all mica directions (even non-axial), and ring formation from the 

overlap of streaks due to different microcrystallites. 

6.3. Epitaxial Organic/Inorganic Heterojunction Formation 

6.3.1. Epitaxial Growth of CUnPc on SnSj/mica 

In general, overlayer epitaxial growth is facilitated when both the substrate and 

either the overlayer molecule or its 2-dimensional unit cell have the same symmetry. 

However, epitaxial growth of symmetrically dissimilar materials should be possible for 

Van der Waals layered solids, in which the molecular interactions are strong within a 

single layer, while substrate-molecule interactions are much weaker. This is the case for 

the epitaxial growth of CllnPc on a SnSj substrate. The inert, hexagonally packed S atom 
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surface of SnSz meets the criterion of a weakly interacting substrate, while the bulk crystal 

structure of CUnPc contains flat-lying planes of square lattices with packing which is 

primarily determined by the interactions between adjacent Pc molecules. 

As seen in Figure 6.6, a series of closely spaced vertical lines with two bright spots 

at the top and bottom of the specular line are observed in the RHEED pattern for 

submonolayer coverages up to many (up to ca. 40 ML) monolayers of CllnPc along the 

[ll20] direction of an epitaxial SnSj/mica substrate characterized by the RHEED patterns 

shown above (see Figures 6.3 and 6.5). The smaller diffraction line spacing compared 

with that for SnSj is consistent with the much larger real lattice dimensions of the organic 

Q 
overlayer. The spacing of ca. 13.7 A between adjacent CllnPc molecules derived from this 

data is nearly identical to the Pc molecular width, and indicates that flat-lying square 

CllnPc lattices are formed. Given the weak interaction between the Pc overlayer and the 

SnSi substrate, the alignment of one of the CllnPc lattice vectors with that of the substrate 

indicates that step edge dislocations or terraces on the substrate may direct the growth of 

the Pc overlayer. However, an identical RHEED pattern is observed every 15°, 

complicating the interpretation of the RHEED data to unequivocally determine the 

molecular packing on the surface. 

Analogous experiments using low energy electron diffraction (LEED), which 

allows for simultaneous observation of diffraction along all of the surface azimuthal 

directions, on both the SnSi/mica substrate and naturally occurring SnSz confirm 

conclusions based upon the RHEED results and further refine the packing structure of 
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Figure 6.6; RHEED pattern with accompanying line profile for ca. 2 monolayers 
CUnPc on SnSj/mica. 
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CHnPc on The LEED studies indicate that CUnPc forms a coincident 3^2, 

R = ± 4° square lattice on SnSj, shown schematically in Figure 6.7, and that multiple 

crystalline CUnPc domains exist on the SnSj surface. Lattice vectors at and skj (̂ i ~ ̂ 2) 

refer to the SnSj substrate, while bj and bj (bj = b2) refer to the CUnPc overlayer. 

Specifically, the 3 x 2 notation above indicates that a CUnPc molecule located 3bi + 2b2 

lattice vectors away fi-om another CUnPc molecule lies over equivalent SnS2 lattice sites. 

The R (rotation) value of ± 4° means that the entire CllnPc lattice is rotated away from 

the SnSz azimuthal direction by this amount, as indicated in Figure 6.7. The term 

coincident indicates that the crystal structure of the CUnPc overlayer differs from that of 

the SnSj substrate, with the result being the observation of a different diffraction 

pattern" ,̂ as seen here. The existence of multiple CUnPc domains on the SnSj surface is 

indicated by the appearance of additional spots in the third and fourth Laue zones of the 

LEED pattern.̂ '"' Since there are three azimuthal SnSj surface directions, and the CUnPc 

lattice is rotated by ± 4° from the azimuth (two rotations for each of three azimuths), six 

equivalent CUnPc domains may be formed on SnSj. This explains the observation of an 

equivalent RHEED pattern every 15° during rotation of the SnSj substrate. This type of 

packing has also been observed for the epitaxial growth of CllnPc on MoSj (a, = a, = 3.16 

A), but with one of the CUnPc lattice vectors directly aligned with one of the MoSj 

azimuthal directions R = 

Several mechanisms have been proposed to explain the observed growth modes of 

CUnPc on the metal dicalcogenides based on STM images, which show the existence of 
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Figure 6.7: Monolayer and multilayer packing structures for epitaxial CUnPc films on the 
[0001] face of SnSj. 
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point and terrace defects on the metal dicalcogenide surface.Atomic defects sites at 

which one or two S atoms are missing were regularly identified in naturally occurring 

M0S2 and MBE-grown SnSz, and occasionally on the surface of melt-grown SnSj crystals. 

Basal plane terminations which extend for tens of Angstroms laterally across the surface 

have also been seen, typically with vertical heights of ca. 5.9 A, a distance which 

corresponds to the calcogenide c axis sulfur-metal-sulfur spacing. Whether the terrace 

sites consist of sulfur atoms or tin cations at the exposed surface edge remains unclear. 

One possible mechanism calls for a CUnPc molecule to deposit on the calcogenide 

with the halide atom pointing down toward the surface."' The heated substrate 

thermalizes the molecule such that it is able to move around on the surface. If the CllnPc 

molecule reaches one of the S atom vacancies at the surface, the protruding CI atom can 

become lodged in the gap, securing the CllnPc molecule at that position. The observed 

square lattice packing is then the result of nucleation of subsequently deposited CllnPc 

molecules around this "anchor". Interspersement of benzenoid portions of the Pc ring (see 

Figure 6.7) is thought to relieve the Coulomb repulsion between adjacent benzenoid 

lobes"', although RHEED and LEED cannot distinguish this arrangement fi"om the square 

packing geometry in which the benzenoid moieties are end-on. 

The other proposed mechanism is based on the use of the basal plane terminations 

as templates for ordered overlayer growth."' Due to the weak Van der Waals interactions 

between the substrate and overlayer, initially deposited overlayer molecules are free to 

move about the surface. Upon encountering a terrace on the surface, the molecules align 
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with the basal plane edge, and nucleation about Pc molecules thusly aligned result in the 

observed square lattice domains. Since these basal plane terraces can form along each of 

the calcogenide azimuthal directions, multiple overlayer domains are formed when square 

lattices which began nucleation at differently oriented azimuths coalesce. 

The second of these models most likely explains the results presented here due to 

the high density of basal plane terminations on the MBE-grown SnSj used in this study, 

and the preferential alignment of a Pc domain lattice vector with a SnSj principal axis. 

Nevertheless, Van der Waals interactions between the substrate and overlayer, as well as 

the ability to form coincident overlayer structures, may also play an important role in 

determining the most favorable overlayer packing. These interactions may explain the 

different orientation of the CllnPc lattice on SnSz and MoSj substrates observed in the 

LEED studies cited above.A further example of substrate influence is suggested in 

the RHEED and LEED data for epitaxial layers of CllnPc and CuPc (copper 

phthalocyanine), which indicate identical square lattice packing structures for these 

molecules on MoSj, but for growth on SnSz, CllnPc similarly adopts a square lattice 

structure, while CuPc does not appear to lie parallel to the SnSi surface."' This indicates 

that the substrate lattice constants (aj = aj = 3.65 A for SnSi; aj = aj = 3.16 A for MoSj), 

and therefore lattice mismatch, may influence overlayer packing based on Van der Waals 

interactions summed over large areas. The difference in lattice constants may also lead to 

a difference in the type of interaction which dominates the observed overlayer packing for 

a given substrate. For example, the missing S atom vacancy size is larger in SnS  ̂than in 
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MoSj, so that nucleation at these vacancies may be more important to thin film formation 

on SnSj. If this is the case, the failure to form flat-lying CuPc thin films on SnSz may be 

due to the lack of an axial halide ligand to insert into such a defect. 

Computer modeling has also been applied to the CUnPc/SnSj system to determine 

whether Van der Waal forces alone can account for the experimentally observed packing 

structure."  ̂ Calculations of the Pc-Pc interaction energy for various square lattice 

configurations consisting of nine molecular Pc units (a central Pc and its eight nearest 

neighbors) confirm that a square lattice with interdigitated benzenoid rings (shown in 

Figure 6.7) is the most favorable arrangement for nine Pc molecules. Use of this energy-

minimized Pc two-dimensional crystal structure to determine the Van der Waals 

interaction energy between a Pc overlayer and the SnSj substrate as a function of Pc 

lattice rotation ($) with respect to one of the principal surface axes of the underlying SnSj 

leads to an optimal arrangement of the CUnPc lattice at $ = ± 4° with respect to the SnSz 

azimuthal directions" ,̂ which is identical to the rotation determined from LEED 

measurements. These results indicate that the summation of Van der Waals forces 

between the substrate and overlayer, particularly over large organic lattices, may 

determine overlayer orientation, as well as the possible number of equivalent domains. 

The initial layer of CllnPc is thought to deposit with the chlorine atom sticking up, 

away from the SnSj substrate. Based on the bulk crystal structures of ClAlPc and 

ClGaPc'*̂  (which are also tri-valent metal Pes), the next CllnPc layer is thought to be 

shifted by Vi of a molecular unit in both the x and y directions (where the z direction is 
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peq)endicular to the SnSj surface), with the halide atom pointed down, and a separation of 

3.4 A between Pc rings in adjacent layers. Subsequent layer growth is then believed to 

occur via formation of successive alternating layers, shifted in the x and y directions as 

described above, as indicated in Figure 6.7. Since these subsequent Pc layers maintain a 

square lattice geometry, despite being shifted in the x and y directions, no change is 

observed in the RHEED pattern upon CUnPc multilayer formation. 

As mentioned above, CllnPc thin films could be epitaxially grown on the 

SnSj/mica substrate for thicknesses up to ca. 40 monolayers while maintaining the quality 

of the RHEED diffraction pattern shown in Figure 6.6. Deposition rates of less than ca. 1 

monolayer every 10 minutes, and minimal electron beam exposures were required to 

achieve the thickest of these films. Absorption spectra of these films (for coverages 

greater than 5-10 monolayers) were characterized by a peak at 758 nm with a shoulder at 

660 nm, and a HWHM of less than 60 nm.'"'®'"  ̂ This value is in excellent agreement with 

the absorbance maxima of 755 nm calculated for a CllnPc thin film with square lattice 

packing and the type of multilayer growth proposed in Figure 6.7."  ̂More rapid 

depositions rates, or long and/or frequent exposures of the film to the electron beam 

during growth generally resulted in a visible degradation of the RHEED pattern, with the 

observation of splotchy streaks (vertical columns of ill-defined spots), indicative of a loss 

of epitaxy. This loss of epitaxy was generally accompanied by an increased FWHM of the 

Q-band in the CllnPc absorption spectrum. Subsequent annealing of these non-epitaxial 

thin films rarely improved the initially obtained RHEED pattern, even for very thin CllnPc 
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coverages (submonolayer to 2-3 monolayers). The extent of thin film ordering indicated 

by RHEED is, therefore, directly related to the absorption peak shape and width. 

6.3.2. Epitaxial Growth of on SnS2/mica 

While epitaxial ultra-thin films of CUnPc (as well as other materials with 

architecture-dependent electronic and photonic properties) are reproducibly prepared by 

the MBE technique, there is considerable difficultly in maintaining epitaxy for the 

thicknesses required for most device applications. Small structural defects (i.e. impurities 

in the film which distort the ideal structure or grain boundaries which result from the 

coalescence of domains) are quickly propagated to produce disorder in subsequently 

deposited overlayers, resulting in loss of epitaxy and, therefore, of the well-defined optical 

and electronic thin film properties. These defects cannot be prevented completely, so that 

any organic thin film will eventually exhibit signs of disorder once a sufiBcient thickness is 

reached. One possible solution to this problem is the interspersement of a spacer layer 

with complimentary optical and electronic properties between thin epitaxial Pc layers. 

Growth of well-ordered ultrathin Pc films is then feasible because the disorder cannot 

propagate significantly, and the spacer layer provides a fi'esh surface upon which to 

deposit another well-ordered Pc thin film. As a result, the macroscopic properties of the 

multilayer assembly reflect those of a bulk crystalline Pc film when a complimentary spacer 

layer is used. 

The recently discovered Cgo molecule fits the abovementioned criteria for use as a 
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spacer molecule for CHnPc. It absorbs in the UV region at wavelengths below 400 nm, 

outside of the absorbance range of CUnPc. It is also vacuum compatible, with a bulk 

crystal structure which includes flat-lying planes of molecules. Epitaxial growth of Cgo 

has been accomplished on a variety of insulator (mica"', CaFiCl 11)'**, and the (001) 

surfaces of KCl, KBr, and NaCl"®), semiconductor (GaAs(l lO)'̂ -"' and Si(l 11)'̂ )̂, and 

metal (Au(l substrates. In general, the C^o overlayer adopts the packing of the 

close-packed hexagonal lattice plane of the Cgo bulk crystal structure. The similarity of 

results for substrates with markedly different surface properties confirm that the Cm 

overlayer packing is dominated by Van der Waals interactions between the molecules, 

although a weak substrate influence is also observed. For example, unidirectional growth 

is observed on sixfold synmietric substrates (i.e. MoS2(0001)), despite a large lattice 

mismatch, while several rotated domains form on the fourfold symmetric alkali halide 

(100) surfaces."'-"* The layer-by-layer nature of growth on Rh(l 11) has also been 

demonstrated.Therefore, despite the symmetry mismatch with CllnPc, Van der Waals 

epitaxy of on CllnPc, and vice versa, should be possible. However, before attempting 

this organic/organic' epitaxy, the preparation and characterization of crystalline C®, thin 

films was first carried out on the well-characterized SnSj/mica substrate. 

The RHEED pattern and its line profile for the epitaxial growth of C^o on 

SnSj/mica is shown in Figure 6.8. Well-defined streaks are observed along the SnSz 

[1 lIO] direction, indicating epitaxy with some surface disorder (since streaks, rather than 

spots, are seen"). An identical diffraction pattern, but with a wider streak spacing, is 



Figure 6.8; RHEED pattern with accompanying line profile for ca. 2 monolayers of Cgg on 
SnSj/mica. 
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seen upon rotation of the sample by 30®. The spacing between adjacent molecules of 

ca. 9.8 A based on the observed streak spacing in the C^o diffiaction pattern looking down 

the SnS; [11^0] direction is nearly identical to its diameter, indicating a close packing of 

molecules, while the angular dependence of the RHEED pattern is consistent with a 

hexagonally packed Cgg overlayer. LEED studies for the epitaxial growth of Cgo on 

naturally occurring M0S2 confirm these results."'-"' In both cases, the Cgo molecules are 

aligned with one of the calcogenide principal axes (R = 0°) and are arranged in a 

hexagonal array, as illustrated in Figure 6.9 for epitaxial Cgo growth on SnSj. A loss of 

epitaxy is indicated in the RHEED experiment by the observation of concentric 

hemispheres rather than streaks in the diffraction pattern. 

6.4. Epitaxial Organic/Organic' Heterojunction Formation 

The growth of organic/organic' superlattice assemblies is of interest for 

maintaining the epitaxial growth of an organic thin film such that it will exhibit specific 

optical and/or electronic properties, and for the unique optical and electronic properties 

these assemblies may have. Of particular interest is whether or not the organic molecular 

epitaxial growth demonstrated above on inorganic substrates can be maintained on an 

organic substrate. The interactions between an organic overlayer and an organic substrate 

are unique due to the large lattice spacings and diffuse Ti-electron surface density in 

organic crystals. Therefore, although the nature of the interactions between an organic 

overlayer and an organic substrate are still Van der Waals in nature, organic substrates 
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Figure 6.9; Packing stnicture of the first monolayer of C«, on the [0001 ] face of SnSj. 
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may influence overlayer ordering in a fashion different from that of inorganic substrates. 

In order to demonstrate the feasibility of preparing organic/organic' superlattices, the 

epitaxial growth of CUnPc on C50 and of Cfio on CllnPc is described below, with particular 

attention to the influence of the substrate on packing structure and the ability to maintain 

epitaxy over multiple periods. 

6.4.1. Epitaxial Growth of CUnPc on Cso/SnSj/mica 

Smce the optimal deposition temperature for Cgo was ca. 100-150°C higher than 

that for CllnPc, organic/organic' epitaxy was mitially attempted for the growth of CllnPc 

on Cfio- The Cgg substrate consisted of an MBE-grown thin epitaxial film of 0  ̂(ca. 1-2 

monolayers) on SnSj/mica, identical to those described in section 6.3.2. Epitaxial CllnPc 

growth on Cgo/SnS/mica was achieved for substrate temperatures near 100°C, identical to 

the optimal temperature for CllnPc growth on SnSj/mica. RHEED patterns identical to 

those described in section 6.3.1 (see, for example. Figure 6.6) were obtained, indicating 

that the packing structure of CUnPc on Cjo is identical to that on the SnSi/mica surface 

(see Figure 6.7). CllnPc epitaxy on the Ca/SnSj/mica substrate could be maintained for at 

least the 1-5 monolayers required to construct the molecular superiattices of interest, 

although no attempts were made to deposit thicker epitaxial CllnPc films on this substrate. 

This correspondence between the CllnPc growth mode on Ca, and M0S2 has also 

been obtained in LEED investigations."' That the CUnPc surface lattice is identical for 

deposition on both substrates indicates that the growth occurs via Van der Waals epitaxy. 
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More specifically, the overlayer packing is determined primarily by intermolecular 

interactions within the layer and not by interaction with the substrate, since same packing 

is observed regardless of substrate symmetry and lattice mismatch. However, attempts to 

grow CuPc on the Cgo/MoSj substrate resulted in amorphous film formation."' This can 

be explained if anchoring of the chlorine ligand in CUnPc in the gaps between 

molecules serves as a critical nucleating point for ordered Pc thin film growth. 

6.4.2. Epitaxial Growth of C«o on QlnPc/SnSj/mica 

Prior to attempting the epitaxial growth of Cgo on CUnPc, the stability of epitaxial 

CUnPc thin films on the SnSj/mica at the optimal Cgo deposition temperature (based on C®, 

deposition on SnSj/mica) of250°C was evaluated. No noticeable change in the CllnPc 

RHEED pattern was observed upon elevating the substrate temperature to ca. 150°C, 

while some degradation occurred at higher temperatures, as indicated by the initially sharp 

streaks becoming splotchy and less distinct. Attempts to deposit epitaxial C^o at these 

elevated temperatures, which were optimal for Cgo deposition on SnS/mica, generally 

resulted in polycrystalline films characterized by RHEED patterns consisting of concentric 

rings. 

Cfio growth at temperatures for which the ideal CllnPc RHEED pattern was 

maintained were then pursued. For temperatures meeting this criterion, the best Cgg 

RHEED patterns were obtained when the CllnPc/SnSz/mica substrate was held at ca. 

150°C, the highest temperature for which the CllnPc RHEED pattern remained sharp, and 
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closest to the optimal Cgo deposition temperature on SnSj/mica. The quality of the Cgo 

RHEED pattern under these conditions appeared to be nearly equivalent to that obtained 

for C<o on the SnSj/mica surface (see Figure 6.8), although the streaks were slightly less 

sharp. This quality of difiS-action pattern could be maintained for Cgo growth on the 

CllnPc/SnSj/mica substrate for at least 4-5 monolayers, sufficient for the formation of the 

desired superlattice structures. No attempts were made to sustain epitaxial Cgo growth 

beyond ca. 5 monolayers, so it is unknown whether preparation of thicker crystalline C^o 

thin films is possible. 

6.4.3. ClInPc/C£o Superlattice Assemblies 

The demonstration of Van der Waals epitaxial growth of one organic material onto 

a crystalline thin film of a different organic substance (see sections 6.4.1 and 6.4.2) was 

the first step in the formation of superlattice assemblies based on alternating 

organic/organic' layers. The correlation between RHEED and absorption spectroscopy 

data for organic thin film formation on organic' and inorganic substrates is particularly 

encouraging for the prospect of extending the growth of these bilayers into multilayer 

superlattice assemblies. However, the ability to maintain long-range ordering for multiple 

organic/organic' bilayers deposited onto a single substrate remains a key issue. 

Growth of multilayer assemblies with the composition (ClInPc/Cfio)ySnS2/mica 

was attempted under various conditions (i.e. substrate temperature, individual layer 

thickness, etc.), using the same deposition rates quoted above, in order to maximize n (the 
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number of CllnPc/Cgo bilayers). The best RHEED and optical results were obtained when 

the substrate temperature was held at 150°C, the optimal temperature for which sharp 

streaks are observed in both the CUnPc and Cgo RHEED patterns during successive 

deposition, for CUnPc and Cgo layer thicknesses of 1-2 monolayers. Under these 

conditions, diffraction streaks such as those shown in Figures 6.6 and 6.8 were observed 

for up to 5 lattice periods (ca. 3 bilayers). Beyond this point, the CllnPc RHEED pattern 

streaks gave way to splotchy streaks, and the streaks were replaced by very blurry 

streaks, concentric hemispheres, or a lack of diffraction features (indicative of an 

amorphous film). Absorbance spectroscopy data confirm these results. The CllnPc 

absorbance maximum broadens upon a loss of epitaxy indicated by the RHEED data, and 

the most narrow absorbance peaks are obtained for CllnPc layer thicknesses of 1-2 

monolayers.'®' There are many plausible reasons for this loss of epitaxy subsequent to the 

deposition of just a few bilayers of the multilayer assembly, and these are discussed in the 

following section. 

6.5. Reasons for Loss of Epitaxy 

Despite the excellent quality of the RHEED patterns observed for CllnPc growth 

on Cfio, and vice versa, during the initial characterization of these bilayer systems (see 

sections 6.4.1 and 6.4.2), these growth modes are apparently lost during the growth of 

subsequent layers. The most obvious explanation is that the substrate temperature during 

deposition (ISO'C) was a compromise temperature, rather than the optimal temperature 



for deposition of either material. Although the diffraction patterns for CUnPc and thin 

fikns at this temperature appeared to be nearly identical to those obtained for deposition at 

the respective optimal temperatures, small differences in streak quality and spacing may 

have been unresolvable given the limited coherence length required for sharp RHEED 

streaks to be observed. The limitation to determining long-range order using RHEED is 

the coherence zone diameter of ca. 100 so that a sharp pattern is observed as long as 

the area encompassed by the electron beam is ordered, without regard for the regions 

around that area. Due to restrictions imposed by the experimental set-up, the electron 

beam could only be rastered across a small region of the sample surface while still 

retaining the ability to look at the diffraction pattern. This, combined with the small area 

actually examined by the electron beam during a measurement, limit the applicability of 

RHEED in the determination of long-range surface order. Therefore, the RHEED pattern 

observed here may be due to islands of CUnPc molecules ca. 1000 A in size, rather than a 

smooth film across the entire sample surface. The 150°C substrate temperature was the 

high limit for obtaining and maintaining a well-ordered CUnPc thin film according to the 

RHEED data, while it was a very low limit for obtaining well-ordered Cgo thin films, so 

that some amount of disordering in either or both films may have occurred at this 

temperature that was not immediately detected in the experiment. As noted above for 

attempts to grow thick CllnPc films (see sections 6.3.1 and 6.3.2), even small structural 

defects are quickly propagated to limit long-range order in these thin films, and their 

affects are not immediately apparent in the RHEED experiment. 
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A second explanation for the inability to sustain epitaxy over many lattice periods 

in ClInPc/C«o superlattices is based on the dissimilar shapes of the molecules in the two 

layers, and the influence of their packing on subsequent layer deposition. In particular, the 

Cfio surface consists of the spherical shape of hexagonally closest packed spheres. The 

spherical shape of the C^o molecules results in a surface with undulations, rather than the 

nearly flat surface resulting from the packing most planar molecules adopt. The rows of 

e 

peaks and valleys, which have a peak to peak separation of ca. 9.8 A (the diameter of a 

molecule), form linear ridges along the surface. Since the "thickness" of the benzenoid 

ring of the CUnPc molecule is only ca. 3-4 A and the separation between ridges on the 

surface is ca. 9.8 A, the CllnPc molecules may tilt into the valleys, rather that lie flat 

across the Cjo surface. If this occurs, a defect is created on the surface which may serve 

as a nucleation site for CllnPc packing on the surface in which the Pc molecules are tilted 

away from the surface, rather than parallel to the surface with the preferred square lattice 

geometry. A combination of this type of growth with square lattice growth would lead to 

an uneven surface upon which to deposit subsequent layers, and surface regions with 

differing overlayer interaction characteristics. 

Finally, although RHEED characterization indicates the formation of a well-

ordered SnSz layer on the mica surface, the area covered by this crystalline film is of some 

concern. A potentially critical explanation for loss of epitaxy in both the single material 

films at larger thicknesses and the superlattice assemblies at even lower coverages is the 

quality of the SnS/mica substrate used as the template for all further film growth. 
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Recently, tunneling microscopies (STM and AFM) have been used to evaluate the 

smoothness of epitaxial metal dicalcogenide thin films on the mica surface. These studies 

have shown that SnSj forms triangular-shaped islands on the mica surface, having lateral 

dimensions of ca. 500 - 1000 A and heights of up to 4-5 monolayers, and with appreciable 

roughness between the islands.'" These results were obtained for SnS2 films on mica 

which gave sharp RHEED patterns (see Figure 6.3), confirming that such diffraction 

patterns are obtainable fi"om surfaces with ordering over coherence lengths of the 

dimensions of these islands.'̂  Subsequent organic overlayer growth on such a surface is 

significantly complicated by this surface texture, as well as by the possibility that regions 

of the positively charged mica surface may also be exposed, changing the nature of the 

interactions which direct overlayer growth. 

Based on these results, the successful epitaxial growth of organics on the 

SnSj/mica surface demonstrated in this chapter is somewhat surprising. The poor quality 

of the SnS2/mica substrate is probably the main reason that epitaxy in organic thick single-

component films and extended superlattice assemblies could not be maintained. Since the 

size of the SnSj islands are within the coherence length requirement for RHEED, and are 

much larger than the size of the individual organic molecules studied here, ordered organic 

overlayer regions of sufBcient dimension to create sharp RHEED patterns could be 

obtained for low overlayer coverages, according to the growth modes discussed above. 

However, the significant amount of surface roughness certainly dominates film behavior at 

larger thicknesses, due to uneven filling of the gaps between islands and the likelihood that 
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additional growth modes (in particular those in which the benzenoid rings of the CUnPc 

molecules are tilted up from the surface) result in domains with differing surface 

morphologies which coalesce to form a surface with roughness analogous to that of the 

substrate. Therefore, RHEED (and/or the optical spectroscopies that seem to confirm 

conclusions about thin film morphology based on RHEED) alone is insufficient to verify 

that smooth, atomically sharp interfaces are formed during MBE growth of the 

inorganic^organic', organic^norganic, and organic/organic' multilayers studied here. 

6.6. Conclusion 

Epitaxial overlayer growth for a variety of organic and inorganic materials 

combinations was demonstrated, in particular for the first time between two dissimilar 

organic materials (organic/organic' epitaxy) for the CUnPc/Cgo system. This combination 

of materials, while optically complimentary, is not the most compatible choice for 

fabrication of multilayer superlattices based on the large difference in optimal deposition 

temperatures and the shape and spacing of the molecules within each layer. More 

importantly, however, the surface roughness of the SnSj substrate was clearly a major 

limitation to the success of these studies. Despite these disadvantages, epitaxy was 

achieved and maintained for up to 5 layers in a superlattice assembly and for relatively 

thick single-component films, within the coherence length requirements of RHEED. 

Based on these results, the fabrication of superlattice assemblies containing many more 

layers is very promising. In particular, the ability to evaluate surface roughness and grain 
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size by STM and AFM should lead to better substrate choices, and thus improvement of 

overlayer uniformity, which can also be evaluated by these techniques. Additional efforts 

are also focusing on increasing the coherence length requirement for the electron 

diffraction techniques. While a marked improvement is expected for analogous studies on 

a more ideal substrate surface, the appropriate combination of materials is likely to be just 

as critically important for achieving sharp interfaces and maintaining epitaxy over the 

thicknesses required for device applications. Many such appropriate combinations are 

likely to be found given the large number of organic molecules which are vacuum 

compatible, and the ability to influence the packing of these molecules in the solid state 

through synthetic modification. 
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This dissertation has focused on understanding the optical and electronic behavior 

of heterojunctions in which at least one of the components is organic. Devices based on 

such interfaces show promise in applications for which purely inorganic devices 

demonstrate madequate performance or lack the required materials properties, two of 

which have been emphasized in this research: OLEDs and photovoltaics. Physical 

measurements of the parameters directly related to performance issues have greatly 

increased the understanding of the materials requirements to increase the eflBciencies and 

lifetimes in these devices. 

Figure 7.1 illustrates the current understanding of OLEDs and photovoltaics based 

on the research presented above. The first half of Figure 7.1 shows the active region in an 

OLED, where radical annihilation of a hole transport agent (HTA) radical cation and a 

lumophore (LM) radical anion leads to formation of the lumophore excited state and 

subsequent photon emission fi'om this exciton state: 

LM- + HTA** LM* + HTA -• LM + HTA + hv. 

The reverse process occurs in photovoltaics, and is illustrated in the second half of Figure 

7.1. Excitation of the device by light results in the formation of excitons on the 

phthalocyanine (Pc) and perylene (Pe) molecules in the illuminated region, which are 

dissociated in the active region at the interface between the Pc and Pe layers. Many 

common materials farters influence these processes since they are dirert opposites. 



radical annihilation zone 
exciton forniation 

z-'A/X/X/X/X/ 

exciton dissociation region 

Figure 7.1; Sciiematic of OLED and photovoltaic active regions. 
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including stability, charge transport, morphology, and the absolute binding energies of the 

electronic states and their discontinuity at the heterojunction between two materials. 

Results presented above for the application of physical measurements toward addressing 

and clarifying each of these issues are summarized below, as well as a synopsis of the 

directions these results indicate for future research and device development. 

7.1. Organic Light-Emitting Diodes (OLEDs) 

The occupied and unoccupied frontier orbital positions of many luminescent 

materials and hole and electron transport agents for OLEDs were determined using a 

combination of UPS and optical spectroscopies, as well as through cyclic voltammetry. 

The appropriateness of these methods for characterizmg these energy levels most reliably 

in OLEDs was evaluated, with the conclusion that the UPS studies best measure the 

absolute positions of the occupied energy levels, while the absorbance energy accurately 

estimates the state from which electroluminescence occurs, and is therefore a good 

measure of the relevant unoccupied level. Determining the exciton binding energy in these 

systems remains an issue; however, the direct correlation between photoluminescence and 

electroluminescence spectra indicates that these processes occur through similar (if not 

identical) states of the molecule. This is the first report of such measurements for OLED 

component materials on an absolute scale, using techniques that are readily applicable to a 

variety of materials for reference to the same absolute scale for comparison. 

The absolute energies of the lumophore highest occupied electronic states were 
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generally found to lie between ca. 5.5 eV and 7.0 eV for the molecular lumophores, while 

the highest occupied levels derived for the polymer PPV were slightly closer to vacuum 

(HOMO = 5.47 eV, IP = 5.12 eV). For the molecular lumophores, these states are at least 

ca. 1.0 eV farther from vacuum than the ITO anode work function of 4.7 eV, indicating a 

substantial barrier to direct hole injection into these materials from ITO. The lowest 

unoccupied states of the lumophores were typically in the range of 2.8 - 3.5 eV, close in 

absolute binding energy to the work functions of Ca and Mg, but more than 0.5 eV higher 

in energy (closer to vacuum) than the work functions of more stable cathodes such as Al, 

Ag, and Au. Unfortunately, while electron injection from Ca and Mg is facile in most 

cases, these metals oxidize readily in air, to the detriment of the device. Therefore, 

appreciable barriers to charge injection exist at both interfaces in most ITO/LM/M three-

layer OLEDs. 

All of the lumophores evaluated here exhibited good electrochemical reversibility 

following reduction to the corresponding radical anion, but essentially no reversibility 

following oxidation to the radical cation. These electrochemical results did not vary from 

the UPS/optical results in a consistent manner, but may be explained by varying degrees of 

crystallinity in thin films of these materials based on differing tendencies for molecular 

aggregation. Based on the hopping mechanism understood to control charge transfer in 

these materials, the instability of the lumophore radical cation may play a critical role in 

limiting the lifetimes of OLEDs. Evidence presented here for the observation of light from 

the radical annihilation of lumophore radical anion and hole transport agent radical cation 
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indicate that this issue may be minimized or avoided for the proper choice of hole 

transport agent. Measurement of the reduction potential for the O/Oz"* couple under the 

same conditions as those used for the lumophore measurements have shown that the 

ojtygen LUMO level is energetically stable with respect to the LUMO levels of all of the 

lumophores. Therefore, electrons injected into a lumophore thin fihn containing oxygen at 

dopant levels will eventually end up reducing the oxygen, since this produces a more 

stable anion. These results support the empirical evidence that reactions of the peroxy 

anion (O2*') formed upon electron injection with the organic molecules decomposes the 

thin fihn and shortens OLED lifetimes. 

The absolute energies of the hole transport agent (HTA) occupied electronic states 

were found to lie between 5.0 and 6.0 eV, except for the HOMO of PVK at 6.60 eV. The 

amine structural feature common to all of these molecules accounts for this similarity, 

while the necessity for subliming the PVK, typically used in OLEDs in its polymeric form, 

resulted in analysis of only the lowest molecular weight species of this material, and 

explains its deeper HOMO level. The large optical bandgaps and photoluminescence of 

these materials therefore lead to unoccupied levels which are closer to vacuum than those 

of the lumophores, creating a barrier to electron injection from the lumophores into these 

materials, and producing the required rectifying junction with these materials. CuPc is 

excepted from these conclusions because its relatively small optical bandgap leads to 

absorption in the emission region of some of the lumophores evaluated here, while the 

CuPc LUMO position is stabilized with respect to many of these lumophores. The 
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oxidation of the molecular HTAs appear to be chemically reversible based on the 

reproducibility of the voltammetry upon repeated cycling. HTA thin films should, 

therefore, remain stable toward decomposition following charge injection and HTA radical 

cation formation and charge transfer through the film. 

The absolute energies of the electron transport agent (ETA) highest occupied 

molecular levels ranged fi'om ca. 7.0 - 9.0 eV. These lie fijrther fi-om vacuum than those 

of the lumophores, and provide a barrier to hole injection fi'om the lumophore into the 

ETA. The lowest unoccupied ETA electronic states binding energies lie between ca. 3.5 

eV and 5.6 eV. Charge injection fi-om most of the cathode metals (<J) = 3.2 - 5.1 eV) 

should, therefore, be quite facile. However, these LUMOs lie further fi'om vacuum than 

the lumophore LUMO levels, and, except for butyl-PBD, these levels also lie below the 

oxygen LUMO level at 3.88 eV. These results explain the general lack of success in 

improving OLED drive voltages and light output when an electron transport layer is 

included in the device. Multiple completely reversible reductions were observed for all of 

the ETAs studied here, indicating that their radical mono- and di-cations are extremely 

stable. Charge trapping at Oj dopant sites is clearly a problem for all of the ETAs studied, 

except for butyl-PBD, based on their low reduction potentials. A more critical problem, 

however, appears to be the large barrier to electron injection fi'om the ETA into the 

lumophore. This barrier is greater than 1.0 eV when DPS, DCAQ, or NTCDI is used with 

any of the lumophores evaluated here. So, improved charge injection across the 

ETA/metal interface is adversely compensated by a large barrier to charge injection across 
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the ETA/lumophore interface. 

The comparison of pre-contact charge injection barriers for these lumophores and 

transport agents has been facilitated by plotting the absolute binding energies of the 

frontier orbitals of the OLED component materials on a single diagram, arranged by layer 

as they appear in the device. The useflibiess of such diagrams was demonstrated by the 

correlation between the measured barrier heights and OLED turn-on voltage for 

rrO/HTA/Alqj/Mg OLEDs for PVK and TPD HTAs. The indication of a larger injection 

barrier from ITO into PVK based on the pre-contact energy level diagrams was verified by 

a larger turn-on voltage and lower light output in the OLED with a PVK HTA. 

NCxed success accompanied attempts to improve hole injection into the 

rrO/PVK/Alqj/Mg OLED via Au-modification of the ITO surface, incorporation of an 

additional CuPc hole transport layer between the ITO and PVK, or a combination of these 

two. Au-modification of the ITO surface, which should have pinned the anode work 

function at a level closer to the HOMO levels of the HTAs and lumophores, resulted in a 

higher turn-on voltage and decreased output compared with the original device structure. 

Incorporation of a CuPc layer between the ITO and PVK resulted in a much lower turn-on 

voltage and higher current densities in the OLED, but the light output curve was nearly 

identical to that for the OLED with no CuPc layer, and appeared to plateau at higher 

voltages. Finally, the OLED with both the Au-modified ITO and the additional CuPc 

layer had the same turn-on voltage as the unmodified device, and light output nearly 

identical to the OLED with the additional CuPc layer. 
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The improved current densities in the OLEDs containing a CuPc layer concur with 

the expectation that improved charge transfer between the occupied states of ITO and 

Alq  ̂is established via the Gaussian distribution of CuPc occupied states which overlaps 

both the ITO and Alqj occupied levels. The lack of improvement in measured light output 

is most likely due to the formation of CuPc needle-like structures on the ITO surface 

during deposition, as well as diffusion of the CuPc into the PVK during baking of this 

layer to drive oflf the solvent used to spin-cast it. The interfacial region between CuPc and 

PVK is therefore not ideally sharp, and some CuPc may diflfixse as far as the PVK/Alqj 

interface, providing a pathway for energy insufficient radical anion recombination at the 

PVK/Alqj interface and reducing the observed light output. The inferior performance of 

the Au-modified ITO device are surprising given that the high Au work function should 

have reduced the hole injection barrier, and this result is not currently understood. The 

similarity in performance of the ITO/CuPc/AIqj/Mg and ITO/Au/CuPc/AIqj/Mg OLEDs is 

explained by the submonolayer Au coverages on the ITO, so that the CuPc layer retains 

direct contact with both the ITO and Alqj, and identical behavior is observed. 

A determination of the universality of these results for the above modifications of 

the hole injection and transport portion of OLEDs was accomplished by performing the 

same set of experiments using TAPC rather than PVK as the transport layer. The 

properties of TAPC differ from those of PVK in two important areas: the HOMO level of 

TAPC lies approximately halfway between ITO and Alqj (the PVK HOMO energy is 

nearly identical to that of Alqj), and its hole mobility is four orders of magnitude larger 



than that of PVK. Unlike the PVK device, addition of a CuPc layer between ITO and 

Alq3 increased the turn-on voltage and decreased the external quantum efficiency of light 

output. Degradation of the TAPC OLED performance similar to that seen for the PVK 

devices was observed for the Au-modified ITO OLED and the OLED with both Au-

modified no and the additional CuPc layer. These results are understood based on 

equilibrium band diagrams of the TAPC and PVK OLEDs derived fi'om the pre-contact 

energy levels measured by UPS and optical spectroscopies. A bias applied across these 

OLEDs will differ only in its affect on the hole transport side of the device, assuming it is 

evenly distributed throughout the device. Following application of a 4.0 V bias, a barrier 

to hole injection fi-om ITO into PVK still exists, while this barrier is overcome in the 

TAPC device. Since the barriers to both types of charge injection in the TAPC OLED 

have been overcome, the theory of Forrest, et al, that at applied biases well above the 

threshold for charge injection, the transport properties of each layer primarily determine 

the behavior of OLEDs." The hole mobility in CuPc is at least one order of magnitude 

less than that in TAPC, so that the additional CuPc layer increases the resistance to charge 

transport through the TAPC device, thereby reducing its efficiency. Improvement is 

observed in the PVK device with the CuPc layer because the hole mobility in PVK is two 

to three orders of magnitude less than in CuPc. Since there is a barrier to hole injection at 

the PVK/nO interface, reduction of this barrier to injection from ITO by the 

incorporation of a CuPc layer improves the current densities sustainable in the device. 

Therefore, the theory of Forrest, et al, that mobilities rather than charge injection barriers 
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primarily determine OLED performance is true only in the regime of applied biases well 

above those required to overcome the barriers to charge injection. At applied biases 

below and near this threshold, the magnitude of the charge injection barriers dominate the 

observed OLED behavior. These charge injection barriers, therefore, are the limiting 

factor in reducing the threshold applied bias required for device operation, as measured by 

the OLED turn-on voltage. 

A more accurate determination of the actual highest occupied frontier orbital 

discontinuity at the Alqj/TAPC interface was also accomplished by monitoring the UPS 

spectrum in situ during formation of the heterojunction. Despite a pre-contact HOMO 

peak separation of 0.73 eV, the HOMO peaks of the two materials were not resolvable in 

the heterojunction spectrum, and peak fitting was required to determine the contribution 

fi-om each component. The reduction in HOMO energy separation following 

heterojunction formation compared with the pre-contact discontinuity (0.59 eV vs 0.73 

eV, respectively) confirms that charge transfer accompanies the formation of the 

Alqj/TAPC interface. This is consistent with assignments of Alq, as an n-type material 

and TAPC as a p-type material. Use of UPS to determine the HOMO level discontinuity 

at a heterojunction is also less time-intensive and more straightforward than measurement 

of the Fermi energies and adjustment of the pre-contact energy levels. 

Finally, the validity of the theory that charge recombination and light emission 

occur via radical anion/radical cation annihilation at the lumophore/hole transport agent 

interface was explored electrochemically via electrogenerated chemiluminescence (ECL). 
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Since the HTA oxidation potentials all occurred at ca. 1.1-1.2 V vs N.H.E., these studies 

were limited to lumophores with sufiBciently negative reduction potentials, in this case the 

quinolates. Reversible voltammetry was aclueved using a conventional electrochemical 

set-up for a solution containing Al(qs)3 and TPD, although no light was observable. This 

is not surprising since the 2.47 V difference in Al(qs)3 reduction potential and TPD 

oxidation potential is identical to the photoluminescence energy of Al(qs)3, and energy loss 

by the AlCqs), dianion and trianion species is likely prior to interaction with the TPD 

radical cation. In an analogous experiment performed in the Wightman group 

(Department of Chemistry, U.N.C.) in a thin layer electrochemical cell equipped with a 

high gain photomultiplier tube for measuring low light intensities, emission was observed 

for the Al(qs)3/TPD system, with an efficiency of ca. 0.035 - 0.04 %. Species adsorption 

to the electrode surface appears to be a limiting factor in the ECL of this system. ECL has 

also been detected for several other systems directly related to the solid-state OLEDs 

discussed above, including Alqj/TPD and Al(qs)3/DPVBi. 

These results have opened numerous avenues of future research, and an attempt to 

briefly describe the most promising of these will be made below. One critical problem 

identified by the electrochemical measurements is the role of oxygen as an electron trap, 

with the possible consequence of 02*"-initiated degradation reactions in the organic thin 

films. Barring complete removal of oxygen during OLED processing, which appears to be 

impossible, the solution to this problem is to shift the organic LUMO fi"ontier orbital 

energy until it is farther fi'om vacuum than that of Oj. An additional advantage to this 
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approach is the accessibility to electron injection from more stable metal cathode 

materials, such as Al, Ag, and Au, which present large barriers to electron injection for the 

materials studied here. This can be accomplished via the addition of electron-withdrawing 

or -donating groups at appropriate sites on the molecular structure, which can shift not 

only the absolute energies of the frontier orbitals, but also may influence the fluorescence 

energy, molecular solubility, and radical ion stability, as demonstrated for the sulfonamide-

substituted quinolates above. Therefore, synthetic modification of lumophores and 

transport agents with demonstrated OLED applicability should allow for the stabilization 

of the radical ions (in particular, the lumophore radical cations), as well as tailoring of the 

molecular aggregation properties and fine tuning of the emission wavelength. Recent 

progress in this area has included the synthesis and characterization of TPD-F2, a 

fluorinated analogue of TPD which has a more positive oxidation potential than TPD"", 

and shows particular promise for increasing the efficiency of ECL from Al(qs)3. The 

potential for improvement in all of these areas is limitless given current organic synthetic 

techniques, and which have only recently been applied to this problem. 

Additional improvements in OLED performance will also require the reduction of 

the charge injection barriers at each of the device interfaces. These barriers may be 

reduced or eliminated by choosing better materials combinations, tailoring the energetic 

levels of preferred materials, and/or through the use of multiple transport agents, such that 

the overlap of their frontier orbitals with each other and with those of the electrode 

contact and lumophore may provide additional low-energy pathways for charge injection 
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across the respective junctions. Based on the difScuIty of developing new transport 

agents, this would be most easily achieved through appropriate ligand substitutions on 

transport agents known to have good mobilities. More in situ heterojunction UPS studies 

are also required to obtain more accurate HOMO discontinuity values, and to determine 

the extent of charge transfer upon heterojunction formation and whether the extent of 

charge transfer influences the observed OLED behavior. 

One of the goals of this dissertation has been to determine the relative importance 

of the various fundamental issues related to OLED performance, including, but not limited 

to, the energetic barriers to charge injection across each interface, charge mobility within 

each layer, material stability, and the mechanism of charge recombination and light 

emission. Each of these issues is critical to producing an OLED with bright output and an 

extended lifetime. Currently, bright emission is achievable in unoptimized devices, 

although the lifetimes are far from adequate for most applications. Therefore, material 

stability appears to be the primary issue which must be addressed. Heating during OLED 

processing, including deposition of the metal cathode and baking to remove solvents, as 

well as heating up of the device during use, may contribute to thermal decomposition of 

the organic layers. This issue certainly needs to be addressed, most likely through mass 

spectroscopic techniques performed on cured samples and interfaces. Regardless of their 

thermal stability, cyclic voltammetiy (CV) clearly shows that all of the lumophores studied 

here (except for DP A) is chemically unstable in the oxidized form. The ECL proof that 

energy sufficient reactions between lumophore radical anion and hole transport agent 
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radical cation are possible in some cases seems to indicate that oxidation of the lumophore 

is unnecessary. However, the barrier to charge injection at the HTA/lumophore junction 

is small in most cases, and some hole injection across the HTA/lumophore interface 

probably does occur, with subsequent lumophore decomposition. Also, while the CVs of 

the HTAs and ETAs appeared reversible under the conditions used, the oxidized and 

reduced forms, respectively, of the transport agents may not be completely stable in the 

OLED thin films, so that decomposition of the transport layers may contribute to the poor 

lifetimes observed. Stabilization of the lumophore radical cation should be feasible via 

synthetic modification, since, for example, the sulfonamide-substituted quinolates 

exhibited multiple, clearly reversible electrochemical reductions, compared with the single, 

somewhat irreversible reduction observed for the parent compounds. Since charge 

recombination and light emission are directly related to the reaction of radical ions, 

improvements in the radical ion stability of all of the OLED components should be 

reflected in higher external quantum eflSciencies as well. 

Finally, initial results indicate that the barriers to charge injection dominate OLED 

behavior near the threshold voltage for light emission, while mobilities are more critical at 

applied biases well above the threshold. More systematic studies of these factors on 

OLED performance are required before the relative importance of these issues can be 

adequately addressed. The primary difiBculty in such a study is that, in general, both the 

relevant barrier heights and the mobilities differ for different materials, so that neither can 

be varied independently of the other. The successes reported above for shifting the 
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frontier orbital energies of the quinolates and TPD via synthetic modification should allow 

a more systematic evaluation of these Actors if the mobility of the parent thin film can be 

maintained in the modified version. 

While this research has served both to demonstrate the means for quantifying many 

of the fiindamental parameters critical to OLED operation, and to provide more focused 

directions for refinements of these parameters and fiirther understanding of the mechanism 

of OLED behavior, the most exciting prospect related to this research is a new device 

category based on electrochemical light generation: solid-electrolyte light-emitting 

electrochemical cells (LEC). Heeger and coworkers" reported the first LEC, based on a 

solid polymer electrolyte sandwiched between two electrodes, with a turn-on voltage of 

2.4 V and producing 100 cd/m^ at 4 V. LECs differ from both ECL in solution and solid-

state OLEDs in several fundamental areas. In ECL, the oxidized and reduced species 

which produce the emission move through the solution in order to react, so that ECL 

relies on the transport of these species, while in LECs charge injection is not difiusion 

controlled. In LECs, the emissive species is immobilized in a matrix containing the solid 

electrolyte, which is doped to produce a p-n junction, and the charge is transported 

through the matrix to the active sites, where recombination and light emission occurs. In 

contrast to solid-state OLEDs, LECs contain ionic species in the active layer which 

compensate the injected charge. Therefore, low turn-on voltages should be achievable in 

LECs, and the immobilization of the active species should prevent aggregation, so that 

monochromatic emission may be possible. 



280 

7.2. Organic Photovoltaics 

The absolute energies of the highest occupied and lowest unoccupied molecular 

orbitals ofZnPc (which is p-type) and two of its derivatives, F,<sZnPc, and TPyTAPZn 

(both of which are n-type), were determined using a combination of UPS and optical 

spectroscopies. The addition of electron-withdrawing groups into the ir-electron system 

of the Pc ring (as in TPyTAPZn) shifts the frontier orbital energies less than 0.5 eV further 

from vacuum than those of ZnPc. Peripheral substitution of the strongly electronegative 

fluorine (as in FigZnPc), however, shifts the frontier orbitals by greater than 1.5 eV toward 

higher binding energies. These results are consistent with the observed n-type 

conductivity of these materials in vacuum and in air, as well as with the behavior which 

would be expected based on measurements of the Fermi energies relative to the frontier 

orbitals. 

The HOMO level discontinuity at the F,sZnPc/ZnPc heterojunction was 

determined in situ via UPS to be 0.83 eV. That this equilibrium value is considerably less 

than the discontinuity expected based on the measured pre-contact HOMO energies 

indicates that charge is transferred upon junction formation. In fact, the equilibrium band 

diagram derived from the measured Fermi energies in combination with the 

HOMO/LUMO energies determined by UPS and optical spectroscopies gives a HOMO 

level discontinuity of 0.85 eV, which is nearly identical to the value measured directly in 

the heterojunction UPS experiment. This result verifies that in situ UPS measurements 

during heterojunction formation give accurate values for the discontinuity of the highest 
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occupied orbitals at the interface following charge transfer and equilibration. Such in situ 

measurements are invaluable given the difBculty in measuring Fermi energies for many 

compounds, in particular those with low mobilities. 

Pre-contact and equilibrium band diagrams in vacuum and in air for the 

FjgZnPc/ZnPc heterojunction based on the frontier orbital energies measured above 

explain the observed rectifying behavior of an ITO/F,gZnPc/ZnPc/Au photovoltaic device. 

These diagrams show clearly that this combination of materials is far from ideal for 

achievmg a large open-circuit voltage based on the small separation of the Fj^ZriPc and 

ZnPc Fermi energies (ca. 0.7 eV). To maximize the open-circuit vohage for this system, 

the ZnPc needs to be doped with donors to pull its Fermi energy up toward its LUMO 

level, while the F,gZnPc requires p-type dopants to pull its Fermi level down toward its 

HOMO energy. 

While the results presented here represent just a few of the many compounds of 

interest for photovoltaic applications, they demonstrate a means of determining the 

difference in Fermi levels for two compounds by comparison of the pre-contact and 

heterojunction HOMO level discontinuities. This technique should be particularly valuable 

for systems in which the compounds do not conduct suflBciently for measurement of the 

Fermi energy via temperature-dependent thermopower techniques. The band diagrams 

derived from these measurements should also prove useful for evaluating potential 

materials combinations for use in photovoUaic applications, as well as for explaining 

observed behavior in these devices. 
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IJi. Epitaxial Thin Film Growth and Optical and Electronic Dependencies on Thin 
Film Morphology 

Epitaxial growth of several organic and inorganic materials on a variety of 

substrates was demonstrated. In particular, the growth of an organic thin film on top of a 

dissimilar crystalline organic substrate (organic/organic' epitaxy) was achieved for the first 

time for the ClInPc/C«, system. Epitaxial growth (within the coherence length 

requirements of RHEED) sustained over 5 layers of a superlattice assembly of these two 

materials was also demonstrated for the first time, despite large dififerences in optimal 

deposition conditions and molecular shape, as well as considerable SnSj substrate surface 

roughness. 

The successes presented here for non-ideal growth conditions of 

morganic/inorganic', organic/inorganic, and organic/organic' epitaxy indicate that true 

superlattice assemblies consisting of many layers should be feasible. Clearly, a major 

concern is the quality of the initial substrate. More universal access to STM and AFM 

technologies should allow for a more thorough evaluation of substrate preparation 

techniques to obtain smooth, single-crystalline templates for epitaxial overlayer growth. 

This is, perhaps, the most critical improvement available, since defects propagate quickly 

to produce disorder in subsequent layers. 

Materials combinations which are more compatible in size, shape, and surface 

crystal structure of the molecules are also required. Given the large number of vacuum-

compatible organic molecules, many such combinations should be available. Synthetic 
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modification of the molecular peripheries may also provide some control of the 

preferential packing in these systems. In addition to enhancing the optical properties of 

just one of the layers, as attempted here, energy transfer between layers can also be 

explored; for example, between Pc and PTCDA layers as a function of each of their 

morphologies. Recent developments in the in situ measurement of absorption and 

emission spectra, particularly of ultrathin films, will allow a comparison of the coherence 

length requirements of the electron diffraction and optical spectroscopic techniques that 

could only be inferred indirectly here. 



APPENDIX 1: UPS AND OPTICAL SPECTRA OF OLED MATERIALS 

UPS and optical spectra for many of the lumophores and hole and electron 

transport agents discussed in the body of this dissertation are presented in this appendix. 

The substrate and bias voltage for the UPS measurements are indicated on each spectrum, 

and all optical measurements were performed using thin film samples deposited on 

sapphire. 
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Figure Al. 1: UPS spectrum (on Au) of Znq,. 
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Figure A1.3: UPS (on Au) spectrum ofZnai. 
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Figure A 1.4; UPS (on Au) and optical spectra ofDHNA. 
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Figure A1.5: UPS (on Au) and optical spectra of TTA. 
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Figure A1.6; UPS (on Au) and optical spectra ofTAPC. 
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Figure A 1.7: UPS (on Au) and optical spectra ofTPD. 
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