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ABSTRACT 

This dissertation has focused on i) the characterization and optimization of the 

near-surface region of indium-tin oxide (ITO) thin films, and ii) the characterization of 

the microstructure and electrical properties of thin films of several new self-organizing 

liquid crystalline phthalocyanines (Pes). 

Commercial ITO surfaces were explored through a combination of high resolution 

X-ray photoelectron spectroscopy and electrochemical techniques. It was determined 

that sputter-deposited ITO films undergo hydrolysis immediately upon exposure to 

atmosphere, creating InOOH and In(0H)3 species, which appear to inhibit charge transfer 

reactions. The surface coverage of these InOOH and In(0H)3-like species can be 

controlled by various solution and vacuum pretreatments, including etching with EDTA 

solutions, and RF-plasmas. 

Characterization of new discotic mesophase Pc materials has focused on 

modifications of the original Pc in this series, CuPc(0CH2CH20Bz)8, including a 

polymerizable version, CuPc(0CH2CH20CH2CH=CH-Ph)8, and the sulfur analogs of 

these molecules, CuPc(SCH2CH20Bz)8 and CuPc(SCH2CH20CH2CH=CH-Ph)8. The 

self-organizing properties of these new Pes are altered by the changes in side chain 

composition, but still show the same "column-forming" tendencies as the parent Pc, with 

long range order. The polymerizable Pc materials can be photolithographically patterned 

with features as small as 2 microns. Electrical anisotropics in these films were measured 

with a conductive tip AFM and with OFETs, and anisotropics in current (j||/jj.) were ca. 
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10 on the micron scale, and up to 1000 on the submicron scale. OFET measurements 

showed low hole mobilities, which are attributed to poor contact between the Pc column 

and the Au electrodes. Chemical modification of these electrodes shows that 

considerable improvements in OFET performance result from this modification strategy. 

Understanding and controlling the microscopic structure of these Pc films is 

important for optimizing their electrical properties. A considerable effort was focused on 

developing a quantitative protocol to combine transmission and reflectance vibrational 

spectroscopic data to determine the three Euler angles that determine the orientation of 

these Pes in an LB-deposited film on a planar substrate. Changes in orientation upon 

annealing and polymerization were observed, but in general these molecules display tilt 

angles away from the surface normal of <20° and twists about the surface normal of ca. 

25°. 
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Chapter 1 

INTRODUCTION 

1.1 Organic Electronic Devices 

The last 15 years have witnessed the development of several new organic 

electronic technologies for displays (organic light emitting diodes, OLEDs), logic circuits 

(organic field effect transistors, OFETs) and solar energy conversion (organic 

photovoltaics, OPVs). These technologies are based on small molecule or polymeric thin 

film materials, which have not been known in the past for producing devices with 

acceptable electronic properties, primarily because of i) low charge transport mobilities, 

ii) high contact resistances, and Hi) poor chemical and photochemical stabilities. OLEDs, 

however, have seen sufficient improvements in all three of these areas to become viable 

commercial devices, and it appears that OFETs and OPVs could improve in performance 

sufficiently to begin competing with inorganic semiconductor based technologies in 

certain niche applications. These inorganic based semiconductor technologies, which 

have been under development for the last ca. 50 years, produce devices with good 

efficiencies and stabilities; however, the raw materials are expensive to produce, require 

extensive purification, and expensive and environmentally unfriendly processing 

conditions. The central promise for organic electronic materials is that they mav 

eventually provide competitive performance with minimum processing and 

environmental costs. 



Improved performance in OLEDs, OPVs and OFETs will come with i) 

optimization of charge injection and charge collection at metal or metal oxide electrodes 

(i.e. lowering of contact resistances to levels of hundreds of ohms, if not lower), and ii) 

the efficient transport of charge in the organic material, achieving mobilities of at least 1 

cm^/V-sec, which is the figure of merit for amorphous hydrogenated sihcon (a-SiH). 

These are especially critical numbers to achieve in both OPVs and OFETs, and field 

effect mobilities in pentacene films have recently been reported as high as 3 cm /Y-sec, 

so devices with these materials are likely to show large improvements in the near 

future.'^-' ̂  

Organic electronic devices incorporating an organic semiconductor provide many 

advantages over silicon based technologies, especially for low-end applications that do 

not require extremely fast switching speeds or extended lifetimes. Organic materials can 

be deposited by relatively low temperature vacuum deposition, by solution-based 

techniques, and in some cases by printing techniques, all of which allow for deposition 

onto flexible plastic substrates. Provided that the electronic properties of the organic 

materials can be optimized, these low cost processing steps could result in a much less 

expensive product, which may effectively compete with silicon for certain applications. 

1.2 OPV and OFET Device Description 

Figure 1.1 shows schematic illustrations of OPVs and OFETs. The discussions of 

these devices that follow will center on the movement of charge in each device, and 
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Figure 1.1. Schematic illustrations of (a) an organic photovoltaic (OPV) 
device, and (b) an organic field effect transistor. The circled regions are areas 
where charge transport or charge injection/collection are discussed in detail in 
this dissertation. 



describe situations in which charge injection or charge transport may be hindered, which 

motivate much of the research discussed in this dissertation. 

Figure 1.1a shows a schematic illustration of an organic photovoltaic (OPV). The 

active dye layers are sandwiched between two electrodes, one of which must be 

transparent to allow light to enter the device. For most OPVs the transparent electrode is 

indium-tin oxide (ITO), and the cathode is commonly a low work function metal such as 

aluminum. The organic semiconductor materials consist of at least two layers, a hole 

transport layer (HTL) and an electron transport layer (ETL), which are designed to lead 

to efficient charge separation from the excited states of one or both molecules, and 

efficient transport of holes and electrons, respectively. Commonly used organic materials 

for OPV cells include derivatives of phthalocyanines, perylenes (structures shown in 

Figure 1.2), and the fullerene Ceo (not shown). 

The general operation of an OPV is also illustrated in Figure 1.1a. When the 

device is irradiated with light, excited electronic states are created, in the form of Frenkel 

excitons (bound electron-hole pairs). These bound charges must then separate, typically 

at the interface between the two organic phases (because of differences in their electron 

affinities and ionization potentials), and travel toward opposite electrodes, to generate a 

current in an external load. Resistance to charge injection or collection at the 

ITO/organic interface is an area where critical improvements are needed in OPV 

technologies. Another highlighted area in Figure 1.1a is charge transport within the HTL 

where chemical or physical traps can limit the mobility of charges within the film. Both 

of these concepts will receive more attention in Section 1.3. 
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Figure 1.2. Structures of common molecules used in both OPVs and OFETs. 



The basic structure of an organic field effect transistor (OFET) is shown in Figure 

1.1b. This device consists of three electrodes: a gate, a source, and a drain electrode. 

The gate electrode is often highly doped silicon, and the source and drain are often gold. 

Next generation OFETs will have to substitute these expensive, rigid materials with new 

gate electrodes, dielectrics, and source and drain contacts made from flexible materials. 

OFETs with small molecules (pentacene, phthalocyanines, hexabenzocorone, 

sexithiophene) and polymers (polythiophene and polyfluorene derivatives) as the organic 

semiconductor have been fabricated (structures shown in Figure 1.2). These materials are 

almost all p-type organic semiconductors where holes are the majority charge carriers. 

High electron affinity n-type materials are also being developed, such as perfluorinated 

phthalocyanines, but p-type materials greatly outnumber n-type materials and generally 

show much higher charge mobilities and better device performance. For a p-type 

material, the device is "on" when a negative voltage is applied to the gate electrode. The 

dielectric layer acts as a capacitor, and the negative gate voltage causes an accumulation 

of holes in the first few layers of the organic semiconductor closest to the dielectric. The 

source electrode is commonly grounded, so that when a negative voltage is applied to the 

drain electrode, this accumulated charge will travel from the source to the drain to 

generate a current (ID). AS the gate voltage applied becomes more negative, a larger 

source-drain current is observed. Charge injection at the electrode/organic interface in an 

OFET will encounter many of the same barriers that were discussed in an OPV, but the 

electrode material in this case is often gold and not ITO. Charge transport within the 

organic semiconductor is also of interest in OFETs, and this can be affected by the 
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chemical composition of the dielectric / organic interface which has also been circled in 

Figure 1.1b, and by the microscopic structure of the organic semiconductor, especially in 

this interfacial region. These issues are discussed in more detail in Section 1.3. 

1.3 Charge Transport in Organic Electronic Devices 

1.3.1 Charge Injection/Collection at Electrode/Organic Interfaces 

The efficiency of charge injection or collection at an interface is influenced by 

many factors, the most obvious of which is the thermodynamic energy barrier determined 

by the difference in energies of the appropriate levels for the system of interest. Various 

theories have been offered as to how charge surmounts this barrier and is injected into the 

material, including thermionic emission, tunneling, and combinations of these two 

effects. Regardless, the height of the energy barrier controls the rate of charge 

injection, and therefore the effective contact resistance. Other factors that can play a 

significant role in charge transport at an interface'are often disregarded. For example, 

the degree of interfacial physical contact between two materials, determined by the 

wettability of one material by the other, will affect charge transport at this interface. The 

kinetics of charge transfer at an interface can also play a role in the efficiency of this 

process. The rate of charge transport will be slow if there is a large reorganization energy 

associated with the charge transfer process.''^' The characterization and optimization 

of the ITO/organic interface and the gold/organic interface are two focus areas for this 

dissertation, especially with regard to phthalocyanine materials. 



Indium-tin oxide (ITO) thin films are finding increasing use in applications such 

as OLEDs and new thin film OPVs, where high current densities are required, and where 

rates of charge injection at the ITO/organic interface are critical to device 

performance.The optical and electrical properties of ITO thin films, along with 

their ease of lithographic processing through chemical etch procedures, make them 

attractive for these applications. Despite this, there have been reports in the literature of 

indium migration into the organic layers of OLEDs after device operation.^'^^'^'^^ ITO 

films can also exhibit wide variations in chemical composition as-received from the 

manufacturer and after exposure to different chemical treatments, leading to some 

problems with reproducible device performance. Charge injection at this interface has 

only been studied indirectly through device fabrication and operation, and there have 

been few studies that have attempted to optimize the chemical composition of the ITO 

surface for charge injection into a specific organic HTL material. Obtaining a clear 

understanding of the chemical composition of the ITO surface, how to control and change 

this surface chemistry, and how the surface chemistry affects charge injection and 

collection at the ITO/organic interface, were among the first issues to be considered in 

this research program, and are issues discussed in Chapters 3 and 4. 

Recently, studies have shown that large contact resistances (1-10 can exist at 

the interface between the metal source and drain electrodes and the organic 

semiconductor in an OFET.''^*^'^'^^ Lowering these resistances may be the key to 

producing OFETs that can effectively compete with silicon based transistors. A number 

of groups have recently reported measurements to characterize the resistances associated 



with the source and drain contacts in OFETs. Contact resistances are often measured by 

plotting device resistance as a function of channel length for devices that have the same 

channel width. Extrapolating the device resistances to a channel length of zero results in 

the sum of the resistances for both contacts/ 

Frisbie and coworkers have made more direct measurements of the potential drop 

at the Au / sexithiophene interface with a metal coated AFM tip. They demonstrated 

large voltage drops at this interface, which result from contact resistances.Such large 

drops in voltage at the electrodes reduce the electric field in the channel, thus reducing 

the driving force for charge to flow from the source to the drain. This results in 

calculated mobilities that are artificially low. Typical resistances associated with the 

source and drain contacts were on the scale of 1-10 Sirringhaus and 

coworkers have made similar measurements of the potential drop at the source and drain 

electrodes by using scanning Kelvin probe microscopy (SKPM) measurements.In this 

experiment, the tip is held at a particular potential as it is scanned across the length of the 

channel. If the tip potential is different than that of the surface, the frequency at which 

the tip resonates will be altered and can be used to determine the potential of the surface. 

This technique has also shown significant voltage drops at both the source and drain 

electrodes. 

Efforts have also focused on modification of the source and drain electrodes to 

improve charge transport at this interface.Emphasis has been placed on modifiers 

which improve wettability, or which change the effective work function of the contact; 

the former is likely to improve the actual contact area between the metal and organic 



semiconductor, the later can be used to lower the energy barrier to charge injection. 

Increases in mobility of ca. 3.5x have been observed for 4-nitrobenzenethiol modified 

palladium electrodes for a pentacene device. The electron withdrawing properties of the 

nitro group in this surface modifier are expected to introduce a negative dipole at the Au 

surface and enhance hole injection. This modification improved charge injection at the 

1 
contacts and resulted in a higher measured mobilitiy. ' The modification of gold 

electrodes with a series of thiol modifiers for n-type naphthalene-tetracarboxylic diimide 

1 25 (NTCDI) derivatives was shown to increase currents up to 100 times. ' In this case, the 

improvement was attributed to an increased wettability of the electrodes towards the 

semiconductor materials, which showed a dependence on the specific semiconductor 

used. Such surface modifications may also help to prevent delamination during 

annealing or other processing steps. An additional surface modification to gold source 

and drain electrodes in OFETs incorporating Langmuir Blodgett (LB) deposited 

phthalocyanine films is studied in Chapter 7. 

1.3.2 Charge Transport Within Organic Materials 

Within a semiconductor material, the strength of intermolecular interactions plays 

a role in determining the mechanism for charge transport. Inorganic semiconductors are 

held together with strong covalent bonds, and this allows charge transport to occur in 

delocalized bands. The intermolecular interactions in organic materials are generally 

weak van der Waals forces that do not, in general, allow for band formation. This results 

in localized states that charges must hop between, and charge mobilities can be much 



lower than in inorganic materials.In optimized organic molecular systems it has 

been hypothesized that a transition between localized and delocalized charge transport is 

possible, when optimum overlap of adjacent molecules occurs, in geometries which place 

the nodes of bonding and antibonding orbitals at a position to facilitate hopping of 

charge. For such optimized molecular structures mobilities of 1 cm /V-sec or higher are 

assumed to be possible and some extremely well ordered organic materials have shown 

mobilities in this range. The mechanism of charge transport in organic materials 

131 exhibiting these high charge mobilities is still hotly debated. 

Recent research efforts have therefore focused on finding new materials and 

processing conditions that will consistently lead to higher mobilities. Charge mobility 

can be influenced by the choice of material, but also by the organization of that material 

within a thin film. Warman and coworkers have shown that mobilities in discotic 

molecules, such as triphenylenes, phthalocyanines, and hexabenzocorones, tend to scale 

with the size of the aromatic core of the molecule. These discotic molecules are one 

class of materials that also show a high degree of anisotropy in the conduction axis; that 

is, higher mobilities are achieved along one crystallographic axis, and they can differ 

from those seen along other axes by a factor of 100 or more. For these materials, the 

macroscopic orientation of the molecules within the film will greatly affect the mobility 

measured. Aligning the material so that the crystallographic axis with the highest 

mobility runs between the two electrodes will improve the measured mobility in the 

film.'^^'^^^ Determining the macroscopic orientation of these molecules is therefore 

considered a critical first step in understanding and optimizing their electrical properties. 



Chapter 5 discusses the determination of macroscopic orientations using a combination of 

polarized UV/visible and reflection infrared spectroscopies in the context of spin-cast 

phthalocyanine films. Within this macroscopic orientation, the mobility can also be 

affected by smaller changes in orientation between adjacent molecules. These changes 

can affect the degree of orbital overlap between molecules and the efficiency of charge 

transport.^^' An integrated approach involving polarized transmission and 

reflection infrared spectroscopies is developed in Chapter 6 to determine the three Euler 

angles required to quantitatively determine the orientation of a molecule on a surface. 

The majority of charge transport in an OFET occurs within the first few molecular 

layers of the organic semiconductor where most of the accumulated charge resides when 

a gate voltage is applied (Figure V.la).''^^ The molecular ordering within this first ca. 10 

nm is therefore crucial to the performance of the device, and the interface between the 

d i e l e c t r i c  l a y e r  a n d  t h e  o r g a n i c  s e m i c o n d u c t o r  i n  a n  O F E T  ( h i g h l i g h t e d  i n  F i g u r e  L i b )  

can influence the mobility measured in the organic film in a number of ways. The 

chemical composition of the substrate can influence: i) the degree of molecular ordering 

within the film, ii) the macroscopic and microscopic molecular orientation within the 

organic layer,' and Hi) the number of grain boundaries and defects in the film.*'^^' ' 

The first few molecular layers of the semiconductor, are expected to exhibit the most 

significant changes in molecular structure due to changes in the chemical composition of 

the substrate surface. 

Frisbie and coworkers have studied the effect of grain boundaries within 

molecular electronic materials by fabricating devices that consist of two grains of 



sexithiophene separated by a grain boundary, making contact either with two 

conventional electrodes or with one electrode and a conductive AFM tip/'^^' ' Their 

results show that the device properties remain excellent, with high mobilities, until 

conductance across the grain boundary is required. The resistance associated with grain 

boundaries can be as high as 10'°Q, and the work of the Frisbie group clearly illustrates 

the need to minimize defects and grain boundaries in discotic mesophase thin films, 

where "grain boundaries" are represented by the termination of the columnar aggregates. 

The surface composition of the gate oxide can also affect the degree of crystallinity in 

these films and the number and distribution of grain boundaries; appropriate surface 

modification can lead to much larger regions of well-ordered material and fewer grain 

boundaries. 

Due to the large role that the composition of the dielectric layer can play in the 

orientation and organization of the thin film deposited on it, surface modifications to 

silicon dioxide and alumina dielectric layers have been explored as a means to improve 

charge mobilities in organic thin films.'' Methyl and phenyl terminated 

alkanephosphonic acid SAMs used to modify alumina dielectric layers produced the 

highest mobilities in pentacene thin films. It is believed that these surfaces allowed for 

the growth of a nearly single crystalline first layer of pentacene on top of which a more 

bulk-like phase grew.'' A similar trend was observed in silane modified silicon dioxide 

dielectric layers for a common polyfluorene derivative (poly-9,9' dioctyl-fluorene-co-

bithiophene or F8T2),'illustrating the effect that the chemical composition of the 

dielectric layer can have on mobilities. A simple surface energy argument cannot be used 



to explain the increases in mobilities measured. In both of these studies fluorinated 

molecules were also used, and although they gave higher contact angles (water) than the 

methyl or phenyl terminated surfaces, they did not have the same effect on the device 

behavior. Thus it seems that in addition to an increase in surface wettability, the 

chemistry of the dielectric surface modifier also plays a role in mobility in these films. 

Modification of the dielectric layer in an OFET containing an LB deposited 

phthalocyanine film is discussed in Chapter 7. 

1.3.3 Techniques to Measure Mobility 

A number of techniques can be used to measure mobility. Mobilities can be 

measured in an OFET geometry, but they are considered field-effect mobilities, because 

the mobility is measured for charges accumulated in the channel region to compensate for 

an applied gate voltage. Mobilities for the intrinsic charge carriers in the material can be 

measured without a gate voltage (d. c. conductivity measurements), and relying on 

intimate contact between the organic material and the electrodes to inject and collect 

charges. Once again, high contact resistances in the interfacial regions of this setup can 

result in calculated mobilities that are artificially low. 

Mobilities can also be measured by a time-of-flight (TOF) measurement where a 

pulsed light source (nanosecond pulse width) is used to create a "sheet" of mobile 

charges in a thin film of the target material, which then travel across the thin film under 

an applied field to a collection electrode. The time (e.g. microseconds) for a "sheet" of 

charge to reach the collection electrode is measured and used to calculate the mobility. 



Non-dispersive transport vs. dispersive transport can be characterized with this technique. 

Non-dispersive transport is observed when the charges all arrive at the collection 

electrode within a narrow time window, and is indicative of a low concentration of traps 

in the material. Dispersive transport is indicative of a high charge trap density in the 

material, and results in a broad distribution of arrival times of charges at the collection 

electrodes. Electrical contact is still required in the TOP technique to apply a field and to 

collect the charges, and can be the source of both low mobihties and traps. 

Non-contact methods are also available for measurement of mobilities, such as 

pulsed radiolysis time resolved microwave conductivity (PR-TRMC). In this experiment, 

a Van de Graff accelerator is used to generate a 3 MeV nanosecond pulse of electrons, 

which are used to irradiate a small quantity of bulk sample, thereby injecting charge 

carriers into the material. Microwave absorption is modulated by the rate of movement 

of these charge carriers, and the frequency at which absorption peaks as well as the 

degree of absorption, can be used to extract the charge mobility. This technique does not 

require contacts to the organic material, and the length scale for these measurements is 

usually small (ca. 100 nm - defined by the frequency of the absorbed radiation) and 

therefore it is generally not affected by grain boundaries in the material. The highest 

mobilities are generally measured using the PR-TRMC technique because of the lack of 

contacting electrodes and the small length scale over which these measurements are 

made.* '^^"' ''^ It is commonly believed that PR-TRMC measurements give an upper limit 

to the mobilities that can be achieved in real devices. 



1.4 Transparent Conducting Oxides 

Transparent conductive thin films are necessary components of any technology 

that requires a transparent electrode, such as electrochromic devices and PV cells. In 

addition, transparent electrodes are required for spectroelectrochemical studies that 

investigate changes in optical properties for oxidized or reduced thin films.' The 

two main classes of transparent electrodes include transparent conducting oxides (TCOs) 

1 

and thin layers (ca. 10 nm) of metals such as gold or silver. TCOs typically adhere 

well to glass, and are usually physically stable and chemically inert. Thin metal films, on 

the other hand, do not always adhere well to glass substrates, and these films can be 

fragile and can exhibit catalytic properties. These differences have led to the use of 

TCOs in most applications requiring transparent electrodes. 

The field of transparent conducting oxides dates back to 1907 when Badeker 

produced the first transparent conducting thin film of CdO.' "^^ Since then there have 

been numerous reports of various oxides of tin, indium, zinc, cadmium and gallium, 

in which the electrical and optical properties have been varied in an effort to reduce 

the resistance associated with these films and to increase the transparency in the visible 

range. Electrical conduction and optical transmission are related properties however, and 

often one of these properties can be optimized, but at the expense of the other. The 

conductivity (o) in these thin films can be increased by increasing either the carrier 

concentration (N) or the mobility (p.) as shown below; 

o = N)ie (1) 



where £ is the electron charge. Typically increases in conductivity in TCOs are achieved 

through chemical doping up to carrier concentrations of 10^^-10^^ cm'^.''^^ The ultimate 

dopant concentration is usually limited, however, by increases in absorption that occur 

with increased doping in these films. 

Figure 1.3 summarizes the electrical and optical properties of many TCOs, and 

the techniques used to deposit them, in a plot of the percent transmittance versus the sheet 

resistance. TCO film deposition can occur through a variety of different techniques 

including evaporation, sputtering, spray pyrolysis, and chemical vapor deposition, and the 

resulting properties of the deposited film such as crystallinity, stoichiometry and 

chemical impurities, are effected by the choice of the deposition technique.^'^'' The 

material that consistently shows the highest percent transmittance and the lowest sheet 

resistance for multiple deposition techniques is ITO. Typical values of the carrier 

concentration, mobility, resistivity, band gap and optical transmittance are reported in 

Table 1.1 for tin oxide, indium oxide and ITO. Resistivity values for ITO between 7*10"^ 

and 5*10"'^ Q-cm and percent transmittance values of ca. 90% are routinely obtained. The 

increased transmittance and reduced resistivity in thin films of ITO over other TCOs has 

led to its use in almost all applications where transparent electrodes are required. 

To increase the conductivity in these oxide materials, they are doped either by 

direct atomic substitution in the crystal lattice or by oxygen vacancies. In ITO, both of 

these doping strategies are utilized. Tin dopants replace ca. 10% of the indium atoms in 

the indium oxide bixbyite lattice and create dopant levels that fall just below the 

conduction band to produce an n-type semiconductor. Figure 1.4 is an energy diagram 
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Figure 1.3. Plot of transmittance versus sheet resistance for thin conducting 
oxides deposited under different conditions. Low sheet resistances and high 
percent transmittance are desired. 10 = indium oxide, TO = tin oxide, ZO = 
zinc oxide, ITO = indium tin oxide, FTO = fluorine doped tin oxide, IZO = 
indium doped zinc oxide, ATO = antimony doped tin oxide, CTO = cadmium 
doped tin oxide. Figure adapted from reference 1.52. 
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Table 1.1. Typical parameters for various oxide films from reference 1.52. 

Tin Oxide Indium Oxide Indium tin oxide 

Carrier Density (N) 10'^-10^° cm"^ lO'^-lO^^m-^ lO^' cm-3 

Mobility (|J,) 5-30 cm^/V-sec 10-75 cmW-sec 15-40 cm^A^-sec 

Resistivity (p) 10'^-10"^I2-cm > 10"^ Q-cm 7*10-^-5*10"'^ Q-cm 

Band Gap 3.87-4.3 eV 3.55-3.75 eV 3.75 eV 

Optical Transmittance -80% 75-90% -90% 
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Figure 1.4. Energy diagram for ITO showing the O 2p character of the 
HOMO, the In 5s character of the LUMO, and doping levels for both tin and 
oxygen vacancies. Figure adapted from Reference 1.55. 



for ITO that illustrates the character of the HOMO, LUMO and dopant levels.This 

figure shows that the HOMO and LUMO levels in ITO are primarily oxygen 2p and 

indium 5s in nature, respectively. The band gap is ca. 3.5 eV, and the tin dopants and 

oxygen vacancy states create energy levels that are ca. 0.03 eV below the conduction 

band.'^^ As shown in Figure 1.4, each tin atom is a one electron donor and each oxygen 

vacancy donates two electrons. The concentration of both of these dopants in the final 

oxide film can be varied by careful control of the deposition conditions. 

1.4.1 Previous XPS and UPS Studies on ITO Surfaces 

Although the electrical and optical properties of ITO have been known for some 

time, very few studies of the ITO surface composition or changes to the work function of 

this surface had been reported until about 5 years ago. The widely variable work function 

of these materials has led to several solution and gas-phase pretreatment procedures to 

control (increase) the surface work function. UV-photoelectron spectroscopy (UPS) and 

XPS studies have documented the changes to surface work function that can occur as a 

result of various surface cleaning and pretreatment procedures including soaking the ITO 

i n  a c i d s  o r  b a s e s , a  s t a n d a r d  R C A  s o l u t i o n  c l e a n i n g  t r e a t m e n t , a n d  

various plasma treatments.Many of these pretreatment studies have 

focused on either changes in ITO work function (for device applications, where anode 

work function is believed to impact performance),'^^' ^ but very few of these studies 

have focused on changes in chemical composition following these pretreatments.''^^'' 

1 62 Thus, no clear agreement on how to best clean this surface has been reached. 



Previous XPS studies of the ITO surface used non-monochromatic X-ray sources, 

and they documented at least two forms of oxygen on the ITO surface, but only one form 

of indium was generally assumed.Chapters 3 and 4 present a continuation of this 

surface characterization through an analysis with a high resolution photoelectron 

spectrometer that utilizes a monochromatic X-ray source and electrochemical methods. 

1.5 Discotic Mesophase Materials 

7.5.7 Discotic Mesophase Materials Used in Organic Devices 

The use of discotic molecules as an active layer in organic electronic devices 

stems from their ability to aggregate cofacially and organize into columnar assemblies 

that exhibit increased mobility along the column axis. Examples of these molecules 

include triphenylene, phthalocyanine, and hexabenzocoronene derivatives (Figure 1.5). 

Unsubstituted discotic molecules are often quite insoluble and require deposition by 

vacuum sublimation. The order within these films is often extremely high, resulting in 

films that give some of the highest mobilities for discotic materials. Substitution of these 

molecules with side chains often occurs at the positions indicated in Figure 1.5 and 

allows for an increased solubility of these molecules in common solvents. Upon 

substitution, most of these discotic molecules also exhibit a liquid crystalline phase 

allowing for more self-organization and ordering. 



M,H: 
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Figure 1.5. Structures of common discotic molecules: (a) triphenylene, (b) 
phthalocyanine, and (c) hexabenzocoronene. Often these molecules are 
substituted at the positions indicated to produce liquid crystalline materials. 



1.5.2 Unsubstituted Phthalocyanine Molecules 

Unsubstituted phthalocyanine molecules were first synthesized in 1907 by Braun 

and Tcherniac/'^^ and this synthesis was refined and greater yields were obtained by 

Linstead.^'^"^' At least 70 different elements have been coordinated by the Pc 

molecule, including divalent metals (e.g. Cu, Co, Zn), trivalent metals (e.g. Al, Ga, In, 

with axial halides), and tetravalent elements (e.g. V, Ti as the oxo-metal, V=0 and Ti=0, 

and SiXa), as well as H2. The stability of Pc molecules at high temperatures and the 

fairly easy purification of these materials have made them attractive for device 

applications. Unsubstituted Pc molecules generally pack in what are considered either 

the a- or p-phase (Figure 1.6), and the favored packing geometry is heavily influenced by 

the metal center. In the a-phase, the metal atom in one Pc molecule is positioned over a 

hollow in the adjacent Pc macrocycle, but in the p-phase, the metal atom is positioned 

over a bridging nitrogen atom.''®®' ' These differences in packing also affect the 

orientation of the Pc plane with respect to the column axis; this angle differs by ca. 20° 

for the two phases. These packing structures will be revisited in Chapter 6. 

1.5.3 Substituted Phthalocyanines 

Phthalocyanine molecules as well as other discotic molecules were originally 

peripherally substituted to help assist in processing and to separate the macrocycles and 

increase their solubility in common organic solvents. Most Pc molecules are substituted 

with 8 side chains either at the 1, 4 positions or at the 2, 3 positions (Figure 1.7a). 



a phase 
(a) 

( b )  . -  p  p h a s e  

Figure 1.6. Packing structures for unsubstituted HiPc and divalent metal Pc 
molecules. In the a-phase in (a) the metal center is positioned over a hollow 
space in the adjacent Pc molecule, but in the [3-phase in (b), the metal is 
positioned over a nitrogen in the adjacent molecule. These differences result in 
different angles between the molecule and the column axis within the columnar 
structure. 
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Figure 1.7. (a) Common substitution positions on the Pc core, (b) The chiral 
side chain discussed in Section 1.5.3. (c)The benzyloxyethoxy substituted 
"parent" molecule studied in this lab. (d) A variation on the parent molecule 
that incorporates a double bond in the side chain. 



Various alkyl, alkoxy, and alkylthio substituents have been attached to the Pc core, and 

these molecules have been reviewed extensively. 

One particular class of Pc molecules substituted at the 2, 3 positions with a chiral 

1 73 alkoxy chain (Figure 1.7b) is of interest in comparison to this work. ' These molecules 

form well ordered columnar structures on a Langmuir Blodgett trough with the molecules 

in an edge-on geometry to the water surface, and high transfer efficiencies of bilayer 

films of these columns were achieved on a variety of substrates. Polarized UV/visible 

studies showed that the films exhibited increased dichroic ratios upon annealing (R = 

1.85 before annealing versus 3.32 after annealing). Low angle X-ray reflectometry of 

these films typically showed a single Bragg peak and Kiessig fringes, indicating 

extremely well ordered organic thin films. This data is similar to that obtained for the 

series of benzyloxyethoxy substituted Pc molecules discussed in Section 1.5.5 and in 

Chapter 5. 

1.5.4 Phthalocyanine Polymers 

There have been several previous attempts to force an optimum cofacial 

alignment of adjacent disk-like Pc monomers through polymerization.^^"^"^'®^ 

Polymerization may increase the coherence length and stabilize these columnar 

assemblies, resulting in improved charge transport properties, as the number of grain 

boundaries are reduced and the orientation of the molecules within the columns is 

optimized. Polymerization through either the central metal atom or functional groups in 

the side chains is possible, and both cases are discussed below. 



Wegner and coworkers produced a series of easily processed, high molecular 

weight silicon octa-alkoxy phthalocyanine polymers (Figure 1.8a), linked by central -O-

Si-0- bonds between the Pc rings, with eight alkoxy side chains per Pc (Ci-Cis alkoxy 

chains - PcPS).'^'^"''^' These PcPS polymers represented significant improvements to 

earlier, less easily processed silicon phthalocyanine oligomers and polymers, introduced 

1 82 1 83 1 84 1 86 by Kenney and coworkers ' ' ' and Marks and coworkers. ' " ' PcPS typically 

consists of ca. 100-200 Pc monomers per chain, with a high degree of polydispersity. 

Langmuir-Blodgett thin films of the SiPc-polymer contain highly aligned rods with 

lengths up to 100 nm, and excellent optical and electrical anisotropies. These materials 

are readily doped through chemical or electrochemical oxidation, and show hole 

mobilities of 10"^-10"^ cm^A^-cm measured in the dark on interdigitated 

microelectrodes.' 

Another strategy for creating centrally linked Pc polymers is to use a linear 

1 87 I 88 bidentate ligand to coordinate to the metal center of the Pc ring. ' ' ' This is illustrated 

schematically in Figure 1.8b for a number of different metal centers and coordinating 

ligands. Although the conductivities in pure powders of these materials are generally 

low (10'^ to 10'^ S/cm), these materials can be doped either chemically or 

electrochemically to give conductivities as high as 0.2 S/cm.*'^^ 

Other attempts to create Pc polymers from simple demetallated or divalent metal 

Pc monomers, have introduced vinyl groups in the terminus of the side chains of the 

monomer Pc,''^^' or have used vinyl or styrene groups in asymmetric Pes to 

incorporate the chromophore into another polymer.^For the symmetric Pes, 
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Figure 1.8. (a) The polysilicon phthalocyanine (PcPS) is one example of a Pc 
based polymer that is linked through the central metal atom, (b) An illustration 
of another centrally polymerized Pc polymer that requires coordination 
between the metal center and a bidentate ligand. 



illumination of the absorbance band for the vinyl group or irradiation with electron beams 

leads to links between side chains in adjacent Pc rings. Similar strategies have been 

adopted by Miillen and coworkers for the stabilization of HBC aggregates. 

Positioning the polymerizable group at the end of the side chain, however, introduces the 

risk of extensive cross-linking between adjacent Pc rods, and some scrambling of the 

order in these materials. 

1.5.5 Benzyloxyethoxy Substituted Phthalocyanines 

An octasubstituted phthalocyanine molecule with benzyloxyethoxy side chains at 

the 2, 3 positions has been studied in our group since 1996 (Figure 1.7c).''^^' xhis 

molecule forms extremely well ordered monolayer and bilayer films on a LB trough and 

upon further compression forms fibers with unusual stability (fibers up to several inches 

in length can be removed from the trough with tweezers). Multilayer films have been 

transferred at the bilayer stage using both the verticaland horizontal transfer 

techniques, although it has been shown that films transferred by the horizontal approach 

are more well ordered than those transferred by the vertical technique.The solution 

and thin film UV/visible spectroscopy of this molecule have been investigated, and blue 

shifts in the Q-band in the thin film spectra clearly indicate the presence of cofacial 

aggregates within the film. Later studies focused on the structural characterization of 

films of this molecule,and AFM and STM images of single bilayer films illustrated 

their long-range order, as molecular columns as long as 200 nm were observed. X-ray 

reflectivity data has shown a single Bragg peak and also the presence of Kiessig fringes, 
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both of which are indications of extremely well ordered films. Initial IR characterization 

of the molecular orientation was also reported/and changes in this orientation and 

transfer efficiency from the LB trough as a function of the substrate surface modification 

1 38 were investigated. ' 

Several structural modifications to this molecule have also been explored 

including substitution of the metal center with cobalt, ruthenium, and hydrogen. Of 

these, the cobalt centered molecule has undergone the most extensive characterization by 

Rebecca Zangmeister,^'^^ and its electrical properties have been compared to those of the 

copper centered molecule.Modifications to the side chains have included the addition 

of polymerizable groups within the side chain in an attempt to avoid some of the previous 

crosslinking problems. Replacing the outermost oxygen in the side chain with a double 

bond to create a styryl group, as shown in Figure 1.7d, has allowed for photodimerization 

with 254 nm light and initial results have shown that this process is efficient enough to 

produce rod-like polymeric species with lengths up to 290 nm as observed in AFM 

images.Several versions of this polymerizable molecule have been produced, and 

further modifications have included the replacement of the oxygen linkage group with a 

sulfur atom. The characterization of some of these new molecules will be discussed in 

Chapter 5. 

1.6 Overview of Experiments 

The experiments described in this dissertation have focused on the 

characterization and optimization of ITO surfaces and a characterization of the 
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macroscopic and microscopic orientation and electrical properties of a class of self-

organizing Pc molecules. 

1.6.1 ITO Surface Characterization and Modification 

X-ray photoelectron spectroscopy (XPS) experiments of various indium standards 

and pretreated ITO surfaces were designed to determine the composition of the ITO 

surface and are discussed in Chapter 3. They show that the freshly deposited ITO surface 

is extremely reactive and exposure to atmosphere results in the formation of oxy-

hydroxide ("InOOH") and hydroxide (In(0H)3) species whose concentration can be 

varied by further chemical pretreatments to this surface. 

Efforts to control the surface chemistry of ITO electrodes are discussed in Chapter 

4. Modification of the ITO surface with silane and carboxylic acid containing molecules 

was achieved and these surfaces were characterized both through XPS and 

electrochemical studies. Modification of the ITO surface with ferrocene dicarboxylic 

acid has helped to define the role of surface hydroxides in the charge injection process at 

the ITO / organic interface. 

1.6.2 Characterization and Comparison of New Phthalocyanine Molecules 

A continued effort to design and synthesize new organic electronic materials has 

included a series of new phthalocyanine molecules that incorporate thioether linkage 

groups and/or polymerizable groups in the side chains, and their characterization is 

described in Chapter 5. LB isotherms and UV/visible studies have shown differences in 



the aggregation behavior for some of these Pc molecules. Additional polarized 

UV/visible and IR spectroscopies were employed to determine the qualitative molecular 

orientation of these molecules in spin-cast films, but none of the investigated molecules 

displayed the ideal orientation for use in either PV cells or OFETs. Differences in the 

UV/visible spectra and ultraviolet photoelectron spectra (UPS) of Pc molecules with 

oxygen and sulfur linkage groups have suggested that hole injection into the sulfur based 

molecules should be energetically easier than for the oxygen linked molecules. The 

photopolymerization and photopatterning of Pc molecules with styryl groups was also 

characterized by UV/visible spectroscopy and AFM. 

1.6.3 Determination of Quantitative Molecular Orientation by IR Spectroscopy 

The objective of Chapter 6 was to define a method to quantitatively determine the 

orientation of Pc molecules on a surface by polarized transmission and reflection 

absorption infrared spectroscopy (RAIRS). The approach described was originally 

designed for the class of Pc molecules discussed in Chapter 5, but the theory is general 

enough to apply to other discotic molecules, and any other molecule containing two non-

parallel dipoles whose transitions can be assigned and are well resolved in the IR (or 

UV/visible) spectrum. 

1.6.4 Discotic Mesophase Materials in OFETs and Effects of Surface Modifications 

Chapter 7 describes an extension of previous electrical characterization of the Pc 

molecules discussed in Chapter 5 to include measurements made both on the submicron 



scale, and in an OFET geometry. Submicron scale measurements have shown that the 

inherent electrical properties of these discotic assemblies are promising. These same 

device properties have not transferred to the OFET devices where measurements are 

made on the micron scale, due to resistances associated with defects in the columnar 

structure that is more evident over larger distance scales. Despite this, measurements 

have been made for currents measured both parallel and perpendicular to the column axis 

for two Pc molecules, and this data seems to agree with previously taken data on 

interdigitated microelectrodes. Additional studies include surface modifications to both 

the dielectric layer and the source and drain electrodes, and their effect on the current / 

voltage curves measured for these devices. 
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Chapter 2 

EXPERIMENTAL 

2.1 ITO Studies 

2.1.1 Sources of ITO 

Most of the ITO used in these studies was obtained from Applied Films with a 

sheet resistance of ca. 13 Q/n. Amorphous thin films of ITO were produced by DC-

magnetron sputtering (in the laboratory of David Paine, Brown University) at room 

temperature, with a power of 10 W and at a total pressure of 20 mTorr (0.05% oxygen in 

argon) (conditions related to those described in Reference 2.1). The sheet resistance of 

the amorphous ITO films was ca. 50-150 i2/n. Crystalline films were also made by 

David Paine, and they either favored the <100> or <111> surface as shown by X-ray 

diffraction. These films had sheet resistances of 20-30 O/D, and were deposited at a 

temperature of 350°C, with a power of 10 W, and a total pressure of 10 mTorr. The film 

with the <100> surface favored had a slightly higher partial pressure of oxygen than the 

film with the <111> surface favored (0.1% versus 0.08%). 

2.1.2 Cleaning and Pretreating ITO 

All rrO samples were initially cleaned by scrubbing with a dilute Triton X-100 

solution followed by ultrasonication in successive solutions of dilute Triton X-100, water, 

and ethanol for at least 10 minutes each. The cleaned ITO resulting from this process is 

termed "as-received" in the discussions below. Vinyl gloves were worn while handling 
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ITO as the nitrile gloves normally used were found to deposit a nitrogen containing 

species onto the ITO surface. 

Following a normal cleaning procedure to produce the "as-received" ITO surface, 

four additional pretreatment/cleaning procedures were used in these studies which are 

designed to affect both the level of adventitious carbon and control the coverage of 

hydroxide at the ITO surface.^^"^'^ The piranha treatment, adapted from Wilson and 

Schiffrin,^'^ consisted of three steps: (1) heating the ITO in a 10 mM solution of NaOH 

for 4 hours at 80°C, (2) soaking the ITO in piranha (4:1 H2SO4: H2O2) for 1 minute, and 

(3) heating the ITO to ca. 160°C for 2 hours. The ITO was rinsed with copious amounts 

of water between each step. Pretreatment by air plasma cleaning took place in a Harrick 

plasma cleaner (Model PDC-32G, 60 watts) for 15 minutes. The RCA treatment involved 

heating the ITO in a 1:1:5 solution of NH4OH : H2O2 : H2O for 30 minutes at 80°C, 

rinsing thoroughly with water, and drying with a stream of nitrogen gas. Finally, certain 

ITO samples were also argon-ion sputtered at 750 eV for 45 minutes with an argon 

pressure of 6.5*10" torr, which were conditions estimated to remove some carbonaceous 

impurities and surface hydroxides, but which would not lead to extensive oxide reduction 

and lattice damage. The conditions for sputtering were such that the sputtering area was 

about 2 cm and the sample was centered in this region to ensure that in subsequent 

electrochemical studies, the electrochemically active area was uniformly affected. 
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2.1.3 XPS Experiments 

XPS studies were conducted with a Kratos Axis-Ultra X-ray photoelectron 

spectrometer equipped with a monochromatic A1 Ka source at 1486.6 eV. For all the 

data presented here, the analyzed spot size was 300 x 700 microns. Typical conditions 

for full and elemental scans are given in Table 2.1. All of the XPS data was taken with 

the monochromatic aluminum source (linewidth FWHM = 0.3 eV), magnetic focusing of 

the electrons was enabled, and all eight channeltrons were used. The current and voltage 

applied to the source were 15-20 mA and 15 kV respectively, and the pressure in the 

analysis chamber was typically ca. 5*10'^ Torr. After loading a sample, pressures were 

o 

higher, but never greater than ca. 10" Torr. 

To insure consistency in the characterization of both conductive and non-

conductive samples most of the samples studied were not in electrical contact with the 

spectrometer, and thus external charge compensation was used with a potential applied to 

the charge balance electron gun that minimized the peak FWHM and maximized the peak 

intensity of a major photoemission peak, such as In 3d5/2. For conductive samples such 

as the InaOs powder or ITO films, the potential appHed does not affect the position or line 

shape of the peaks significantly; however, for nonconductive samples, significant 

changes in peak position and line shape can be observed. We therefore optimized the 

charge neutralizer while analyzing the nonconductive In(OH)3 powder and then used the 

same potential (2.66 V) for the InaOs powder as well. All of the powder samples were 

prepared as thin films in conductive carbon tape along with a piece of In° metal (for 

binding energy referencing purposes, 443.2 eV) to help limit the amount of charging. 
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Table 2.1 Typical parameters for XPS and UPS data collection 

Parameter Full Scan Elemental Scan 

Pass Energy (eV) 80 20 
Binding Energy Range (eV) 1000 - 0 Depends on element 

XPS Step Size (eV) 1 0.1' 
Dwell time (ms) 100 200 

Number of Sweeps 1-3 >3 
Pass Energy (eV) 5 5 

Kinetic Energy Range (eV) 6-28 Depends on surface 
UPS Step Size (eV) 0.025 0.01 

Dwell time (ms) 100 100 
Number of Sweeps 6 10 

" A step size of 0.01 eV was used for some 0 1s data 
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ITO samples were analyzed with a potential of 1.8 V applied to the neutralizer. To 

ensure that there was no peak broadening or distortion due to the use of the charge 

neutralizer, we occasionally characterized ITO thin films that were in electrical contact 

with the spectrometer, and the line shapes from those samples were found to be 

unchanged relative to those which were electrically isolated and charge compensated. 

ITO samples were also occasionally analyzed with pure indium metal mounted on the 

same sample stub to allow for the In 3d5/2 peak to be observed from both the oxide thin 

film and from the pure indium metal, so that the binding energy axis for all thin film 

materials could be corrected. The spectral curve fitting procedures used for overlapping 

spectra are described further in the text. 

The no surface can exhibit widely varying chemical compositions as a function 

of surface pretreatments, and extra care was taken in all experiments involving ITO 

electrodes to control the experimental conditions as closely as possible, and to repeat the 

experiments numerous times to ensure reproducibility. All samples were loaded into the 

vacuum system of the Kratos system immediately after cleaning or pretreatment, and all 

experiments involved examining the ITO surface both before and after chemical 

treatment to determine if changes in the chemical composition were due to the treatment 

under investigation, or due to a "unique" piece of ITO. In all cases a full scan was also 

obtained first to determine if there were any extra species present on the samples. As an 

example, following the piranha treatment samples occasionally showed evidence of 

sulfur present on the surface indicating that not all of the piranha solution had been rinsed 
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from the surface. These samples also showed drastically different O Is peaks most likely 

due to the formation of a sulfate species. 

All XPS data was peak fitted using Kratos software using peaks that were 70% 

Gaussian and 30% Lorentzian. Linear backgrounds were used most often, but 

occasionally a Shirley background^'^ was used if the linear background did not seem 

adequate. Relative sensitivity factors incorporated in the software were used to 

determine atomic ratios from peak areas. Another discussion of fitting parameters can be 

found in Section 3.2.3. 

2.1.4 UPS Experiments 

UPS experiments were all performed on the same Kratos system as the XPS 

measurements, and the He I line at an energy of 21.2 eV was used for the studies 

described here. The sample was in electrical contact with the spectrometer and a -5 V 

bias was applied to allow for the collection of the lowest kinetic energy electrons. Only 

one channeltron detector was used (#4), the instrument was operated in UPS lens mode, 

and the charge neutralizer not used. Typical conditions for full scans and scans of the 

low kinetic energy onset and the Fermi edge are shown in Table 2.1. 

2.1.5 AFM of ITO Samples 

All AFM images were taken with a NanoScope III system (Digital Instruments, 

Santa Barbara, CA). Images of ITO were taken in air in tapping mode with TESP7 

silicon tips (Digital Instruments). Most images were 1-10 [im in size, and all rms 
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roughness values were calculated with NanoScope III software (either version 4.22 or 

4.43r8). 

2.1.6 Phenylsilane Modification oflTO 

Silane molecules for surface modification were obtained from Aldrich 

(phenyltrimethoxy silane) or Gelest (iodopropyltrimethoxy silane) and used without 

further purification. Most of the ITO for these studies was pretreated with the piranha 

treatment prior to silane modification, which immediately followed this cleaning step. 

Silane modification of ITO surfaces involved refluxing the ITO in a 10% solution of the 

silane in toluene for 30 minutes. This was followed by a 10 minute sonication in pure 

toluene to remove any noncovalently bound silane. Covalent attachment of 

phenyltrimethoxy silane was confirmed by contact angles that increased (on average) 

from ca. 30° before modification to ca. 65° after modification. In addition, the XPS data 

showed the appearance of a Si 2p peak after silane modification consistent with the 

addition of a single monolayer of this silane to the ITO surface. 

Iodopropyltrimethoxy silanes were also evaluated for surface modification using this 

method, providing a much more intense 13d5/2 photoemission signal, also indicating 

2 9 approximate monolayer coverage of the silanes. In general there is a wide variability in 

silane coverage, for any pretreatment, which probably correlates to variability in both 

composition and microstructure in commercially available ITO/glass, where this 

variability may manifest itself even within a single 18 inch x 18 inch sheet. 
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2.1.7 Contact Angle Measurements 

Contact angles were measured by placing a 10 |J,L drop of 18 MQ Millipore water 

onto the substrate of interest, and using a Pulnex TM-7CN video camera interfaced with 

Video Snapshot Snappy software to take a picture of the drop on the surface. Angles 

were then measured with Image-Pro Plus 1.3 software (Media Cybernetics). Multiple 

drops were imaged for each sample and contact angles were measured on both sides of 

each drop. These angles were averaged over ca. 20 measurements to determine an 

average contact angle for the surface. 

2.1.8 Carboxylic Acid Modification oflTO 

Ferrocene dicarboxylic acid (Fc(C00H)2) was purchased from Aldrich and used 

without further purification. Adsorption of Fc(COOH)2 onto ITO was achieved by 

soaking the ITO in a 1 mM solution of Fc(C00H)2 in pure ethanol for 10 minutes and 

then rinsing briefly with acetonitrile.^ '^ Solutions of Fc(COOH)2 change from a bright 

orange color to a more dull orange color with time, requiring the preparation of fresh 

solutions for each experiment. All electrochemistry was performed with a saturated 

Ag/AgCl or a Ag wire reference electrode, a platinum counter electrode, and ITO as the 

working electrode. The solvent for all the electrochemical studies was acetonitrile with a 

supporting electrolyte of 0.1 M tetrabutylammonium hexafluorophosphate, and the 

potential axis of all voltammograms are reported versus the parent (ferrocene/ferrocinium 

(Fc/Fc"^)) redox couple, which has an E" in acetonitrile of 0.159V vs. S.C.E.^'^' To ensure 
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reproducibility, the adsorption of Fc(C00H)2 on pretreated ITO was repeated a minimum 

of three times on three separate ITO samples, for each pretreatment condition. 

2.2 Phthalocyanine Characterization 

2.2.1 Modification of Silicon, Quartz, and Au Substrates 

Silicon and quartz substrates were cleaned with Klean AR (93% sulfuric acid and 

0.4% chromium trioxide, Mallinckrodt) for a few minutes and then rinsed with copious 

amounts of water. These surfaces were then modified by sonicating the clean surface in a 

5% 1,1,1,3,3,3-hexamethyldisilazane, 5% l,3-diphenyl-l,l,3,3-tetramethyldisilazane 

solution in CHCI3 for 30 minutes with heating. Au/glass surfaces were cleaned by 

immersing the surface into a 4:1 H2S04:H202 solution, and then modified by soaking 

clean Au in a 1 mM solution of benzyloxyethane thiol in ethanol for at least 24 hours. 

2.2.2 Phthalocyanine Molecules 

Structures of the molecules used in these studies are shown in Figure 2.1. 

2,3,9,10,16,17,23,24-Octakis((2-benzyloxy)ethoxy)phthalocyaninato copper abbreviated 

CuPc(0CH2CH20Bz)8, (1), its cobalt analog, (lb), and a polymerizable version of this 

molecule, (2,3,9,10,16,17,23,24-octakis((2-cinnamyl)ethoxy)phthalocyaninato)copper) 

abbreviated CuPc(0CH2CH20CH2CH=CHPh)8, (2) were synthesized by Tony 

Drager.^'^^"^'^"^ Two phthalocyanine molecules containing sulfur linkages 

2,3,9,10,16,17,23,24-octakis(2-benzyloxyethylsulfanyl) phthalocyaninato copper and 

2,3,9,10,16,17,23,24-octakis(2-cinnamyloxyethylsulfanyl) phthalocyaninato copper were 
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(1): CUPc(0CH2CH20BZ)8 

(lb): CoPc(OCH2CH20Bz)5 

(3): CuPC(SCH2CH20BZ)8 

N Cu n' 

X = O or S 

N Cu 

(2): CuPc(0CH2CH20CH2CH=CHPh)8 

(4): CuPc(SCH2CH20CH2CH=CHPh) 

Figure 2.1. Structures of the phthalocyanine molecules studied here. 
CuPc(0CH2CH20Bz)8 is the parent material that is used for most of the basic 
studies, and the two molecules containing styryl groups were used in 
photopolymerization studies. 
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synthesized by Britt Minch, and abbreviated CuPc(SCH2CH20Bz)8, (3), and 

CuPc(SCH2CH20CH2CH=CHPh)8, (4), respectively. 

2.2.5 LB films of Phthalocyanines 

A Riegler & Kerstein RK3 Langmuir-Blodgett (LB) trough was used to form LB 

films by applying 150 |iL of a 1 mM solution of the Pc molecules in CHCI3 to the air-

water interface, allowing the CHCI3 solvent to evaporate (ca. 20 minutes), and then 

compressing the barriers as shown in Figures 2.2a and 2.2b. A Wilhemy balance was 

used to measure the pressure at a position centered between the barriers. A pressure-area 

isotherm was recorded during film compression and this allowed monolayer and bilayer 

transitions to be observed, which help to determine the ideal transfer point for film 

transfer. After film compression, the film was lowered onto a metal baffle placed 

underneath the surface of the water by suctioning some of the water off the trough 

(Figure 2.2b). This served to segment the film and allow for film transfer from one 

section without disturbing adjacent sections of the film. The horizontal Schaefer transfer 

t e c h n i q u e  h a s  b e e n  s h o w n  t o  g i v e  m o r e  o r d e r e d  f i l m s  t h a n  t h e  v e r t i c a l  t e c h n i q u e , ^ ' a n d  

has been used in all of these studies (Figure 2.2c). Films of 1 and 2 were annealed to 

120''C while films of 3 were annealed to 180°C for at least 4 hours in a vacuum oven. 

This raised the temperature of the films above their liquid crystalline temperature (K^Dh 

= ca. 60°C for the oxygen linked Pes, and ca. 130°C for 3, drove off any water remaining 

in the film, and allowed for a more complete ordering of the film.^ '^' ̂  
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Figure 2.2. (a) Schematic illustration of the Langmuir-Blodgett trough with 
the barriers fully expanded and the metal baffle below the water surface. 
Following film compression, some of the water is removed from the subphase 
(b) and the film is lowered onto the baffle segmenting the film for film 
transfer, (c) The horizontal Schaefer film transfer technique is employed, 
transferring layers of the film one at a time from the individual sections of the 
baffle. Water was removed from the film with a stream of N2 following each 
transfer. 
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2.2.4 Spin Coating Phthalocyanines 

Spun films were made from 2-2.5 mM solutions of 3 and 4 in CHCI3. Films of 1 

and 2 were spun from chlorobenzene solutions with similar concentrations. After 

flooding the surface with the Pc solution, the films were spun at 1250-1500 rpm for 60 

seconds. Films were annealed at 120°C or 180°C for 4 hours in a vacuum oven. 

2.2.5 UV-Visible Experiments 

UV-visible spectra of thin films of Pc on hydrophobized quartz substrates were 

obtained with a Hitachi U-2000 double beam spectrometer. A polarizing filter was used 

for the dichroic ratio studies, and spectra were taken with the polarizer oriented both 

parallel and perpendicular to the Pc column axis with the substrate normal and 45° to the 

incident beam. Solution UV-visible spectra of Pes were obtained in dilute solutions in 

CHCI3. 

2.2.6 IR Experiments (Transmission and RAIRS) 

FT-IR transmission and RAIRS spectra of Pc films on hydrophobized silicon and 

gold substrates were obtained with a dry-air purged Nicolet 550 spectrometer with a 

tungsten source and an MCT detector. A wire grid polarizer (Molectron Corp., IGP-225) 

was used for the transmission studies, where spectra were taken with the incident beam 

normal to the substrate and the polarizer oriented parallel and perpendicular to the Pc 

column axis. RAIRS spectra were obtained using a FT-80 Fixed 80° Grazing Angle 
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Accessory (Spectra-Tech). IR spectra of isotropic samples were taken as KBr pellets 

after the solid Pc had been ground with KBr and pressed into pellet form. 

2.2.7 Polymerization and Patterning of Phthalocyanines 

The polymerization of films of 2 and 4 was carried out in an argon-purged 

environment to minimize the production of ozone during polymerization. Two Hg-vapor 

pen lamps (Spectroline, Model 1 ISC-lOP, and Pen-Ray, Model 1 lSC-1) were placed 

adjacent to each other and were used to irradiate the samples through a 254 nm bandpass 

filter (Oriel Corp.; 254.91 nm filter, FWHM = 10.66 nm) as illustrated in Figure 2.3a. 

Polymerizations took place for 5 hours unless otherwise noted. In the long-term 

polymerization experiments, samples were removed from the polymerization glove bag 

to take the UV/visible spectra and replaced before reinitiating the polymerization process. 

For the photopatterning experiments (Figure 2.3b), a photomask was placed into intimate 

contact with the surface of a film of the Pc deposited on a Si(lOO) substrate, and the film 

was irradiated through the mask for periods up to 5 hours. Following irradiation, the film 

was vigorously rinsed with CHCl, to remove the unpolymerized material. 

2.2.8 AFM of Phthalocyanine Films 

AFM images were taken with a Nanoscope III system (Digital Instruments, Santa 

Barbara, CA). Images of Pc films were recorded in tapping mode, with the sample 

immersed in 18 MQ Millipore water. Oxide sharpened silicon nitride probes (NP-S20 



Pc film on silicon Argon atmosphere 

(b) 
iz: 

254 nm 

/////////// 
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Figure 2,3. (a) Schematic illustration of irradiation of polymerizable Pc films 
with 254 nm pen lamps through a 254 nm band pass filter in an argon 
environment, (b) For photopatterning experiments a photomask was placed 
into intimate contact with the Pc film and the film was irradiated through the 
photomask. 
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from Digital Instruments) were used for tapping mode imaging in water, and were ozone 

cleaned for ca. 1 hour prior to use. 

2.3 OFET Fabrication 

2.3.1 Photolithography 

All OFET substrates were fabricated in the clean room in the Optical Sciences 

department by Dr. Dave Mathine. OFET substrates were fabricated on <100> oriented n-

type silicon substrates with a resistivity between 0.008 and 0.02 Q-cm. The highly doped 

substrate was used as the gate electrode while a 1000 A thermal oxide layer was used as 

the gate insulator. Electrodes were defined on the surface of the thermal oxide using 

standard photolithographic lift-off techniques (Figure 2.4) to define Ti/Au (lOnm/lOOnm) 

source and drain contacts. The surface was cleaned with an oxygen plasma at 100 W for 

two minutes to remove any residual photoresist. Figure 2.5 illustrates the layout of the 

OFET substrate. The OFET chip is divided into sections in which the devices all have 

the same width, and these devices are all operated by a common source electrode. The 

widths available are 10, 20, 50, 100, 200, 500, and 1000 |Lim. All of these widths have 

devices that have lengths of 1, 2, 3, 4, 5, 10, and 20 fim, and the devices with widths of 

10, 20, 50, and 500 |im also have devices that have lengths of 50 |J,m. These width and 

length combinations result in a wide variety of width/length ratios (from 0.2 to 1000). 
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Figure 2.4. Procedure for photolithography using the lift-off technique to 
define the Ti/Au source and drain electrodes. The silicon was n-type with 
1000 A of a thermally grown oxide layer. A photoresist is spun onto the 
silicon and irradiated through a photomask. After the photoresist is developed, 
gold is deposited over the entire surface and then the remaining photoresist is 
lifted off to leave a patterned gold surface. 



Figure 2.5. (a) Schematic of the OFET mask design for one OFET chip. The 
bulk of the mask is devoted to the OFETs, but the circles at the top are 
designed for dielectric layer testing. A closer view of the OFET section 
(rotated 90°) is shown in (b). OFETs with channel widths of 10, 20, 50, 100, 
200, 500, and 1000 |im are on the mask, and each set of widths contains 
OFETs with lengths of 1, 2, 3, 4, 5, 10, and 20 |j,m. OFETs with widths of 10, 
20, 50, and 500 jim also have a device with a length of 50 }im. 
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2.3.2 Deposition of Phthalocyanine Films on OFET Substrates 

Figure 2.6 illustrates the preparation of OFET substrates for Pc film deposition. 

After receiving samples from Dr. Mathine, samples were pretreated if necessary, and then 

the contacts were masked off with black strippable paint. This was allowed to dry for at 

least 30 minutes before Pc film deposition. Films were placed onto a sample holder, and 

a thin piece of metal (top cover in bottom of Figure 2.6) was placed on top of the sample 

and screwed into the sample holder to secure the sample for film deposition. The top 

cover of the sample holder had an opening that allowed most of the OFET substrate to be 

exposed to the film, and only the edges (which were masked with the black strippable 

paint) were in contact with this metal. The regions of the top cover that made contact to 

the OFET substrate were also wrapped with teflon tape to eliminate any physical damage 

to the OFET substrate. Usually two OFET substrates were mounted onto a sample stub at 

a time for comparison purposes, and the top cover had two openings for the two samples 

(not illustrated). Different top covers allowed the OFET substrates to be oriented either 

parallel or perpendicular to each other on the same sample holder for simultaneous Pc 

film deposition. A picture of an OFET chip with Pc film deposited on it is shown in 

Figure 2.7a. 

Langmuir-Blodgett (LB) films of phthalocyanine molecules were deposited onto 

the OFET substrates using the same horizontal transfer techniques that are described in 

Section 2.2.3. Films of 1 were 7 bilayers thick and films of 2 were 7 monolayers thick. 

Following film deposition, the black strippable paint was peeled off, and the films were 

annealed in vacuum at 120° for 4 hours and left in vacuum (usually overnight) until 
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Figure 2.6. Schematic view of the OFET substrate. The contacts are at the 
edges of the device with two rows of devices in the center of the substrate. 
The contacts are masked with a black strippable paint, and then mounted onto 
a substrate holder. The OFET substrate is placed onto the magnetic base, 
which has tapped screw holes. The top cover is wrapped in teflon tape to 
protect the OFET, and is screwed into the base plate to secure the OFET 
substrate for Pc film deposition. 
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immediately before transport to Optical Sciences for testing. Samples were placed in 

separate Nalgene jars in an argon purged and vacuum-sealed dessicator for sample 

transport. The dessicator remained sealed until immediately before testing was to begin. 

These steps were taken to try to avoid doping of the films with oxygen, which was 

evident in the testing process over time (Section 7.4.5). 

2.3.3 Testing Conditions 

The substrates were tested at a custom probe station (Figure 2.7b). 

Micromanipulators from Signatone were used to position tungsten probes onto the 

surface electrodes. An Agilent 4142B modular DC source/monitor was used to acquire 

the electrical data from the organic transistors. The ground channel was connected to a 

common source for the transistors. Next, two separate channels were contacted to two 

separate transistor drains, which allowed the simultaneous testing of two transistors. The 

source-drain voltage was then swept with a reduced sweep rate so that the low mobility 

transistors could respond. After sweeping the source-drain voltage, the gate voltage was 

stepped and the source-drain swept again to produce a family of current-voltage curves. 

The source/monitor was interfaced with LabView software to control the scan voltages 

on both the drain and the gate. Typical scans were from Yds = 0 to -20 V with a step size 

of -0.5 V and Vgs = 0 to —20 V with a step size of —5 V. Later testing sessions included 

scans that went to drain voltages of -40 V and gate voltages from +20 V to -35 V. 
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(^) Probes 

Contacts 

Figure 2.7. (a) A picture of an OFET chip with a top gate contact. The three 
probes make contact to the contacts which are at the top and bottom of the 
chip. The Pc film is only deposited in the active area of the device and is 
highlighted with a dotted rectangle, (b) Picture of the probe station used for 
testing OFETs. The OFET chip is in the center of the copper base plate, which 
can be used to make contact to a back gate contact. Five probes are shown in 
this picture which are used to make contact to the electrodes on the top side of 
the device. 
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2.3.4 AFM of OFET Substrates 

AFM of OFET substrates and rms roughness studies of silicon were done in air in 

tapping mode with silicon tips (TESP7 from Digital Instruments). 
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Chapter 3 

CHARACTERIZATION OF INDIUM TIN OXIDE SURFACES 

3.1 Introduction 

3.1.1 Importance of Instrumentation for XPS Studies 

Initial XPS studies of ITO surfaces, started in 1974/1975, were limited by the 

instrumentation available, and these studies produced In 3d peaks which were fairly 

symmetric, leading to the assumption of a relatively simple surface composition with 

only one form of indium and two forms of oxygen.^ '"^'^ XPS instrumentation today has 

more efficient electron collection optics, allowing for the use of lower pass energies 

while maintaining reasonable counts. Channeltron detectors and monochromatic sources 

with narrow X-ray emission peak widths are also available which improve both the 

sensitivity and resolution. These improvements have allowed for the studies described in 

this chapter, which show evidence for four forms of oxygen, and at least two forms of 

indium and tin present on a typical ITO surface.^^ As an illustration of the improved 

resolution obtained with the Kratos XPS system used in these studies, routine analysis 

was taken with a pass energy of 20 eV (although lower pass energies are possible), all 

eight channeltron detectors, a charge neutralizer, and the focusing magnet for improved 

photoelectron collection (Figures 3.1b and 3.Id). The presence of a high binding energy 

shoulder on the In 3d peaks is clear. In an effort to take data that was similar in quality to 

that taken initially on ITO surfaces, data was taken on the same piece of ITO with the 

non-monochromatic Mg (Ka) source in electrostatic mode (no magnetic focusing or 

multichannel detection) at a 40 eV pass energy. Clear differences are observed for both 
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Figure 3.1. In Sds/a [(a) and (b)] and 0 1s [(c) and (d)] XPS peaks of ITO with 
a non-monochromatic Mg source in electrostatic mode with a pass energy of 
40 eV (left), and with a monochromatic Al source with magnetic focusing and 
a pass energy of 20 eV (right). The monochromatic Al source clearly shows a 
shoulder on the high binding energy side of the In 3d5/2 peak, which is not 
visible in the data obtained with the non-monochromatic Mg source. Peaks are 
also broader when the non-monochromatic source is used in electrostatic 
mode. 
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the In 3d and O Is peaks. The In 3d peaks are more symmetric and both the In 3d and O 

Is peaks are wider when the instrument is operated in electrostatic mode with the non-

monochromatic source. 

3.1.2 Description of the Bixbyite Crystal Structure 

In203 single crystals form a bixbyite lattice with a unit cell of 80 atoms.^ Figure 

3.2 shows portions of the <100> and <111> crystal faces of the InaOs bixbyite lattice, as 

an example of the chemical composition that may be found at the surface of freshly 

deposited ITO. X-ray diffraction (XRD) studies have shown that most commercially 

available ITO films are polycrystalline with the (222) and (400) reflections in a ratio of 

ca. 3:1, consistent with a random distribution of the <100> and <111> termination planes 

of the In203 bixbyite lattice.^ "^'^'^ XRD data of the ITO purchased from Applied Films 

was taken by Dave McCready at PNNL (Figure 3.3), and it also shows a ratio of ca 3:1 

for the (222) and (400) reflections. In both the <100> and <111> schematics in Figure 

3.2, the chosen slice through the bixbyite unit cell shows i) metal sites surrounded by 

oxygen atoms with two different coordination geometries (In(b-site) and In(d-site)) - one 

where the oxygen atoms are at the corners of a distorted cube with two body-diagonal 

sites unoccupied, and another distorted cube where two face-diagonal sites are 

unoccupied,ii) metal sites with incomplete coordination to surrounding oxygen 

atoms; and Hi) surface "bridging-oxygen" environments, which might be reorganized 

during hydrolysis of the oxide at those sites. As shown in Figure 3.2b, the <100> InaOs 

surface lattice can exhibit rectangular spaces, 1-2 atomic layers deep, with widths and 



InjOj bixbyite lattice 
80 atoms per unit cell 

100> terminated surface 

In(b-site) 
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Possible oxygen 
defect sites 
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<100> surface plane -
upper ca. 2.5 atomic layers 

<111> surface plane 

Figure 3.2. (a) Schematic representation of the <100> surface of the In203 
bixbyite lattice, (b) Expanded view of the upper 2.5 atomic layers of the 
<100> lattice, showing two sites for indium (b-site and d-site), natural 
openings in the lattice, indium atoms at the surface termination of the lattice 
without their full coordination of oxygen, and sites for oxygen removal, (c) 
Schematic view of the <111> surface showing similar surface sites as the 
<100> surface. 
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Figure 3.3. X-ray diffraction data of Applied Films ITO showing the (222) 
and (400) reflections with an approximately 3:1 ratio indicating a random 
distribution of the <111> and <100> surface terminations present in these 
commercial ITO films. Data was taken by Dave McCready at PNNL. 
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lengths of ca. 0.8 A and 4.9 A respectively. Comparable lattice openings, with different 

geometries, are revealed in the schematics of the <111> surface. 

Differences between ITO and the In203 lattice shown in Figure 3.2 include the 

substitution of -10% of the indium atoms with tin atoms, and the removal of some of the 

oxygen atoms to create oxygen defect (vacancy) sites, both of which improve the 

electrical and optical properties of ITO.^ "^ The resulting crystal lattice retains the bixbyite 

structure, but the lattice constants are slightly larger than for InaOs.^ "^ Loss of oxygen 

from the borders of any of the natural surface openings will increase their dimensions 

further, likely leading to significant restructuring of the lattice in those areas. These 

openings may provide access for chemisorbed molecular species to undergo efficient 

interfacial charge transfer. It is believed that the structure of the film described here is 

similar to that of the as-deposited film before removal from the deposition vacuum 

system. The oxygen vacancy sites and indium and tin atoms at the surface which are not 

fully coordinated, are expected to be extremelv reactive, and upon exposure of this 

surface to atmosphere, reactions are expected to occur with residual water, carbonaceous 

components of the vacuum deposition system, etc. to produce a much more complicated 

surface. 

3.2 X-Ray Photoelectron Spectroscopy of Applied Films ITO 

3.2.1 XPS of Indium Standards 

Figure 3.4 summarizes high resolution ITO photoemission spectra typically 

obtained from ITO, indium metal, In203 powder, an electrochemically grown "InOOH" 



Indium 3Oxygen Is 

ITO 

I n O  

InOOH 

sputtered 
"InOOH" 

In(OH) 

Heated 
In(OH) 
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446 442 444 534 532 530 528 

Binding Energy (eV) 

Figure 3.4. XPS data for ITO and a series of indium standards that illustrates 
the four types of indium and two types of oxygen present in the standards. 
Vertical dotted lines mark the binding energies of these species. 
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thin film, and In(OH)3 powder. The indium metal sample was not sputtered clean in the 

vacuum system, and it had native oxide/hydroxide present (O Is peak), but the In 3d peak 

due to the metal was clearly present. Evidence for contamination was found in the In203 

powders, which contained some hydroxide species even after extensive drying (160°C for 

20 hours), and the In(0H)3 powder could be partially converted to an oxide by heating 

(200°C for 72 hours). The "InOOH" was grown electrochemically on indium metal, and 

it is an intermediate between the oxide and hydroxide.^'^ The exact composition of this 

intermediate is not clearly known (the ratio of oxide-like oxygen atoms to hydroxide-like 

oxygen atoms), and so it is referred to in quotation marks. This sample was also 

sputtered to reveal the In" peak for energy referencing purposes (see Section 3.2.2). 

Despite contamination problems for the powder samples, clear spectral shifts were 

observed in either the In 3d or O Is peaks to differentiate each species. 

The In 3d5/2 peaks shown in Figure 3.4 show four different types of indium 

present in the standards examined: In*^, In203, "InOOH", and In(OH)3 (indicated by the 

vertical dashed lines). The 0 1s peaks for these standards show two forms of oxygen, the 

oxide and the hydroxide. Comparison of these standards with the data for ITO reveals 

that the main component of ITO is indeed In203, but that the high binding energy 

shoulder on the In 3d5/2 peak is due to In(OH)3. The presence of both the oxide and 

hydroxide is confirmed by the O Is standards data. From this data it is not clear if the 

"InOOH" species is present (the In 3d5/2 peak can be fit with or without this component); 

however, based on other metal oxide materials, it seems very likely that this surface is 

terminated with these intermediate species, and it is included in the discussions below. 
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Table 3.1 summarizes the binding energies for all of the components in the In 

3d5/2, 0 1s, and Sn 3d5/2 peaks for UO and the standards. (The peak fitting for ITO 

samples is described in Section 3.2.3.) Also included are two other parameters: the (O 

Is) - (In 3d5/2) binding energy difference parameter^'^ and the more well known Auger 

parameter (a' = KE (Auger peak) + BE (photoelectron peak)). The Auger parameter is 

often more sensitive to changes in chemical environment than the binding energy, and 

both of these parameters are insensitive to charging effects, an important factor for 

powder samples where charging of the samples occurs more frequently. These 

parameters provide another way to differentiate between these different chemical species, 

and show clear differences between the standards. 

3.2.2 Energy Alignment for Standards and ITO 

The experiments described above require that the absolute binding energies for 

the standards and ITO peaks be known to first differentiate between the different 

standards, and then to assign the composition of the components in the In 3d5/2 and O Is 

peaks for ITO. This is often difficult to do with powder samples because of charging 

effects that are difficult to account for, especially on insulating powders such as In(0H)3. 

To limit the amount of charging on these samples, thin films of the powders were pressed 

into a conductive carbon tape, along with a piece of In° metal. The metal served as a 

binding energy reference (443.2 eV) so that any charging effects could be accounted for, 

and the powder samples were thin enough to minimize charging effects. (Adventitious C 

Is peaks were observed at 284.9 eV after referencing to the In" sample.) The "InOOH" 
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Table 3.1 Binding Energy Values for Photoemission Peaks from ITO and Related 
Indium Oxide/Hydroxide Standards 

Species In 3d5/2 
(eV) 

0 Is (eV) Sn 3d5/2 
(eV) 

0 Is - In 3d5/2 
(eV) 

a' 
(eV)" 

ITO 443.9^^ 
444.9 (a) 

445.9 

529.5 
530.6 (b) 
531.8(c) 

485.8'' 
486.8 (d) 
487.7 (e) 

85.6 851.6 

In° 443.2 531.5'^ 
529.4' 

- - 854.3 

In203 443.8 529.5' 
531.4 

- 85.7 850.8 

"InOOH" 444.3 531.2" 
529.1 

- 86.9 

In(OH)3 444.8 531.3 - 86.5 850.3 

Heated 
In(0H)3 

444.9 
444.3 

531.6 
529.8 

- 86.7 
85.5 

851.1 

Denotes the main peak, when only one value for O Is - In 3d5/2 is shown, this value was 
used. 
*' a' = KE (Auger) + BE (photoelectron) for In 

(a) Due to In(0H)3 (see text). 
(b) Oxygen adjacent to oxygen deficiency sites in the ITO lattice 
(c) Oxygen due to In(0H)3 

(d), (e) Other forms of tin as seen for indium. 
These forms of oxygen were due to oxide contamination on the In° surface. 
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sample was sputtered to reveal the underlying indium metal as shown in Figure 3.4, and 

ITO samples were also analyzed with a small piece of In'^ in electrical contact with the 

ITO surface so that the binding energies could again be referenced to the In° peak. 

3.2.3 Fitting XPS Peaks for ITO 

All of the peaks shown in Figure 3.5, and in all subsequent spectra, were fit with 

the minimum number of components (70% Gaussian, 30% Lorenztian) that gave 

reasonable agreement between the experimental data and the resulting fit as determined 

by a minimized chi squared value. Once the initial parameters for fitting each peak were 

established, these parameters were applied to subsequent peaks, allowing only the height 

of the individual components to vary. This ensured a constant FWHM for each 

component, and a constant binding energy separation between the components. 

Components that were assigned to standard compounds had FWHM values that were 

within 0.1 eV of the FWHM values determined for the standard species. 

The 0(ls) peak for all ITO samples has been fit with four components (Figure 

3.5a). Peak A is assigned to InaOs-like oxygen, and similar to other recent ITO surface 

characterization studies, peak B is assigned to oxygen that is adjacent to oxygen 

deficiency sites.^The BE shift for peak B is too small to assign it to one of the 

hydroxide forms, and given the density of oxygen deficiency sites intentionally 

introduced during manufacture of ITO,^ '^ it is not surprising to see evidence of extensive 

oxygen deficiency sites in these XPS spectra. It is hypothesized that oxygen atoms 

adjacent to oxygen defect sites donate some of their electron density towards indium 
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Figure 3.5. XPS data taken at a 75° take-off angle (see section 3.2.4) for (a) O 
Is, (b) In 3d5/2, (c) Sn 3d5/2, and (d) C Is. Peak fitting parameters and 
assignments are described in the text. 
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atoms that are no longer fully coordinated. This donation of electron density towards the 

indium appears to cause the O Is peak to shift towards higher binding energy, and at the 

same time partially compensates the indium for the loss of the adjacent oxygen.^ *' 

Therefore, large chemical shifts in the In 3d spectra associated with these oxygen defects 

are not observed. Peak C is assigned to hydroxide- and/or oxy-hydroxide-like species, as 

the binding energy position of this O Is peak correlates well with that for either the 

In(OH)3 or "InOOH" standards. An additional peak D is shown here to improve the 

fitting of the 0 1s peaks, and may be due to adventitious contaminants, or may arise from 

final state effects in the photoemission process in the top molecular layer. 

Some previous XPS studies have attributed O Is peaks A and B to crystalline and 

amorphous ITO.^'^° Most FTO, however, including the commercial ITO used in our 

studies, has been shown by X-ray diffraction to be crystalline (Figure 3.3).^ '^ Other 

studies have claimed that components A and B were due to oxygen bound to indium and 

tin, respectively.^ This too is unlikely given that the ratio of areas of peak B to peak A 

is about 0.8, but commercial ITO is doped with only ca. 10% tin. 

The In 3d5/2 peak in Figure 3.5b has been fit with three components. Components 

E and F fall at the same binding energies as the indium oxide and indium hydroxide 

standards. Component G may arise from a poor background subtraction or the fitting of a 

naturally unsymmetrical peak (due to scattering effects) that has been fit with symmetric 

components. The "InOOH" component, which would fall at a binding energy 

intermediate to the oxide and the hydroxide, is not required to give a reasonable fit to this 
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data; however, the presence of an intermediate hydrolysis product is likely, and factors 

into the following discussions. 

The Sn 3d5/2 peak is fit with three components similar to the In 3d5/2 peak, and 

they are presumed to arise from SnOi-like and SnOH-like species, and a third 

unidentified trace component. None of the Sn 3d5/2 peak shapes, nor the Sn/In ratios 

(measured consistently to be ca. 1/9), showed significant changes during the treatments 

discussed below. The C Is peak shows evidence for three types of adventitious surface 

contamination, arising from (CHx)-like carbon, and carbon oxides. The relative atomic 

ratios of C Is to In 3d, Sn 3d, and 0 1s suggest that the "as-received" ITO samples 

contain 15-20% carbon in the near-surface region, a concentration only slightly affected 

by the pretreatments discussed in Section 3.3. 

3.2.4 Angle Resolved XPS 

Tilting the sample during XPS analysis increases the surface sensitivity of the 

measurement because although the escape depth for electrons in a certain sample at a 

particular kinetic energy is constant, the path that these electrons take through the sample 

to reach the detector is different (Figure 3.6a). Only electrons in the near surface region 

can escape from a sample that has been tilted to a high take-off angle. In 3d5/2 and O Is 

spectra of ITO at 0° and 75° take-off angles in Figures 3.6b and 3.6c show that when the 

chemical composition of the near surface region (upper 2 nm) is accentuated, relatively 

higher concentrations of hydroxide and oxy-hydroxide species are observed. This data 
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Figure 3.6. (a) Schematic view of an XPS sample at 0° and 75° take-off 
angles, to illustrate the enhanced surface selectivity of data taken at a high 
take-off angle. The vertical like in each of the samples represents the constant 
escape depth. The white area at the surface of the sample is the sampling 
depth, (b) and (c) show XPS data taken at both 0° and 75° take-off angles, and 
the increased hydroxide concentration in the near surface region. 
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has contributed to the proposed model of the ITO surface shown in Figure 3.7 and 

discussed in the next section. 

3.2.5 Model of the ITO Surface 

The indium standards data along with the high take-off angle data has led to the 

formulation of a chemical model of the ITO surface (Figure 3.7). This model includes 

the bulk no bixbyite crystal lattice (Section 3.1.2 and Figure 3.2), that is terminated with 

an oxy-hydroxide species ("InOOH"). Finally on the surface are the fully hydroxylated 

forms of indium, In(OH)3. These species are not incorporated into the ITO lattice, but 

due to their low solubility (Ksp=1.3*10"^^ for In(0H)3) they remain physisorbed to the 

surface,^ and will play an important role in the discussions of this surface. 

The surface hydroxide and oxy-hydroxide species revealed in these XPS studies 

likely arise from reactions between the reactive sites on the disrupted ITO lattice and 

atmospheric water. Stability diagrams of such oxide materials, calculated from 

potentiometric electrochemical studies, reviewed by Baes and Messmer,^ '^ show that 

In203 is not the stable phase of this material in contact with water, and that it will react to 

form In^"*" or In(0H)3 upon exposure to water. Hydrolysis of indium oxides is generally 

more favored than for tin oxides, at any pH. 

I n ^ O j + 3 H 2 O  o  2 1 n ( O H ) 3  K =  4 . 3 * 1 0 *  ( 1 )  

S n O j + H 2 O  S n ( 0 H ) 4  K  =  5 . 5 * 1 0 - ' "  ( 2 )  

The low solubilities of In(0H)3 and polynuclear indium hydroxides Inx(0H)x+3 results in 

their physisorption to the ITO surface, until processing steps provide a pathway to 
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Figure 3.7. Chemical model of the ITO surface after hydrolysis of the freshly 
prepared surface, illustrating the bulk bixbyite lattice (Figure 3.2), the 
"InOOH" species, and the In(OH)3 species as determined jfrom the XPS 
experiments described in the text. 



103 

remove them. (Sn(0H)4 is expected to be much more soluble in aqueous solution; 

however its formation from SnOi is not favored, K = 5.5*10"^''.) There is also the 

possibility of incomplete hydrolysis of an indium surface oxide, creating the intermediate 

hydroxylated species, InOOH: 

I n j 0 3 + H j O  o  2 I n O O H  ( 3 )  

This type of surface site may also arise by the nucleophilic attack of water on exposed 

oxide defects, which are known to increase the surface reactivity and serve as sites for 

dissociative adsorption, adding -OH at metal sites adjacent to the defect site.^ '^"^ '^ 

Some of these possible surface reactions are shown in Figure 3.8, where water is shown 

attacking a freshly prepared ITO surface at surface bridging oxygen sites, and at indium 

atoms that are not fully coordinated due to either the lattice termination or oxygen 

vacancy sites. The resulting surface contains a large concentration of hydroxides, and is 

significantly disrupted by the hydroxylation that can destroy portions of the lattice and 

begin to remove some of the indium atoms from the lattice in the form of In(OH)3. 

Further reactions of these In(0H)3 species with EDTA to remove them from the surface 

are reported in Chapter 4. 

3.3 Pretreatment of the ITO Surface 

3.3.1 XPS of Prelreated Surfaces 

Many pretreatments/cleaning procedures of the ITO surface have been reported in 

the literature, and a series of them were examined to determine their effect on the 
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Figure 3.8. Schematic representations of reactions between a freshly prepared 
ITO surface and water at (a) bridging oxygen sites, (b) In atoms that are not 
fully coordinated due to lattice termination, and (c) and (d) due to In atoms that 
are adjacent to oxygen vacancy sites and are not fully coordinated. These 
reactions produce a surface containing both In(OH)3 and "InOOH" species. 
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chemical composition of the ITO surface. The treatments studied included a piranha 

treatment, an air plasma treatment, an RCA treatment, and a sputtering treatment. 

Only subtle differences were noticed in the In Sds/i and Sn 3dsi2 peaks after each 

of these pre treatments, the most significant compositional changes were revealed in the O 

Is lineshapes, specifically in the oxygen atoms adjacent to oxygen vacancy sites and 

hydroxide-like oxygen atoms (components B and C), which are the focus of the 

discussion here. Typical 0 1s XPS spectra of ITO samples before and after pretreatment, 

at 75° take-off angles, are summarized in Figure 3.9. The (O ls)Totai / [In 3d5/2 -i- Sn 3d5/2] 

and (O ls)hydroxide,Peakc/ (O ls)totai ratios were also computed before and after 

pretreatment, with only the latter showing significant changes with pretreatment (Table 

3.2). 

Figure 3.9a shows that the intensity of hydroxides (Peak C) increases dramatically 

and there is a reduction of the oxygen defect density (Peak B) as a result of piranha 

treatment. The results for the air plasma cleaning, shown in Figure 3.9b also indicate a 

slight, statistically significant increase in the surface hydroxide coverage, but the RCA 

treatment shown in Figure 3.9c results in a small decrease in surface hydroxide coverage 

relative to the "as-received" ITO surface. The sputtered ITO (Figure 3.9d) shows a 

significant decrease in both the oxide defect density and the surface hydroxide coverage, 

consistent with the removal of the near surface layer of the ITO film. Exposing these 

sputtered ITO films to the ambient environment for 1 minute, and then returning them to 

the UHV analysis environment, showed that peaks B and C in the 0(ls) spectra nearly 

returned to the intensities seen for the "as-received" ITO as shown in Figure 3.10, 
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Figure 3.9. O Is data taken at a 75° take-off angle before (left side) and after 
(right side) (a) piranha, (b) air plasma, (c) RCA, and (d) sputtering treatments. 
Peak C due to surface hydroxides shows that following piranha and air plasma 
treatments there is in increase in surface hydroxides, but that the RCA and 
sputtering treatments lead to decreases in surface hydroxides. 



Table 3.2 Relative Hydroxide 
Concentration for Different Pretreatments 
Treatment Hydroxide oxygen / 

Total oxygen 
As-received 25% 
Piranha 40-50% 
Air Plasma 31% 
RCA 20% 
Sputtered 8.5% 
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Figure 3.10. XPS data of O Is peaks taken at a 75° take-off angle (a) before 
sputtering, (b) after sputtering at 0.75 KeV for 45 minutes with an Ar"^ gun, and 
(c) after exposure to atmosphere for 1 minute. The reactivity of the sputtered 
surface causes reactions with atmospheric water to recreate the surface 
hydroxides that had been removed by sputtering. 
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illustrating the reactivity of these freshly sputtered films. Sputtered films are thought to 

be similar to the freshly deposited ITO films, which also show significant reactivity when 

exposed to atmosphere. These pretreatment studies reveal an ability to vary the 

concentration of surface hydroxides on the ITO surface. Further electrochemical 

characterization of these surface pretreatments is described in Chapter 4. 

3.4 XPS Characterization of ITO with Different Crystal Structures 

Careful adjustment of deposition parameters can cause the ratio of the (222) and 

(400) reflections to be altered,and to deposit nearly amorphous ITO films. 

Figure 3.11 shows X-ray diffraction (XRD) data for the ITO films deposited in David 

Paine's laboratory. The first two samples were both crystalline with either the (222) or 

the (400) reflections favored (<111> or <100> dominant), and the final sample (Figure 

3.1 Ic) shows the XRD data for an amorphous sample. XPS analysis of the (222) and 

(400) favored crystalline ITO samples (Figure 3.12a and 3.12b) showed In 3d peaks that 

were very similar to those for the Applied Films samples. The 0 1s data, however, 

showed a much higher hydroxide-like oxygen concentration in both the (222) and (400) 

samples than for the Applied Films samples. Amorphous ITO thin films were also 

prepared as a comparison to these crystalline samples, and they showed surface 

hydroxide coverages approximately equivalent to that seen for the piranha-cleaned 

commercial samples (Figure 3.12c vs. 3.9a). The (222) and (400) favored crystalline and 

amorphous samples showed significantly lower concentrations of oxygen vacancy sites 

(peak at ca. 530.6 eV), which may account for the higher sheet resistance measured for 
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Figure 3.11. X-ray diffraction of ITO that (a) shows the (222) reflection 
favored, (b) shows the (400) reflection favored, or (c) is amorphous. 
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Figure 3.12. In 3d5/2 and O Is data taken at a 75° take-off angle for ITO with 
the following crystalline features: (a) (222) reflection favored, (b) (400) 
reflection favored, and (c) amorphous. The surface concentrations of hydroxide 
are much higher on these samples than on as received Applied Films ITO, and 
are more consistent with piranha treated commercial ITO samples. 
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all of these films (20-30 Q/D for crystalline films and 50-150 Q/D for amorphous films), 

as compared to the Applied Films ITO (ca. 13 Q/D). 

3.5 AFM of ITO Surfaces 

AFM of Applied Films ITO surfaces clearly shows the presence of grains with an 

average size of ca. 30 nm (Figure 3.13). These grains are similar to "sub-grain" features 

observed within larger grain structure of some previously reported ITO films with the 

(400) reflection favored.^'^'^ '^ Representative AFM images of these larger grain 

structures are shown in Figures 3.14c and 3.14d. Typical rms roughness values for this 

source of commercial films was ca. 1.0 nm, a value that is much larger than ideal for 

OLED and OPV applications. Efforts to planarize ITO surfaces have included spin-

coating these surfaces with conductive polymers such as poly-3,4-

•1 nn -3 'y I 
ethylenedioxythiophene : polystyrene sulfonate (PEDOT;PSS) and polyaniline. ' ' ' 

In the polycrystalline thin films with either the (222) or the (400) reflection 

favored, electron microscopy or scanning probe microscopies show various grain (200-

T C '3 10 
600 nm dia.) and subgrain (10-20 nm) structures. ' ' ' AFM images were taken of these 

samples, and they are shown in Figure 3.14. Figures 3.14a and b show ITO with a 

majority of the (222) reflection, which is similar in structure to the commercial ITO 

shown in Figure 3.13. The ITO with a majority of the (400) peak (Figures 3.14c and d) 

shows two different domain sizes. The large domains are 100-250 nm in size and they 

contain smaller features ca. 25 nm in size. Finally, the amorphous ITO (Figures 3.14e 

and f) displays some extremely smooth regions with some pinholes/depressions in the 
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Figure 3.13. AFM images of commercial Applied Films ITO on the (a) 1 |a,m 
and the (b) 5 |J,m scale. These images show features ca. 30 nm in diameter that 
are similar to sub-grain features present in ITO films with the (400) reflection 
favored (Figure 3.14c and d). RMS roughness for these surfaces was about 1.0 
nm. 
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Figure 3.14. AFM images of (a-b) (222) favored, (c-d) (400) favored, and (e-
f) amorphous ITO samples. The (222) favored ITO shows similar features as 
the Applied Films ITO (Figure 3.13), but the (400) favored ITO shows larger 
grains that contain smaller sub-grains. Amorphous ITO samples were much 
smoother with RMS roughness values of about 0.5 nm compared to the 
crystalline ITO with roughnesses of ca. 1.5 nm. 
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film. Root mean square (rms) roughness values on amorphous samples were ca. 0.5 nm 

while the (400) and (222) samples had rms roughnesses of ca 1.5 nm. The decreased 

roughness for the amorphous ITO makes it especially attractive for applications that 

require smooth surfaces such as OLEDs and PV cells. 

3.6 Conclusions 

The use of monochromatic X-ray sources in XPS experiments has allowed for the 

ITO characterization studies described here, demonstrating that freshly deposited ITO 

surfaces contain extremely reactive sites that cause the formation of surface "InOOH" 

and In(OH)3 species once this surface is exposed to atmosphere, resulting in a highly 

irregular and defective surface. Slight changes in pretreatment conditions can have 

drastic effects on the surface hydroxide concentration. The fact that these species are 

only physisorbed to the ITO surface may also allow them to be removed from this surface 

if there is a driving force for this to occur; for example under an electric field in the case 

of an operating or by chelating agents such as EDTA (Chapter 4). 

Physisorbed In(0H)3 may be responsible for many of the problems associated with ITO. 

Surfaces with an excess of this species are predicted to exhibit slow electron transfer, and 

reactions between surface modifiers and these species may not produce stable 

modifications. Further discussions of the effects that surface pretreatments have on the 

chemical composition and on electron transport rates at the ITO surface are presented in 

Chapter 4. 
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Chapter 4 

MODIFICATION OF ITO SURFACES 

4.1 Introduction 

4.1.1 Importance of Electrode Modification 

The rate of charge transfer between an electrode and a redox active molecule 

depends on the surface composition of the electrode, and early studies of this dependence 

were limited to the types of electrode materials available.'*'^ The surfaces of many 

electrodes contain multiple surface species; therefore, the surface composition is not 

always predictable. These issues led to efforts to first define an electrode with a 

reproducible surface composition, and then to be able to control that surface composition 

through chemical modification of electrode surfaces. Reports of electrode modification 

started to appear in the literature in the mid 1970's when tin oxide, metal, glassy carbon 

and graphite electrodes were modified with a variety of different surface modifiers 

including silanes, cyanuric chloride, acid chlorides, alkenes, and amines,"''^"'''® to produce 

electrode surfaces with predictable surface compositions and chemistries. These 

electrode modifications also allowed, for the first time, a wide variety of electrode 

surface compositions, and control over this surface chemistry. Defining and 

characterizing a predictable and reproducible surface is the first step for surface based 

electrochemical studies, and these initial chemistries have led to further applications of 

these surface modifications such as electrochemical sensors " and fundamental 

studies of charge transport in molecules,'^ '^to name just a few. 
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4.1.2 Importance oflTO Modification for Electronic Devices 

In a similar manner, the intrinsic chemical incompatibility of ITO with many 

organic materials, its chemical instability while passing high current densities, and 

uncertainties about the chemical composition of this surface have motivated studies to 

modify ITO electrodes. Most of these problems are thought to stem from the unstable 

In(OH)3 species present on the surface, and changing the surface chemistry at this 

electrode surface through chemical modification may remedy some of these problems. 

Charge injection at the ITO / organic interface in OPVs and the factors that affect 

this process were described in Section 1.3.1. Another area of research that has driven 

ITO surface modification involves spectroelectrochemical detection of thin layers of 

phthalocyanine (Pc) molecules. Deposition of 3-4 or more bilayers of the Pc film on 

most surfaces generally results in an equivalent coverage of the dye in the later transfers, 

suggesting that the first deposited layers help to facilitate the transfer of the next 

hydrophobic layers by presenting a more chemically compatible surface. There is 

however, interest in this laboratory in the spectroelectrochemical study of electron 

transfer processes involved in single bilayers in isolated Pc aggregate columns, on 

electroactive waveguide and ATR devices, so that 100% transfer efficiency of the first 

layer to the ITO surface is critical.'^ '^''^'Previous studies have shown that gold and 

silica surfaces modified with phenyl-terminated alkane-thiols or silanes, respectively, 

provide for a higher transfer efficiency of these bilayer Pc films than do modifiers 

terminated with alkyl groups, or no modification at all.'^ '^''^ '® This same philosophy has 

driven some of the ITO surface modification procedures described in this chapter. 
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There is a rich tradition of modification of tin oxide electrodes with various 

molecular monolayers, including silanes, acid chlorides, and cyanuric chloride, to tailor 

their electrochemical or photoelectrochemical properties.^More recent 

efforts have focused on the modification of ITO electrodes. The goal in many of these 

studies has been to create a non-cross-linked modification layer, which would improve 

the chemical compatibility of the surface with molecular redox active species and 

accelerate charge transfer. Silane chemistries initially used to modify SnOa electrodes'^ '^" 

have not been as successful in recent modification studies with ITO. There are 

several recipes in the literature which apparently lead to successful silane attachment to 

ITO surfaces, although it is not always clear whether these are extensively crosslinked 

layers, attached at relatively few points to the ITO surface, or true "brush-phase" silane 

layers.Marks and coworkers have recently shown, however, how silane 

chemistries can be readily extrapolated to ITO surfaces, where the goal is to achieve a 

fu l ly  c ros s l i nked  l aye r ,  t o  r egu la t e  cha rge  in j ec t ion  i n  an  OLED. ' ^ ' ^ ' ^ 'When  

significantly cross-linked silanes are desired, it is clear that good coverages can be 

obtained, but that this may significantly hinder the electrochemical response of the ITO 

substrate."^'^"^' In addition, the use of chlorosilanes appears likely to liberate HCl as the 

product of silane attachment, which will accelerate the decomposition of the ITO 

surface, so addition of small amounts of base during those reactions is advisable. 

Other strategies to produce ITO surfaces with modified surface chemistries have included 

the addition of thin conductive polymer films,"^'^^' the addition of a crosslinked 

triarylamine-siloxane layer (10-70 nm) to the ITO surface,"^'^"^' or reaction of 
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organometallic species (e.g. zirconium oxides, phenoxytin complexes) with specific 

surface functionalities."^'^ 

This chapter addresses the surface modification studies on ITO surfaces involving 

silane and carboxylic acid surface modifiers. Both of these modification strategies have 

proved successful, and in the case of the carboxylic acid modifiers, have also led to a 

better understanding of the role of the In(0H)3 species on the surface, its instability on 

this surface, and its ability to slow or inhibit charge transfer at this surface. 

4.2 Modification with Trimethoxy Silanes 

Trimethoxy silane molecules have been found to covalently attach to the ITO 

surface following a reflux of the ITO in a 10% solution of the silane in toluene for ca. 30 

minutes. Figure 4.1 shows the Si 2p and 13d XPS peaks on an ITO surface modified 

with 3-iodopropyltrimethoxy silane, which was used because of the relatively large cross 

section of the I 3d5/2 line (19.87 vs. 1.00 for C Is) with respect to the Si 2p line (0.817). 

The intensities of the Si 2p peaks are consistent with approximately a monolayer of silane 

on the ITO surface,but extensive crosshnking does not seem to have occurred. 

During XPS analysis of these silane modified ITO samples, there seemed to be some 

damage to the silane modifier. Halogenated compounds are often sensitive to X-ray 

and the low binding energy shoulder on the I 3d peaks is thought to be due to X-ray beam 

damage. I:Si atomic ratios, which should be 1, decreased as a function of irradiation 

time, ranging from 0.9 to 0.1 indicating significant loss of iodine as the X-ray exposure 

time increased. Subsequent modifications with phenyltrimethoxy silane produced static 
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Figure 4.1. XPS data of ITO modified with 3-iodopropyItrimethoxy silane 
(structure in upper right corner), (a) shows the Si 2p peak, and (b) shows the I 
3d peak, both of which are unique to the surface modifier. The 13d peak 
shows at least two forms of iodine, and I:Si ratios were always lower than 1, 
indicating possible X-ray damage to the sample. 
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contact angles for water of ca. 65° versus ca. 40''-45° on the as-received ITO. Similar 

silane modifications of oxide layers on Si(lOO) wafers, and on quartz surfaces, generally 

yield contact angles of ca. so the phenyl silane coverage must not be as high 

on these ITO samples, and that hydrophilic regions are still present in trace quantities. 

After silane modification of the ITO, the InaOs-like oxygen and defect-related 

oxygen forms (peaks A and B) appear to remain unchanged (Figure 4.2), although their 

intensities are reduced since they now lie under the silane layer. Peak D almost 

completely disappears, and peak C (originally assigned to surface hydroxides) was 

assigned to all higher BE forms of oxygen on these surfaces, which may supplant most of 

the -OH-like oxygen from before silanization, and may include oxygen from -Si-O-In-

species, and -Si-OH-like surface groups from hydrolyzed -Si-OCHa that did not react 

with the no surface. No discernable change was observed in the In 3d5/2 signal as a 

result of this silanization. 

4.2.1 Electrochemistry of Ferricyanide, Ferrocene, and TPD on Silane Modified ITO 

Surfaces 

In an effort to determine if the silane modified ITO would present an electrode 

surface that was more compatible with certain redox active molecules, the 

electrochemistry of traditional probes such as ferricyanide, ferrocene and TPD was 

investigated with and without the surface modification layer. The goal was to either 

observe more charge passed or faster rates of electron transfer with modified electrodes. 

In all of these experiments, outer sphere electrochemical reactions are being addressed, as 
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Figure 4.2. O Is data taken at a 75° take-off angle for (a) as-received ITO, (b) 
piranha cleaned ITO, and (c) phenyl silane modified ITO. The assignments of 
peaks A-D in (a) and (b) were described in Section 3.2.3 and Figure 3.5, and 
the assignments of the peaks in (c) are described in Section 4.2. 
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there is no direct bonding between the redox active molecule in solution and the 

electrode. These reactions are therefore, not expected to be as sensitive to surface 

composition as the inner sphere electron transfer reactions that are addressed later in this 

chapter. 

The voltammetric reduction/oxidation of millimolar solutions of ferricyanide 

(Fe(CN)6''^) (Figure 4.3a) with both as-received ITO and phenyl silane modified ITO was 

carried out in aqueous media with O.IM potassium hydrogen phthalate (KHP) as the 

supporting electrolyte. The total current flowing on both the reduction and oxidation 

cycles is lower by ca. 40-50% on the phenyl-silane modified ITO surface, suggesting 

blockage of the ITO surface by the phenyl silane, with remaining electrochemical activity 

likely proceeding through small patches of unmodified These results are not 

unexpected as surface modifications that make the ITO surface more hydrophobic are 

expected to hinder interactions that may have occurred between Fe(CN)6"'^ and the 

unmodified polar ITO surface. In addition, the apparent rate of electron transfer, ks app, as 

revealed by the separation of anodic and cathodic peaks is significantly lower. For as-

received TTO AEpeak= 140 mv versus AEpeak= 291 mv for phenyl silane modified ITO at a 

voltammetric sweep rate of 100 mV/second. The apparent electron transfer rates, ks,app, 

not corrected for iR drop within the ITO film, decrease from ca. 9.7 x 10"^ cm/sec to less 

than 10'^ cm/sec, which is our lowest rate detectable under these conditions.'^'^^ Actual 

electron transfer rates are expected to be approximately one order of magnitude higher, 

but still affected by the presence of the silane on the ITO surface. The broadening of the 

reduction peak for these ferricyanide solutions on phenyl silane modified ITO also 
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Figure 4.3. Cyclic voltammetry of (a) ferricyanide, (b) TPD, and (c) ferrocene 
on as-received ITO and phenyl silane modified ITO surfaces. Ferricyanide 
showed significantly slowed electron transfer and broad electrochemical peaks 
on phenyl silane modified surfaces, but the voltammograms for TPD and 
ferrocene did not show large changes as a function of surface modification. 
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suggests that this surface contains multiple sites for redox activity, each with their own 

unique charge transfer rates. This is an expected result from a charged molecule such as 

ferricyanide if it interacts with the ITO surface, and the hydrophobic surface modifier is 

heterogeneously distributed. 

The electrochemical response of ferrocene and TPD were also probed in 50/50 

acetonitrile/toluene/0.1 M tetrabutylammonium hexafluorophosphate (TBAHP) solutions. 

There was no significant increase or decrease in the electron transfer rates of TPD at the 

phenyl silane modified ITO, and ferrocene showed only slightly slowed kinetics (Figure 

4.3b and 4.3c). The supporting electrolyte concentration was next lowered to 1 mM for 

the TPD solutions, and the voltammetric oxidation process reexamined on both the clean 

and silane-modified ITO (Figure 4.4). Lowering the supporting electrolyte concentration 

increases the solution resistance and decreases the electric field gradient at the electrode 

surface making electron transfer more difficult at either surface. The voltammetric 

responses on both clean and modified ITO surfaces are quite distorted due to the higher 

solution resistance, however, significantly more charge is passed on each portion of the 

voltammogram on the silane modified ITO surface and the peak potential separation is 

slightly less for each redox process, suggesting higher rates of electron transfer for this 

molecule on the phenyl modified ITO surface, in a solution of significantly lowered 

polarity. It is possible that there is a higher concentration of TPD close to the electrode 

surface as these molecules may partially partition into the phenyl silane modification 

layer resulting in a slight preconcentration effect, and larger currents. 
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Figure 4.4. Cyclic voltammetry of TPD on phenyl silane modified and 
unmodified ITO surfaces in a solution with low supporting electrolyte 
concentration (ImM). At low electrolyte concentrations, more TPD is 
oxidized and reduced at the phenyl silane modified ITO surface than at the 
unmodified surface. 



4.2.2 Wettability of Phthalocyanines on Modified ITO Surfaces -- Electrochemistry 

Electrochemical oxidation/reduction of single bilayer Langmuir Blodgett 

deposited films of CuPc(0CH2CH20Bz)8, as shown in Figure 4.5 was also explored, as a 

means to quantify differences in uptake of these films on the ITO surface. On both the 

silane modified and unmodified ITO surfaces the electrochemistry of the Pc films is 

qualitatively the same, with two redox processes, both of which are due to the oxidation 

of the Pc ring. Different redox potentials are observed for molecules that are at the 

column ends where counter ion incorporation is expected to be relatively easy, and Pc 

molecules that are in the more well ordered areas of the film where counter ion 

penetration is more difficult. Oxidation of ca. 20-25% of the Pc rings occurs between 

+0.4 and +0.6 volts vs. Ag/AgCl, and a higher fraction of Pc rings are oxidized at 

potentials positive of +0.7 volts. The potential at which these processes occur, and the 

peak shapes, are strongly dependent upon the nature of the solution counter ion, which 

must be incorporated into the Pc film to maintain electroneutrality during this 

electrochemical doping process. 

The total charge transferred on the oxidative sweep in these voltammograms is 

correlated to the total surface coverage of Pc molecules in these thin films.'^ '^^ It is 

estimated that on the phenyl silane modified ITO the charge transferred increased by ca. 

10% compared to clean ITO as calculated from the area under the voltammetric oxidation 

peak, from ca. 0.1 to 1.0 volts, which is consistent with spectroscopic characterization of 

Pc transfer to both gold and silica surfaces, modified with phenyl terminated alkyl or 

alkoxy chains."^ '^'"^'^^ Using this coulometric data the surface coverage of Pc on the 
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Figure 4.5. (a) The structure of CuPc(0CH2CH20Bz)8 deposited from a 
Langmuir Blodgett trough onto as-received and phenyl silane modified ITO for 
the cyclic voltammetry shown in (b). One bilayer was deposited onto each 
surface and ca. 10% more charge was passed on the phenyl silane modified 
ITO. 
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11 2 10 1 unmodified ITO is estimated to be ca. 9.0 x 10" moles/cm versus 1.1 x 10" moles/cm 

on phenyl silane modified ITO. Based upon a projected area per molecule of ca. 120 

A^/molecule (accounting for the packing and tilt of the Pes within each columnar 

aggregate) the electrochemically active surface coverage of these Pes should be ca. 3.0 x 

10"'° moles/cm^ if every Pc is electrochemically accessible. 

It is not surprising that the estimated coverage is lower than this number since 

perfect transfer of the Pc film is not expected, even onto the modified surface. Domains 

within these columnar aggregate assemblies which are not electrically connected to the 

ITO surface, and/or not in electrochemical equilibrium with the remaining portion of the 

Pc film are anticipated.'^ '^°"'^ '^^ In addition, the electrochemically active area of the ITO 

film can vary as described later in this chapter (Section 4.3.2). Thus, the difference in the 

amount of charge passed could be the result of a number of factors that can result from 

surface modification: i) the amount of Pc transferred to the electrode, ii) the amount of 

the Pc film that is electrochemically accessible, and Hi) the effective area of the ITO 

surface. These issues are addressed further in the next section. 

4.2.3 Wettability of Phthalocyanines on Modified ITO Surfaces - Infrared Spectroscopy 

To determine if the ITO surface is actually more wettable following silane 

modification, reflection absorption infrared spectroscopy (RAIRS) was used to determine 

the amount of Pc present on modified and unmodified surfaces. This data is presented in 

Figure 4.6 and shows that for a one bilayer film of CuPc(0CH2CH20Bz)8 there is a 

statistically significant increase (ca. 10%) in the signal from the Pc present on the phenyl 
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Figure 4.6. Reflection absorption infrared spectroscopy of 
CuPc(0CH2CH20Bz)8 on as-received and phenyl silane modified ITO 
surfaces. Intensities of the in-plane peaks labeled in the figure are ca. 10% 
higher on the phenyl silane modified ITO surface due to either an increase in 
the amount of Pc film on this surface, or a slight change in molecular 
orientation. 



silane modified surface as measured by the intensity of the peak at 1284 cm'\ This result 

can be due to either an increase in the amount of Pc on the surface, or to a more upright 

orientation of the molecules on the surface. (ITO surfaces reflect IR radiation in a 

manner similar to metal surfaces allowing for molecular orientation studies, which are 

described in more detail in Chapters 5 and An orientational effect could be 

confirmed by observing a decrease in the intensity of an out-of-plane peak as the in-plane 

intensities increase; however, the only reliable out-of-plane peak at 745 cm"' is difficult 

to observe due to the relatively upright orientation of all LB transferred Pes, the low 

coverage of the Pc (1 bilayer), and the difficulty in obtaining reliable RAIRS spectra on 

ITO at wavenumbers less than ca. 1000 cm"^ The nature of the increase in intensity, 

therefore, cannot be unambiguously assigned, but the relative agreement between both 

the IR and the electrochemical results seems to indicate that there is more Pc on the 

modified surface, similar to other modification studies involving phenyl terminated 

modifiers on gold and silicon surfaces.'^ '^''^'^^ 

If indeed there is more Pc on the phenyl silane modified ITO surfaces, then a 

couple of conclusions about these experiments can be drawn: i) because these two 

techniques agree in terms of the relative amount of Pc on each surface, it seems that in 

each case the same percentage of the film is electrochemically accessible, and ii) 

modification of the ITO surface with a phenyl silane modifier does not appear to change 

the effective area of the ITO electrode. These results indicate that the phenyl silane 

modifier produces a slightly more wettable surface while maintaining the same electron 

transfer rates and effective electrode areas. 
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4.3 Modification with Carboxylic Acids and Phosphoric Acids 

4.3.1 Adsorption of Ferrocene Dicarboxylic Acid and 3-Iodopropionic Acid on ITO 

Previous work has shown that a variety of molecules will chemisorb to ITO 

surfaces, with most of the studies reporting adsorption of either carboxylic acids or 

phosphate containing molecules These reactions are thought to proceed 

through either ester formation where there is loss of water from the surface, or hydrogen-

bonding interactions with surface hydroxyl groups.Following a procedure by Zotti 

and coworkers,ferrocene dicarboxylic acid (Fc(C00H)2) was adsorbed onto an ITO 

electrode from a 1 mM solution of the molecule in ethanol for 10 minutes, followed by a 

rinse with either ethanol or acetonitrile. The presence of this molecule on the surface can 

be confirmed electrochemically as shown in Figure 4.7. Before adsorption, the 

electrochemistry shows a featureless background indicating a clean cell, solvent, 

electrolyte, etc. After adsorption, the electrochemical scan in electrolyte and solvent 

clearly indicates the presence of the Fc(COOH)2 at a redox potential for the adsorbed 

molecule of ca. 264 mV (vs. ferrocene), which is significantly easier to oxidize than the 

molecule in solution (422 mV vs. ferrocene). 

Further evidence to support adsorption of carboxylic acid containing molecules to 

the ITO surface was obtained by adsorbing 3-iodopropionic acid under the same 

conditions as described above. XPS data was taken on the ITO surface before and after 

adsorption of this molecule, and is shown in Figure 4.8. Prior to adsorption, the 13d 

region of the spectrum shows no features, but after adsorption the 13d peaks are clearly 

observable indicating the presence of this molecule on the surface. (The width of the I 3d 
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Figure 4.7. Cyclic voltammetry of Fc(COOH)2 adsorbed onto ITO compared 
to the blank, as-received ITO with no Fc(C00H)2 adsorbed. The results 
confirm the presence of adsorbed Fc(C00H)2. The structure of Fc(C00H)2 is 
shown in the upper left corner. 
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peaks is rather large (ca. 2.5 eV), again suggesting multiple components possibly due to 

X-ray beam damage.) 

4.3.2 Electrochemistry of Ferrocene Dicarboxylic Acid on Pretreated ITO Surfaces 

The studies of outer sphere electron transport at silane modified ITO electrodes 

were not as sensitive to surface composition as expected. Inner sphere electron transfer, 

where direct bonding interactions between the electrode and the redox molecule occur, is 

expected to be more sensitive to changes in ITO surface composition. In an effort to 

study rates of charge transfer at this surface, the electrochemistry of chemisorbed 

ferrocene was studied as a function of the surface pretreatments discussed in Chapter 3 

that produced varying surface concentrations of In(0H)3 and "InOOH". The surface 

composition of pretreated ITO films is expected to affect both the coverage and electron 

transfer rates of the chemisorbed ferrocene molecules. 

Figure 4.9 and Table 4.1 summarize the electrochemical data for 

chemisorbed Fc(C00H)2 on pretreated ITO samples. The voltammograms in Figure 4.9 

illustrate a variety of surface coverages (peak area), electron transfer rates (peak 

separation), and redox potentials (peak position). Typical Fc(C00H)2 coverages ranged 

from 2.2 x 10"^' to 1.8 x 10"'^ moles/cm^ (5-40% of the coverage expected for a close 

packed monolayer (4 x 10'^° moles/cm^)'^''^^). Electron transfer rates for surface confined 

redox species were calculated as reported by Laviron,"^'^^ and ranged from 0.167 s"' 

(piranha-treated surfaces) to 0.8 s"' (RCA-treated surfaces). 
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Figure 4.9. Cyclic voltammetry of Fc(COOH)2 adsorbed onto pretreated ITO 
surfaces. The voltammograms show differences in the peak position, peak 
height, and peak separation indicating differences in the amount of charge 
passed and the rates of charge transport at these surfaces following 
pretreatment. 
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Table 4.1 Electrochemical Responses of Pretreated ITO (First Electrochemical Scan) 

Adsorbed Redox 

Relative Ferrocene (*10"'*^ Potential vs. Electron 

Treatment Hydroxide moles/cm^) ferrocene Transfer Rate 

Concentration^ (% ML) (mv) (s"') 

As-received 25% 0.7 ±0.3 (17%) 264  ±8  0.7 ±0.2 

Piranha ca. 40-50% 0.2 ± 0.1 (5%) 302  ±2  0.167 ±0.006 

Air Plasma 31% 1.8 ±0.9 (44%) 263 ± 19 0.7 ±0.2 

RCA 20% 1.3 ±0.4 (32%) 257 ±9 0.8 ±0.2 

Sputtered 8.5% 1.4 ±0.8 (35%) 340 ±130 0.6 ±0.1 

Amorphous 54% 1.2 ±0.2 (31%) 251 ± 10 0.6 ±0.2 

Estimated from XPS data: O (Is)hydroxide, Peakc/O (Is)totai 



The surface concentration of adsorbed Fc(COOH)2 was expected to scale with the 

amount of hydroxides on the surface based on the proposed modes of adsorption (ester 

formation or hydrogen-bonding interactions), both of which require surface hydroxyl 

groups."^'^"^ Thus, high concentrations of Fc(COOH)2 were expected on the piranha 

treated surface. The electrochemical data in Table 4.1, however, showed the lowest 

amount of Fc(C00H)2 on this surface and the slowest electron transfer rates. To explain 

these results, it is thought that the piranha treatment produces an excess of the insulating 

In(0H)3 species (see ITO models in Figures 3.7 and 3.8), which is not incorporated into 

the ITO lattice and therefore is not in good electrical contact with the bulk ITO electrode. 

There are two factors that make it difficult to electrochemically detect Fc(COOH)2 

adsorbed on an ITO surface with an excess of In(0H)3. First, it is believed that the 

piranha treated ITO surface indeed has a high surface concentration of Fc(C00H)2, but 

most of these molecules are not detected electrochemically; in other words, the effective 

electrode area has been reduced. Second, the In(OH)3 species with chemisorbed 

FC(COOH)2 may be in some way physically removed from the surface prior to analysis 

since they are not tightly bound to the lattice, causing a low apparent coverage of 

FC(C00H)2. Additional supporting evidence for these high, predicted surface coverages 

of FC(C00H)2 on piranha treated ITO is reported in Section 4.3.3. 

The redox potentials (measured as the midpoint of the cyclic voltammogram, on 

the first scan) for Fc(C00H)2 adsorbed on pretreated ITO surfaces varied from 0.25 volts 

to 0.34 volts vs. Fc/Fc"^. These differences in apparent redox potential arise in part 

because of the heterogeneity in chemisorption sites, and the relative stability of 



FC(C00H)2 at these sites. This heterogeneity is further revealed by the fact that second 

voltammetric scans produced voltammograms which were typically smaller and narrower 

than the first scans, indicating the loss of ca. 20-25% of the originally chemisorbed 

material during the first oxidation/reduction cycle, and some instability in the adsorbed 

material.The remaining chemisorbed material generally showed a faster rate of 

electron transfer than those values which are reported in Table 4.1 for first 

electrochemical scans. Typical difference voltammograms (1^' scan - 2"^* scan) are 

shown in Figure 4.10 for RCA-treated commercial ITO, and amorphous ITO samples as 

examples of desorption on different types of ITO, illustrating that the desorbed material 

arose from at least two different chemisorption environments. Previous studies of 

carboxylic acid adsorption on Sn02 and Ti02 have reported that adsorption occurs on 

multiple time scales. Fast adsorption occurs in less than an hour, but further 

rearrangement of these molecules and additional adsorption leads to a more stable 

adsorption onto the surface."^'^"^ All adsorptions performed in these studies were for 

exposure times of 10 minutes, and longer adsorption times may lead to less loss of 

FC(COOH)2 from the surface upon the first oxidative scan. 

4.33 XPS of Ferrocene Dicarboxylic Acid Adsorbed onto Indium Standards 

As discussed in the previous section, the coverage of adsorbed Fc(COOH)2 

measured electrochemically does not correlate well with the XPS-characterized 

hydroxide surface coverage as would be expected. The limitations of measuring surface 

coverages electrochemically on ITO led to XPS studies to determine the concentration of 
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Figure 4.10. The first two electrochemical scans of adsorbed Fc(C00H)2 on 
(a) RCA treated and (b) amorphous ITO are shown along with the difference 
electrochemical scan (1®' scan - 2"'* scan). These results illustrate the instability 
of some of the adsorbed Fc(COOH)2 upon oxidation, and also the presence of 
at least two types of sites where desorption occurs. 
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FC(C00H)2 on pretreated ITO samples. XPS characterization of these surfaces with 

chemisorbed Fc(C00H)2 show only slight differences in Fe 2p3/2 intensities between 

samples, owing to the low coverages and the partial spectral overlap of that 

photoemission line with the In 3pi/2 line. Fc(C00H)2 was adsorbed onto higher surface 

area indium powders with varying concentrations of hydroxides to allow for easier 

detection of the Fe 2p peak. Figure 4.11 shows the Fe 2p lines for Fc(C00H)2 adsorbed 

onto dry In203 (160°C for 20 hours), as-received In203 (contains some hydroxide 

contamination), and as-received In(0H)3 powders, and these spectra clearly show that the 

concentration of adsorbed Fc(COOH)2 (measured by the Fe 2p / In 3pi/2 ratio) scales with 

the relative hydroxide concentration on these surfaces. This supports the claim that the 

piranha treated ITO surface has the most Fc(C00H)2 present, but that electrochemically, 

this species cannot be measured due to an ITO electrode that is not very 

electrochemically active. 

These results suggest that i) hydroxide sites introduced into the ITO near-surface 

region as a result of solution pretreatment do not necessarily produce sites where bound 

FC(C00H)2 will be electrochemically active, ii) hydroxylated sites may bind Fc(COOH)2 

but in a way which does not lead to an electrochemically stable form of this adsorbate. 

Hi) not all of these adsorption sites are anchored in the ITO lattice, and adsorbed 

FC(COOH)2 may be removed from the surface along with these sites, during initial 

contact with electrolyte, if there is a pathway for their removal. Thus, there are two 

likely reasons for the apparent discrepancy in the relative hydroxide and ferrocene 

coverages. First, the ITO surface may contain electrical "hot spots" and electrical "dead 
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Figure 4.11. XPS data of Fc(C00H)2 adsorbed onto dry In203, as received 
InaOs, and In(OH)3 powders. The Fe 2p peaks grow in intensity as the amount 
of hydroxide in the powders increases. The spectral overlap with the In 3pi/2 
peak does not allow this study on ITO surfaces, but the higher surface area of 
the powders allows for a larger Fe 2p signal, and clearly illustrates the 
correlation between adsorbed Fc(C00H)2 and hydroxide concentration. 
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regions" as observed in STM studies by Liau and coworkers."^'^^ High surface 

concentrations of hydroxide may indeed lead to high concentrations of adsorbed 

ferrocene; however, these sites for adsorption may be located in electrochemical "dead 

regions", resulting in low apparent coverages of ferrocene measured electrochemically. 

Secondly, the hydrolysis products of the ITO surface, especially In(0H)3-like species, are 

not strongly bound to this lattice as shown in Figures 3.7 and 3.8.'^'^^ An abundance of 

this type of hydroxide may lead to Fc(COOH)2 adsorption at sites not securely attached to 

the ITO lattice. If these sites are in some way removed from the ITO surface prior to 

analysis, the apparent degree of surface modification will be lowered. In addition, any 

FC(COOH)2 adsorbed to these sites that remains on the ITO surface may not be in 

intimate electrical contact with the ITO lattice and may show slow electron transfer rates. 

Fast electron transfer is expected to occur at sites that are in direct contact with 

the ITO bulk electrode, for example, indium or tin atoms at the lattice termination, or 

oxygen vacancy sites. As shown in Figure 3.8 however, these sites are the first ones to 

react with atmospheric water forming surface hydroxides, upon removal from the 

deposition vacuum system. This implies that for efficient charge transfer, reactions 

between a redox active surface modifier and freshly prepared ITO surfaces must occur in 

vacuum before exposure to atmosphere. This type of surface modification will be the 

focus of future studies in this group. 
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4.3.4 EDTA Treatment of ITO Surfaces 

Piranha-treated samples contain an excess of the unstable surface hydroxides, and 

this instability was probed with a subsequent EDTA solution treatment, followed by a 

reexamination of the XPS and electrochemistry of the adsorbed Fc(C00H)2 redox 

couple. ITO samples subjected to the piranha treatment were immersed in 1 mM EDTA 

solutions for 5 minutes, emmersed and rinsed with triply distilled water. This experiment 

was monitored by XPS before and after piranha treatment, and after EDTA treatment. 

The XPS data in Figure 4.12 shows the expected increase in surface hydroxides after 

piranha treatment, and a drop in hydroxyl coverage following EDTA treatment; (O 

1 s)hydroxicie. Peak c / (O 1 s)oxide. Peak A Went from 2.1 after piranha to ca. 0.6 after EDTA 

indicating this loss of hydroxides from the surface. To electrochemically probe these 

unstable hydroxides, Fc(C00H)2 was adsorbed to clean ITO, piranha treated ITO, and 

piranha and EDTA-treated ITO samples. The coverage of electroactive Fc(C00H)2 

_ 1 1 o 
started at 9.4*10" mol/cm (23.6% of a monolayer) for as-received ITO, decreased after 

piranha treatment to ca. 5.5*10"^' mol/cm^ (13.7% of a monolayer), and then increased 

following piranha and EDTA treatments to 1.2*10"^° mol/cm^ (30.8% of a monolayer) 

(Figure 4.13). 

These results further suggest that the hydroxide-like species imparted by the piranha 

treatment, which are viewed as an extreme form of hydrolysis, are disconnected from the 

ITO lattice, and can be solubilized through complexation of the metal with the EDTA 

metal chelate."^'^^ Their removal increases the effective electroactive surface area of this 

oxide as shown by the electrochemical surface coverages of Fc(C00H)2. 
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Figure 4.12. O Is data taken at a 75° take-off angle for (a) as-received ITO, 
(b) piranha treated ITO, and (c) piranha treated ITO after soaking in ImM 
EDTA for 5 minutes. There is a clear increase in surface hydroxides following 
piranha cleaning, and then a removal of these hydroxides following EDTA 
treatment, illustrating the ability to remove In(0H)3 from the surface. 
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Figure 4.13. Cyclic voltammetry of Fc(C00H)2 adsorbed to as-received ITO, 
piranha treated ITO, and piranha and EDTA treated ITO. As shown 
previously, the piranha treatment reduces the amount of Fc(COOH)2 addressed 
on the no surface, but following this treatment with an EDTA treatment 
results in an increase in the effective area of the electrode. 
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The presumed chemical reactions that are relevant to this process include first the 

dissolution of In(0H)3 to soluble products 

I n ( 0 H ) 3  o  +  3 0 H ~  K s p  =  1 . 3 * 1 0 " ^ ^  ( 1 )  

and then complexation of In"^^ by EDTA 

I n ^ ' + Y - '  o  I n Y "  K  =  3 . 6 * 1 0 ^ ^  ( a t  p H  =  1 0 )  ( 2 )  

The product of the solubility product for In(0H)3 and the formation constant for the In-

EDTA complex, after accounting for the concentration of EDTA used in this treatment 

(10"^ M), suggest that "etching" of the ITO surface can occur, removing the equivalent of 

several monolayers of the most electrically inactive oxide/hydroxide materials. The 

electron transfer rates after EDTA treatment remained low, with rates comparable to 

those seen for piranha treated samples, suggesting that there is some irreversible damage 

caused to the ITO surface by the piranha treatment. XPS results did not show a 

significant change in Sn/In ratios, or a significant change in the In 3d or Sn 3d lineshapes 

that would be consistent with a significant change in environment for either metal. 

The removal of significant amounts of In(0H)3 from the piranha treated ITO 

surface by EDTA led to EDTA treatments of as-received ITO surfaces to determine if 

some of the native In(0H)3 could be removed to improve the electrochemistry of 

adsorbed Fc(C00H)2 at this surface. Table 4.2 summarizes the electrochemical results 

FC(COOH)2 adsorbed onto as-received ITO, EDTA soaked (5 minutes, 1 mM aqueous 

solution) and H2O rinsed ITO, H2O soaked (5 minutes) and H2O rinsed ITO, and H2O 

rinsed ITO samples. The amount of adsorbed Fc(COOH)2 measured electrochemically 

increased on the EDTA treated ITO samples, implying that the effective electrode area 
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Table 4.2 Electrochemical Responses of EDTA Treated ITO (First Electrochemical 
Scan) 

Adsorbed Ferrocene Redox Potential 

(*10"^*^ moles/cm^) vs. ferrocene Electron Transfer 

Treatment (% ML) (mv) Rate (s"') 

As-received 0.9 (23%) 204 0.77 

EDTA soak, H2O rinse 1.5 (38%) 285 0.85 

H2O soak, H2O rinse 1.0(25%) 235 0.63 

H2O rinse 1.0 (25%) 235 0.55 
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had been increased. Electron transfer rates were also slightly faster versus the as-

received no. This experiment shows that an EDTA treatment of as-received ITO can 

remove a significant portion of the native hydroxides to cause an improvement of the 

electrical properties of as-received ITO. 

4.4 Conclusions 

Phenyl silane surface modifications can improve surface wettability for modified 

phthalocyanine molecules without affecting the active area of the electrode surface or the 

electron transport rates there. This is only expected to occur when there is not a 

significant degree of crosslinking to form thick surface modification layers. The 

coverage of this surface modifier was measured at about a monolayer from XPS studies, 

and illustrates the usefulness of silane modification of ITO electrodes. 

Further surface modification with chemisorbed Fc(C00H)2 has allowed for the 

electrochemical characterization of ITO surfaces as a function of surface pretreatment. 

These studies have shown that surface hydroxides are responsible for degrading the 

electrical properties of this electrode, and their concentration can affect its active area. 

The most reactive sites on the ITO surface are also expected to provide for the fastest 

electron transport, and upon exposure of this surface to atmospheric conditions, surface 

hydroxides are expected to form and block these electrochemically fast sites. In(0H)3 on 

the surface is not incorporated into the ITO lattice, and can be removed from this surface 

chemically, electrochemically, or physically resulting in low apparent degrees of surface 

modification. Future efforts to reduce the formation of In(0H)3 on the surface will 
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include reacting freshly prepared ITO surfaces with surface modifiers and fabricating 

devices on this ITO surface before exposure to atmosphere. 
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Chapter 5 

CHARACTERIZATION AND COMPARISON OF 
CuPc(0CH2CH20CH2CH=CHPh)8 (2), CuPc(SCH2CH20Bz)8 (3), and 

CuPc(SCH2CH20CH2CH=CHPh)8 (4) 

5.1 Introduction 

Octa-substituted phthalocyanine molecules with benzyl terminated ethylene oxide 

side chains have been shown to self-organize on a Langmuir Blodgett (LB) trough, 

forming rod-like columnar assemblies that can be transferred to appropriately modified 

substrates while retaining long range order in the columnar structures.^ '"^'® As discussed 

in Chapter 1, these molecules are of interest for organic electronic devices such as 

organic field effect transistors (OFETs) and organic photovoltaic (OPV) cells due to their 

ability to preferentially transport charge along the aggregate rod axis, and the high molar 

absorptivity of these molecules. The first molecule in this series, 1 (structures in Figure 

5.1), forms extremely stiff bilayers on the LB trough, allowing for transfer of columns 

with coherence lengths up to 150-200 nm in length.^'^"^'"^ Two polymerizable versions of 

this molecule containing a styryl group at the side chain termination, (molecules 2 and 5) 

were designed to lock these molecules together into the columnar assembly and to 

enhance the average coherence length of the columns.̂ '̂ ' The sulfur analogs of 1 

and 2 (molecules 3 and 4), have been produced by Britt Minch through a much more 

simple synthetic route, and a discussion of their properties is presented here. Molecules 

2, 3, and 4 are the focus of this chapter, but the properties of these molecules are often 

referenced to those for molecules 1, the "parent" molecule, and 5, a previously described 

polymerizable Pc.^'^ 
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Figure 5.1. Structures of Pc molecules 1-5. This chapter focuses on the 
characterization and comparison of molecules 2-4. 
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The macroscopic and microscopic orientation of these molecules with respect to 

the geometry of the electronic device is crucial. Figure 5.2 illustrates the ideal orientation 

of these discotic mesophase materials for OFETs and PV cells. In an OFET where the 

desired direction of current flow is parallel to the substrate (dielectric layer), columns 

parallel to the substrate are ideal and are produced by the LB deposition technique. 

When the substrate is one of the electrodes, as in PV cells, columns perpendicular to the 

substrate are desired. Achieving a film with flat lying substituted phthalocyanine 

molecules for PV cells has proven to be a much more challenging task.^'^''^'^^ Spin-cast 

films of these Pc materials were deposited in an effort to produce flat lying molecules. 

The qualitative orientation of the molecules within these films is discussed in this 

chapter. 

The electrical properties of these molecules will ultimately determine their use in 

organic electronic devices; however, many factors affect these electrical properties, and 

all of the Pc molecules investigated are characterized in a more general manner prior to 

the electrical characterization by either interdigitated microelectrodes, OFET fabrication, 

or conductive tip AFM experiments. This chapter summarizes the general 

characterization of molecules 2, 3, and 4. The pressure-area isotherms on a LB trough, 

and solution UV/visible behavior are presented first, followed by the UV/visible and 

infrared spectroscopic responses (dichroism) of thin films of these materials, and the 

qualitative orientations that are derived from these experiments. Molecules 2 and 4 

contain polymerizable side chains, and this polymerization process has been 
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Figure 5.2. Schematic illustrations of the ideal orientation of Pc molecular 
columns for OFETs and PV cells. In an OFET the desired orientation is with 
the molecular columns parallel to the substrate, an orientation that is obtained 
with LB deposited films. Films with the molecular columns perpendicular to 
the substrate are desired for PV cells. 
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characterized and films of these molecules have been photopatterned and imaged by 

AFM to determine the quality of the resulting pattern. 

5.2 Langmuir-Blodgett Films 

5.2.1 CuPc(0CH2CH20CH2CH=CHPh)8 (2) and CuPc(SCH2CH20Bz)8 (3) 

Figure 5.3 shows pressure-area isotherms for Pes 1, 2, and 3. Very well ordered 

films of 1 have been observed and serve as a reference for the characterization of new 

molecules. Compression of freshly-deposited 1 on an LB trough results in the 

arrangement of the Pc molecules into rod-like aggregates with the column axis parallel to 

the compression barriers.^'^"^ "^ Two sharp transitions are observed for formation of films 

of 1, corresponding to the formation of a compact monolayer (IIi) at ca. 105 AVmolecule 

and a compact bilayer (Ha) at ca. 50 A^/molecule. Compression of these films was 

stopped at the transfer point (marked TP in Figure 5.3), and films were transferred to 

substrates using the horizontal Schaefer deposition technique. Further compression of 

these films past 02 results in the formation of robust fibers as the films collapse (point 

marked fibers up to several cm in length can be removed from the trough with 

tweezers.^' 

Films of 2 also show two transitions during compression, one at ca. 90 

o o o 'y  

A /molecule, and a second broader transition at ca. 40 A /molecule. FIi on this pressure-

area isotherm corresponds to the formation of a compact monolayer of Pc, but in contrast 

to films of 1, the transition to a stable bilayer is not sharp (i.e. the pressure continues to 

increase gradually after nO and the film collapses (point marked "*") prior to the 
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Figure 5.3. LB isotherms for molecules 1-3. The isotherm for molecule 1 
shows two very distinct transitions for the formation of a monolayer and a 
bilayer. LB films of 3 also show the formation of a monolayer and a bilayer, 
but at much smaller pressures. The isotherm of 2 shows a monolayer transition 
and then a gradual increase in pressure without a distinct bilayer transition. 
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formation of a stable bilayer. The transfer point on the isotherm for 2 therefore does not 

correspond to completion of a compact bilayer, but is a pressure that was used for 

horizontal transfer of coherent films, ca. one monolayer thick. Therefore, reference will 

be made to the deposition of monolayers of 2, but bilayers of most other molecules. 

The sulfur analog of 1 also forms LB films with monolayer and bilayer phases as 

shown in Figure 5.3. The LB isotherm for films of 3 is similar to that for films of 1, with 

the monolayer transition at ca. 100 A/molecule, and the bilayer transition at 50 

A/molecule. The pressures at which the monolayer plateau and the completion of the 

bilayer occurred for films of this molecule were consistently lower than for films of 1. 

These lower pressures are an indication that less force is required for these molecules to 

transition into the monolayer and bilayer phases. It also may be an indication of weaker 

intermolecular interactions, which is supported by the inability to pull fibers of 3 off the 

LB trough that are the same length as fibers of 1. 

The sulfur linkages in 3 are more bulky than the oxygen linkages, and may 

compete with the tc-tc stacking interactions that normally hold these Pc molecules in a 

relatively cofacial conformation. Previous reports of triphenylene molecules with 

hexylthio side chains demonstrate columnar aggregates with a helical twist of the 

molecules within the column as determined by X-ray diffraction studies.^'*^"^ '"^ The 

difference in size between sulfur and oxygen may be sufficient to disrupt the cofacial 

stacking interactions between adjacent Pc molecules and force them into a slipped and 

possibly helical geometry. 
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Although these isotherms show different shapes, and the transitions occur at 

slightly different areas, films were transferred at approximately the same area per 

molecule, (ca. 45-50 A^/molecule) and the formation of fibers also occurred at 

° 2 
approximately the same area per molecule (ca. 30 A /molecule). These results are not 

surprising as these molecules are all approximately the same size, and aggregate in 

similar manners. 

5.2.2 Aggregation of CuPc(SCH2CH20CH2CH=CHPh)8 (4) on LB trough 

Attempts were made to make LB films from solutions of 4, but there was no 

observed dispersion of a CHCI3 solution of this molecule upon application to the 

air/water interface. The molecules remained in a visibly aggregated state with large 

islands of material present on the water surface. This phenomenon is often observed 

when the applied solution is too concentrated; however, even solutions that were half as 

concentrated as normal (0.5 mM versus a normal concentration of 1 mM) exhibited this 

aggregation behavior upon the application of the first drops on the surface. LB isotherms 

were generated for these aggregated films, and they did not show the typical monolayer 

and bilayer transitions. Figure 5.4 shows the isotherms for this molecule with different 

numbers of molecules on the trough. The transitions occurred at different areas per 

molecule, but at approximately the same trough area, which is unusual, as typically the 

transitions occur at an area per molecule that is characteristic for that species. It was 

concluded that ordered films of this molecule could not be produced on the LB trough, 

and all subsequent films of this molecule were prepared by spin-coating. 
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Figure 5.4. LB isotherms for molecule 4. Molecules of 4 showed extreme 
aggregation on the LB trough upon the addition of the first few drops of 
solution on the surface of the water. It was concluded that molecule 4 does not 
form well ordered films on the LB trough. 
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The increased aggregation behavior of 4 on the LB trough is not completely 

understood. The pressures observed in the LB isotherm of 3 were much lower than those 

of its oxygen analog (1) indicating that the sulfur linkage acts to destabilize the columnar 

aggregate. LB films were formed from 2 without the serious aggregation effects 

observed for films of 4, indicating that the styryl group does not induce significantly 

stronger aggregation. These two effects are expected to counter each other, and allow 

ordered LB films of 4 to be formed. Thus, the strong aggregation behavior of 4 is 

unresolved at this time. 

5.3 UV-Visible Spectroscopy 

5.3.1 Solution Spectroscopy 

Solution absorbance spectra of molecules 1-4 are shown in Figure 5.5. The dilute 

solutions of both 1 and 2 show Q-band absorbances at ca. 677 nm, corresponding to the 

monomer Pc. The peak at 407 nm corresponds to a metal-to-ligand charge transfer 

(MLCT) transition and is unaffected by aggregation;^'^^ Soret bands appear at 293 and 

339 nm. The large absorbance at 250 nm in the spectra of 2 is assigned to the k—>k* 

c  n  

transition of the styryl moiety (also seen in spectra of 5, ' but missing in spectra of 1), 

which is not significantly affected by aggregation.^'^' The molar absorptivity of the 

styryl absorbance band at 250 nm (eight styryl groups per Pc) is estimated to be ca. 1.8 x 

10^ M'^cm"' per molecule (2.2 x 10"^ M'^cm'^ per styryl group), compared to the Q-band 

molar absorptivity of 9.2 x lO"^ 
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Figure 5.5. Solution UV/visible spectra of molecules 1 and 2 (top) and 
molecules 3 and 4 (bottom) showing the red shift of the Q-band and Soret 
bands upon addition of the sulfur linkage to the Pc molecule. The solutions are 
all ca. 5*10'® M in CHCI3, and have been normalized at the Q-band and offset 
for clarity. 
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UV-visible spectra of molecules 3 and 4, are very similar to the spectra of 

molecules 1 and 2, but due to the addition of the sulfur to the molecule, the Q-band 

maximum exhibits a red shift of ca. 35 nm to 711 nm. The styryl band still exhibits a 

peak at 252 nm in the spectrum of molecule 4, and does not appear to be affected by the 

presence of the sulfur in the molecule. Due to the location of the styryl moiety at the 

termination of the side chain of the molecule, the styryl band is not expected to be 

electronically coupled to the sulfur atom as much as the transitions that are associated 

with the Pc core (Q-band and Soret bands), and the absence of a red shift is not 

unexpected. Molar absorptivities for the Q-band of 3 and 4 were measured to be 1.6*10^ 

M'^cm"^ and 1.7*10^ M'^cm"', values that are similar to those for molecules 1 (1.9*10^ M" 

'cm'^)^'^ and 2. 

5.3.2 UV-visible spectra of LB films of CuPc(0CH2CH20CH2CH=CHPh)8 (2) and 

CuPC(SCH2CH20BZ)8 (3) 

Concentrated solutions and thin films of 1 have shown a broadening of the Q-

band and blue-shifts to yield a peak at ca. 625-632 nm, which arises from cofacial 

aggregation of the The spectrum of LB deposited films of 2 also show a 

broadening and blue shift of the Q-band as shown in Figure 5.6 (solid line). The 

spectrum shows a majority of species in the aggregated state; however, the intensity of 

the shoulder at ca. 677 nm indicates the presence of disordered material in the as-

deposited films. Some narrowing and loss of the long wavelength shoulder was observed 

in the Q-band spectra of films of 1 upon annealing, but films of 2 show only a very slight 
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Figure 5.6. UV/visible spectra of LB films of 2 after film deposition, after 
annealing (120°, 4 hours), and after polymerization. The inset shows a 
schematic illustration of the [2+2] cycloaddition that occurs in side chains in 
adjacent molecules to form cyclobutane rings. 
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narrowing of this peak as the intensity of the monomer component at 677 nm decreases 

only slightly. Following polymerization, the peak at 250 nm corresponding to the styryl 

functionality almost completely disappears indicating that these groups have reacted to 

form cyclobutane rings as illustrated in the inset of Figure 5.6. Some further loss in the 

intensity of the Q-band absorbance indicates some possible decomposition of the Pc core 

upon irradiation with 254 nm light. 

Polarized UV/visible experiments can give a relative indication of film ordering 

and molecular orientation. Using light sources polarized perpendicular and parallel to the 

Pc column axis we observe dichroic ratios, R=Ax/A|| (Aj.= absorbance with excitation 

polarization perpendicular to the column axis, and A| | = absorbance with excitation 

polarization parallel to the column axis), of R = 1.5 for as-deposited films (Figure 5.7a), 

and R = 3 for annealed films of 2 (Figure 5.7b). No changes in dichroic ratios were seen 

following polymerization (Figure 5.7c) as reported in Table 5.1. These dichroic ratios are 

only slightly lower than what has been observed for annealed films of 1, (R = 3.5).^''"^ '^ 

These results indicate that films of 2 contain molecules with the same general orientation 

as films of 1, a columnar structure with the columns aligned parallel to the compression 

barriers on the trough. Differences in the dichroic ratios may be a result of either small 

changes in molecular orientation or the degree of order in these films. 

Thin film spectra of LB films of 3 are shown in Figure 5.8 before and after 

annealing. The solution spectrum is also included to show the relative peak positions for 

these samples. For most of the Pc molecules studied, the thin film spectrum contains a 

component that can be assigned to the monomer species because it falls at the same 
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Figure 5.7. Polarized UV/visible spectra of LB films of 2 (a) after deposition, 
(b) after annealing (120°, 4 hours), and (c) after polymerization. All spectra 
were obtained with a sample-to-beam angle of 90° and with the polarizer 
oriented either parallel or perpendicular to the column axis. 



Table 5.1. UV-Visible Dichroic Ratios for LB Films (90° sample to beam 

Molecule Before After After 
Annealing Annealing Polymerization 

1 2.3 3.5 N/A 

2 1.5 3.0 3.0 

1.5 at 659 nm 

3 1 1.35 at 694 nm N/A 

1.1 at 740 nm 



167 

0.3-1 (3) CuPcCSCH^CH^OBz)^ 

Before annealing 
After annealing 
Solution 

0.2-

0) 
o 
§ 

o 
0.1-

0.0-

I ' I ' I ' I ' I ' I ^ I 

300 400 500 600 700 800 900 

Wavelength (nm) 

Figure 5.8. UV/visible spectra of an LB film of 3 before and after annealing 
(180° for 4 hours under vacuum). The spectrum of molecule 3 in solution is 
also shown as a reference for the peak positions. Large changes in peak shape 
were not observed following annealing. The solution spectrum was multiplied 
by 0.2 for comparison purposes. 
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wavelength as the Q-band from the solution spectrum. The monomer peak for 3 does not 

correspond to any of the major components in the LB film as shown in Figure 5.8. This 

indicates that the two (or more) components observed in the spectrum of the thin film 

must be attributed to at least two different types of aggregates. Large changes in the thin 

film spectrum were not observed following annealing for films of 3 at 180° in vacuum. 

Polarized UV-visible spectra were also taken of LB films of 3 before and after 

annealing and are shown in Figure 5.9. Before annealing, the spectra polarized 

perpendicular and parallel to the columns lie on top of one another, but after annealing, 

there are clear differences in the spectra, especially for the blue shifted components. 

Lines have been added to Figure 5.9 to help guide the eye and show the relative peak 

positions of the different components. The red shifted peak at 740 nm does not change 

much after annealing, and shows very small dichroic ratios before and after annealing. 

Following annealing, the polarized spectra show two blue shifted components in addition 

to the red shifted component; these peaks are most clear in the spectrum with the 

polarizer perpendicular to the column axis. The dichroic ratios for the blue shifted peaks 

are larger than for the red shifted component (R=1.5 at 659 nm, 1.35 at 694 nm, and 1.1 

at 740 nm). 

These multiple components suggest multiple types of aggregates in the annealed 

film. The most blue shifted component is most likely due to a cofacial aggregate similar 

in structure to the aggregates formed in LB films of 1 considering the blue shift away 

from the monomer peak (ca. 50 nm) is the same for both molecules. The other two 

components are shifted in equal amounts but opposite directions from the monomer peak. 
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indicating that they may be due to a single component. A relaxation of the selection rules 

f o r  a l l o w e d  t r a n s i t i o n s  o c c u r s  w h e n  t h e  t r a n s i t i o n  d i p o l e s  a r e  n o  l o n g e r  p a r a l l e l , w h i c h  

would result in two allowed transitions in the excited state giving both a blue shifted and 

a red shifted peak. Kasha has applied the molecular exciton model to helical aggregates 

(which would produce non-parallel dipoles) and determined that the lower energy (red 

shifted) excited state, which is usually forbidden, is allowed, accounting for the peak 

observed at 740 nm.^ This lends support to the possible formation of columns with 

molecules in a helical arrangement. 

These results indicate a restructuring of the film upon annealing, and are 

supported by X-ray reflectivity data obtained by Wei Xia, which is displayed as an inset 

in Figures 5.9a and 5.9b. Before annealing only one Bragg peak is observed at a spacing 

of ca. 23 A (in the z-direction, perpendicular to the substrate). After annealing an 

additional peak corresponding to a spacing of ca. 18 A appears. (The peaks at higher 

angles are higher order peaks of the first two peaks at low angles.) This suggests that 

there are two types of relatively large domains in these films, which exhibit different 

molecular orientations. The Bragg peak corresponding to a spacing of 23 A is consistent 

with the X-ray data for films of 1 and most likely corresponds to the orientation 

associated with the furthest blue shifted peak in the UV/visible spectrum. The Bragg 

o 

peak at 18 A must correspond to a phase where the molecules are tilted away from the 

surface normal much more than the unannealed aggregate, which may be caused by a 

disruption of the strong cofacial aggregation by the bulky sulfur atoms in the molecule. 

These two phases are illustrated schematically in the top portion of Figure 5.10. It is 
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Figure 5.10. Top: Side views of the two different phases believed to be 
present in annealed films of 3 illustrating the two different d-spacings that are 
measured in the X-ray diffraction experiment. Bottom: Top views of the same 
two phases illustrating the twist of the molecules about the surface normal and 
how this affects column spacing measured by AFM. 
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expected that this second phase exhibits some slipping or twisting of the molecules about 

the column axis (not illustrated) so that the absorption dipoles are no longer parallel and 

can account for the peaks at both 740 nm and 694 nm in the UV/visible spectrum. The 

presence of large scale (50-100 nm) domains has been observed in AFM images of 

annealed films of 3 (also obtained by Wei Xia) as shown in Figure 5.11. These images 

clearly show multiple domains with different column directions (highlighted by lines in 

Figure 5.1 la and c) and different column spacings, seen most clearly in Figure 5.11b 

(columns near the top of the image display a larger spacing than those near the bottom). 

These different spacings may be the result of twists of the molecules about the surface 

normal as illustrated in the bottom portion of Figure 5.10. The X-ray, AFM and 

UV/visible data can be rationalized by the presence of two domains in the film that 

display the tilts and twists illustrated in Figure 5.10 to account for the two spacings 

observed in AFM and X-ray data for the annealed LB films. The UV/visible spectra 

further suggest that there may be some twisting of the molecules about the column axis to 

account for the red shifted peak observed. 

5.3.3 UV-Visible Spectra of Spin-Cast Films of CuPc(OCH^CHpCH^CH=CHPh)^ (2), 

CuPc(SCH,CHfiBz), (3), and CuPc(SCH^CHfiCH,CH=CHPh)^ (4) 

Spin-casting films of the Pc molecules was also investigated as a possible solution 

processing technique to produce ordered films, with the goal of achieving a flat lying 

molecular orientation. Figure 5.12 shows UV-visible spectra of a spin-cast film of 2 from 

a 1.5 mM solution in chlorobenzene. Figure 5.12a shows the spectra of the film after 



173 

0 25 50 75 100 

Figure 5.11. AFM images of 1 bilayer of an LB deposited film of 3 on 
hydrophobized silicon. Various domains can be seen in the images containing 
columns with different orientations and column-to-column spacings. Lines 
have been added to (a) and (c) to illustrate the direction of some of the 
columns. Images were obtained by Wei Xia in contact mode displaying the 
friction channel in a 1 mM KCl solution. 
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Figure 5.12. (a) UV/visible spectra for a spin-cast film of 2 after deposition, 
annealing, polymerization, CHCI3 rinsing, and CHCI3 sonication. Polymerized 
spin-cast films of 2 are insoluble in CHCI3 as evidenced by the constant Q-
band absorbance intensity following rinsing and sonication in CHCI3. (b) 
Polarized UV/visible spectra with sample-to-beam angles of 90° and 45° with 
the polarizer oriented either vertical (parallel to the sample rotation axis) or 
horizontal (perpendicular to the sample rotation axis). 
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deposition, annealing, polymerization, rinsing with CHCI3, and sonication in CHCI3 for 

ca. 20 min. The intensity of the styryl band at 250 nm decreases slightly following 

annealing, and then almost completely disappears following polymerization. Further 

decreases in intensity of the styryl band or the Q-band were not observed after rinsing 

and sonicating in CHCI3 indicating that the polymerization process rendered the film 

insoluble, similar to LB deposited films.^'^'^ 

Polarized spectral data was taken with the sample at both a 90° angle and a 45° 

angle to the incident UV-visible beam (Figure 5.12b). At a 90° sample-to-beam angle for 

as-cast films, there is no dichroism, but a dichroic ratio of 1.28 was observed when the 

sample had been rotated 45° (R = Ay/Ah where Ay and Ah are absorbance with the 

polarizer vertical (parallel to the sample rotation axis), and horizontal (perpendicular to 

the sample rotation axis). Dichroic ratios of the spin-cast films did not exhibit large 

changes upon anneahng, polymerization, or CHCI3 rinsing, as shown in Table 5.2. 

To determine a qualitative molecular orientation from the polarized UV/visible 

data, it is useful to consider some of the possible molecular orientations (Figure 5.13) and 

predict their response to the polarized UV/visible experiments. Figure 5.13 shows some 

possible orientations for these molecules. In Figure 5.13a and 5.13c, the lines represent 

molecular columns with the molecules in an upright orientation (relatively perpendicular 

to both the substrate and the column axis). Figure 5.13b depicts flat lying molecules, and 

Figure 5.13d shows upright molecules arranged in a herringbone pattern. At a sample-to-

beam angle of 90° a dichroic ratio of one will be observed for the orientations shown in 

Figures 5.13b-d. These three arrangements of the molecules are also predicted to give 
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Table 5.2. UV-Visible Dichroic Ratios for Spin-Cast Films (90° / 45° sample-to-beam 
angle) 

Molecule Before 
Annealing 

After 
Annealing 

After 
Polymerization 

After Rinsing 
with CHCI3 

2 0.98/1.28 0.99/1.30 0.99/1.32 0.98/1.30 

3 1.05/1.30 0.99/1.36 N/A N/A 

4 1.0/1.31 0.98/1.34 0.98/1.33 N/A 
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(a) 

15 nm 10 nm 

Entire sample 5 nm 

Figure 5.13. Schematic illustrations of various possible orientations for Pc 
molecules on a surface, (a) and (c) show molecules arranged in columns 
which are oriented either in rows or a radial pattern, (b) depicts flat lying 
molecules, and (d) shows upright molecules arranged in a herringbone pattern. 
The illustrations are on different size scales as noted. 
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dichroic ratios that are greater than one when the sample-to-beam angle is 45° (for an 

ideally oriented film, R=1.4 at 45°) consistent with the dichroic ratios observed for spin-

cast films of 2. From the UV/visible experiment alone, these three different 

arrangements of the molecules cannot be distinguished. The formation of a herringbone 

pattern seems very unlikely, however, considering that prior to spin-casting, the 

molecules in solution are aggregated due to relatively strong TT-stacking cofacial 

interactions.^^"^'^ To change from this cofacial aggregate in solution to a herringbone 

pattern upon rapid solvent evaporation during spin-casting would require these 

interactions to be disrupted and for a much more energetically unstable aggregate to 

form. Although technically this structure is possible, it seems unlikely and will not enter 

into further discussions. The molecular orientation within these spin-cast films will be 

revisited in terms of the reflection absorption infrared spectroscopy (RAIRS) data in 

Section 5.4.3. 

Studies of spin-cast films of 3 were done in collaboration with SeungHyup Yoo 

from the Optical Sciences department who did most of the spin coating of the films. 

These films were spin-cast from CHCI3 and were annealed to 180° either in air (Optical 

Sciences) or in a vacuum oven. The as-cast film (Figure 5.14a) shows three features 

similar to those present in the annealed and perpendicularly polarized spectrum for LB 

films of this molecule (Figure 5.9b) suggesting the same aggregates may be present in 

these films as well. After annealing this film in air (180° for 2 hours, and cooling to 110° 

at O.r/minute, and to room temperature at 2°/minute), the Q-band loses most of the 

features present before annealing, and the baseline absorption is higher than before 



0.5 

0.4 

0.3 

0.2 

<D 
g 0.1 
d 
-e 
g 0.0 

3.0 

2.5 

2.0 

1.5 

1.0 

0.5 

0.0 

600 700 800 900 
Wavelength (nm) 

Figure 5.14. (a) UV/visible spectroscopy of a spin-cast film of 3 before and 
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annealing. These results may be an indication of film degradation upon annealing in air. 

Figure 5.14b shows the Q-band of the spin-cast films and their position with respect to 

the solution spectrum, again illustrating that the position of the monomer absorbance 

does not correspond to any of the three components in the spin-cast film before 

annealing. The spectrum of the 1.05*10'"^ M solution does show evidence of aggregation 

as the peak at 664 nm increases in intensity with increasing concentration. This solution 

aggregate seems to correspond to the most blue shifted aggregate peak of the spin-cast 

film. Spin-cast films were also annealed in a vacuum oven to various temperatures 

(Figure 5.15a), but no change in the shape or intensity of the spectra was observed up to 

annealing temperatures of 180° (using the same cooling protocol), suggesting that 

reactions with oxygen may be the cause of the peak shape changes observed upon 

annealing in air. 

Polarized UV-visible spectra are shown in Figure 5.15b, and similar to the data 

for films of 2, films of 3 show a dichroic ratio of 1 at a sample-to-beam angle of 90°, and 

R = 1.3 at 45°. These ratios and the shapes of the spectra did not change significantly as 

a function of annealing (Table 5.2). Again, these data suggest either flat lying molecules 

on the surface or columns that are arranged in a radial pattern. Further discussion of the 

orientation of these spin-cast films is given in Section 5.4.3. 

Films of 4 were also spin-cast from a CHCI3 solution onto hydrophobized quartz 

and the UV-visible studies showed results similar to those for spin-cast films of 2. In 

Figure 5.16a the styryl band at 250 nm disappears following polymerization, and this 

polymerization seems to render the film insoluble, as very little Pc material was removed 
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Figure 5.15. (a) UV/visible spectroscopy of a spin-cast film of 3 before and 
after annealing to 180° in vacuum, (b) Polarized UV/visible spectra of a spin-
cast film of 3 at sample-to-beam angles of 90° and 45°, and with the polarizer 
both vertical and horizontal. 
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Figure 5.16. (a) UV/visible spectroscopy of a spin-cast film of 4 before 
annealing, after annealing, after polymerization, and after a series of CHCI3 

rinse and sonication steps, (b) Polarized UV/visible spectra of a spin-cast film 
of 4 at sample-to-beam angles of 90° and 45°, and with the polarizer both 
vertical and horizontal. 
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during CHCI3 rinsing and sonication. There was a decrease in the intensity of the Q-band 

following polymerization suggesting a small degree of film degradation upon 

polymerization. The polarized UV-visible data also show similar results with R = 1 at 

90° and R = 1.3 at 45°. No changes in dichroic ratio were exhibited as a function of 

annealing or polymerization (Table 5.2). 

In summary, spin-cast films of molecule 2, 3, and 4 all show the same behavior 

upon examination with UV/visible spectroscopy. Annealing in vacuum does not change 

the intensity or shape of the spectra, and for molecules 2 and 4, following polymerization, 

the styryl band disappears and the films are insoluble in CHCI3. Polarized spectroscopy 

reveals that these molecules are all exhibiting the same qualitative orientation as dichroic 

ratios of 1 and 1.3 were observed at 90° and 45°, respectively. Further discussions of the 

orientation of the molecules in these spin-cast films is given in the next section. 

5.4 IR spectroscopy 

LB and spin-cast films have been analyzed by IR spectroscopy. A detailed 

analysis of both reflection absorption infrared spectroscopy (RAIRS) and polarized 

transmission data for LB deposited films is given in Chapter 6 and is not discussed here. 

A more qualitative analysis of the spin-cast films will be presented in this section and 

compared to the polarized UV/visible data presented in Section 5.3.3. 



5.4.1 IR of Isotropic Samples of CuPc(SCH2CH20Bz)8 (3) and 

CuPc(SCH2CH20CH2CH=CHPh)s (4) 

Figure 5.17 shows IR spectra of molecules 1-4 in a KBr pellet. Many of the 

transitions observed for molecules 3 and 4 are the same as for molecules 1 and 2,^'^' ^ 

but there are some differences and shifts in the positions of these transitions. Tables 5.3 

and 5.4 give peak positions, relative intensities and assignments for the spectra shown in 

Figure 5.17. The spectra of both 3 and 4 contain a peak at ca. 781 cm"^ which has been 

attributed to the Pc-S-C stretch, and the peaks due to a Pc-O-C stretch, which are 

observed in the oxygen linked Pc molecules, have almost completely disappeared. There 

is a small peak at ca. 1284 cm"' in the spectrum of 4 and peaks at 1284 cm"' and 1206 cm" 

' in the spectrum of 3 indicating the possibility of some contamination. The spectra of 2 

and 4 also contain a transition at 966 cm"' due to a trans alkene C-H stretch (also present 

in spectra of 5, but missing in spectra of 1 and 3), whose intensity is severely reduced 

following polymerization of thin films (Figure 6.4 for films of 4). The broad peak at ca. 

1630 cm"' is a feature that is only present in the KBr spectra (not in thin film spectra), 

and is due to moisture in the KBr pellet.^ 

5.4.2 RAIRS Spectroscopy of Spin-Cast Films 

The polarized UV/visible data of spin-cast films of all 4 molecules discussed in 

this chapter seemed to suggest that the molecules were either flat lying or organized in 

radially distributed columns (Figure 5.13b and c). To further investigate this, RAIRS 

data was also obtained on spin-cast films of these Pes on benxyloxyethane thiol modified 
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Figure 5.17. KBr pellet data for molecules 1-4. Peak assignments are given in 
Tables 5.3 and 5.4. 



Table 5.3. Peak assignments for isotropic spectra of molecules 1 and 2. 

V (cm"') Normalized Band assignments 

1 / 2  Absorbance 

1 / 2  

3029 / 3025 0.056/0.16 Vc-H (aromatic) 

2927 / 2927 0.10/0.19 Va (-CH2-) 

2858/2858 0.18/0.17 Vs (-CH2-) 

1632/ 1629 0.16/0.33 pellet H2O 

1607 / 1608 0.42 / 0.46 Vc= c (benzene stretch) 

1506/ 1507 0.45/0.41 Vc=N (pyrrole stretch) 

1470 / 1470 0.64 / 0.68 Vc=N, 5c-c-n (pyrrole stretch) 

1452 / 1448 0.58/0.62 Pc ring vibration 

1409 / 1409 0.48/0.61 Vc=c (benzene stretch) 

1355/ 1355 0.52 / 0.64 Pc ring vibration 

1281 / 1281 0.84/0.87 Va(Pc-O-C) 

1202 / 1202 0.60 / 0.56 Vs(Pc-O-C) 

1101 / 1104 1.0/1.0 Va(C-O-C) 

1068 / 1065 0.54/0.58 Va(ring C-H, ip) 

1045 / 1041 0.41/0.37 Pc ring vibration 

N/A / 966 N/A / 0.39 V (trans alkene, C-H) 

933/933 0.29/0.19 Pc ring vibration 

744 / 744 0.77 / 0.88 5(ring C-H, op) 

698 / 692 0.45 / 0.50 5(ring C-H, op) 



Table 5.4. Peak assignments for isotropic spectra of molecules 3 and 4. 

V (cm'^) Normalized Band assignments 

3/4 Absorbance 

3/4 

3029 / 3025 0.084 / 0.082 Vc-H (aromatic ) 

2925 / 2925 0.17/0.13 Va (-CH2-) 

2858/2851 0.25/0.21 Vs (-CH2-) 

1631 / 1632 0.32/0.76 pellet H2O 

1597/ 1599 0.28/0.53 Vc= c (benzene stretch) 

1497 / 1497 0.21/0.24 Vc=N (pyrrole stretch) 

1454 / 1449 0.28/0.20 Pc ring vibration 

1409/ 1409 0.65/0.72 Vc=c (benzene stretch) 

1362/ 1359 0.35/0.37 Pc ring vibration 

1104/ 1114 0.87 /1 Va(C-O-C) 

1074/1071 0.87/0.89 Va(ring C-H, ip) 

1027/ 1031 0.31/0.20 Pc ring vibration 

N/A / 966 N/A / 0.34 V (trans alkene, C-H) 

954/956 0.37/0.41 Pc ring vibration 

781 /783 0.17/0.36 Va(Pc-S-C) 

746 / 746 0.68/0.82 5(ring C-H, op) 

698 / 693 0.46 / 0.49 5(ring C-H, op) 
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gold, and these spectra are shown in Figure 5.18 for as-cast films. A qualitative 

determination of molecular orientation can be obtained by comparing the intensities of in-

plane and out-of plane transitions from the RAIRS spectra (which only measure 

transitions projecting onto the substrate normal) and the isotropic spectra. These 

transitions are marked (*) in Figure 5.18 (in-plane transition at 1281 cm'^ for 1 and 2, and 

at 781 cm'^ for 3 and 4, and out-of-plane transition at 745 cm"' for all molecules). By 

calculating F (F = (Az,in-Abuik,out)/( Az,oufAbuik,in); as described in Chapter 6), which 

compares the ratios of in-plane and out-of-plane transitions for both the RAIRS and 

isotropic samples, one can determine if the molecules are tilted greater or less than 45° 

from the surface normal. Generally, values of F > 1 give tilt angles less than 45° from the 

surface normal, and when F < 1, the tilt angle away from the surface normal is greater 

than 45°. The spectra in Figure 5.18, when compared to isotropic spectra, all give values 

of F that are greater than one, indicating that these spin-cast films are all oriented with 

the molecules more or less upright, and not flat lying. This rules out the orientation 

described in Figure 5.13b, and implies that the molecules must be organized in columns 

with the columnar structures arranged in a radial pattern on the surface (Figure 5.13c). 

This result seems reasonable given the flow produced on the surface during the spin 

coating process, which must force the alignment of the columnar aggregates into this 

radial pattern as the solvent evaporates. 
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Figure 5.18. RAIRS spectra for spin-cast films of (a) 1, (b) 2, (c) 3, and (d) 4. 
The peaks marked with were used for qualitative orientation determination, 
and they are the in-plane transition at 1281 cm"^ peak for molecules 1 and 2, 
and at 781 cm"^ for molecules 3 and 4, and the out of plane peak at 745 cm'^ 
for all of the molecules. 
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5.5 Polymerization of CuPc(0CH2CH20CH2CH=CHPh)8 (2), 

CuPc(SCH2CH20CH2CH=CHPh)8 (4) 

5.5.1 Monitoring Polymerization as a Function of Time 

The 250 nm absorbance peak for spin-cast films of 4 was monitored as a function 

of time during 254 nm irradiation (Figure 5.20), and compared to that for LB films of 2 

(Figure 5.19).^'^' For LB films of 2, the intensity of the 250 nm peak decreases 

monotonically with irradiation time, indicating the disappearance of the styryl 

functionality from the molecule, but with no appreciable change in either the Q-band 

absorbance, or the MLCT absorbance. A comparable thickness film of 1 was used as a 

baseline for this spectrum in the wavelength region near 250 nm, and a conversion 

percentage of styryl groups was calculated, as shown in the inset of Figure 5.19 based on 

the disappearance of the styryl absorbance band. Most polymerizations were carried out 

for 5 hours, at which time there was about 50% loss of the styryl absorbance band in 

films of 2. From longer exposure times it appears that the maximum conversion 

approaches 75% of all styryl groups, which implies that up to 6 styryl groups react per 

Pc 5.7,5.10 conversion efficiencies in the annealed films indicate excellent 

registry between the side chains in adjacent molecules, given the Pc-Pc spacing of ca. 3.4 

A, and the 3.5-4.2 A spacing required for cyclobutane formation.^^° This also suggests 

that within a single column, there must not be much rotation of adjacent molecules about 

the column axis prior to polymerization. 

Analogous data for spin-cast films of 4 is shown in Figure 5.20. Again the styryl 

peak at 250 nm decreases in intensity during irradiation, but in this case there is also loss 
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Figure 5.19. UV/visible spectra of an LB film of 2 for irradiation times up to 
1000 minutes. The inset shows the percent conversion as calculated from the 
decrease in the styryl band at 250 nm after comparison to the absorbance of 
comparable thickness films of 1. Figure taken from reference 5.10. 
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Figure 5.20. UV/visible spectra of a spin-cast film of 4 for irradiation times 
up to 1600 minutes. The inset shows the percent conversion as calculated from 
the decrease in the styryl band at 250 nm after comparison to the absorbance of 
comparable thickness films of 3. 
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of intensity in the Q-band, the MCLT band, and the Soret band, suggesting possible 

degradation of the Pc ring during exposure to 254 nm light. The shape of the Q-band also 

changes upon irradiation; the blue shifted aggregate decreases in intensity faster than the 

other components, indicating the preferential loss of aggregated Pes. Percent conversion 

was calculated for this molecule after comparison to spectra of 3, and after irradiation for 

5 hours, typical conversion percentages were ca. 50% with maximum conversion of ca. 

80% for longer exposure times. (These conversion percentages may be artificially high if 

there is significant loss of the 250 nm peak due to film degradation.) The exposure times 

used for polymerizations of all of the styryl containing molecules are rather long, but may 

be shorted by using a more intense light source instead of the two pen lamps currently 

used for irradiation. 

5.5.2 AFM of Recast Polymerized Films 

In an effort to determine the structure of the polymerized columnar aggregates in 

spin-cast films of 4, films were polymerized with only one lamp for a short irradiation 

time (30 minutes). These conditions allowed these films to be partially solubilized after 

polymerization by sonication in a small amount of CHCI3 with heat for 1 hour. The 

resulting CHCI3 solution was used to recast films onto freshly cleaved HOPG, and this 

surface was imaged by tapping mode AFM in H2O. Figure 5.21 shows some of these 

AFM images of recast rod-like objects of polymerized 4. The images shown are both 

phase-contrast images, and are 375 x 375 nm and 250 x 250 nm, respectively. The 

column-like features in Figure 5.21a are on average ca. 9 nm wide, and those in Figure 
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Figure 5.21. AFM phase images of a cast film from a solution of polymerized 
spin-cast film of 4 dissolved in CHCI3. The original film was irradiated for 
only 30 minutes with one pen lamp, (a) shows columns running diagonally 
with a column spacing of ca. 9 nm. The image in (b) is of a similar area on the 
sample, but a column spacing of ca. 16 nm was observed. Images were taken 
in tapping mode in H2O. 
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5.21b are ca. 16 nm wide. These features are much wider than the expected column 

diameter of ca. 3.0 nm, but larger than expected column-to-column spacings have also 

• S S ^ 7 
been observed for recast films of 2 and 5 (7.5 nm and 6.4 nm, respectively). ' ' ' This 

data suggests a surface topology that has features wider than that of the columns 

themselves, which in other cases has been explained by the packing structures illustrated 

in Figure 5.22. It is generally assumed that these Pc columns pack in a hexagonal close-

packed pattern, but changes of this lattice to a distorted rectangular packing geometry 

could result in a larger spacing of these surface features as measured by the AFM 

experiment. Alternatively, these larger features would also be expected if the columns 

5 21 5 22 were to assume a slipped geometry (upper right. Figure 5.22). ' ' ' These alternative 

packing structures are not predicted to give features that are of the same column-to-

column spacing as that observed, however. This suggests that the polymerization process 

may involve intercolumn cross-linking to create columnar structures that contain multiple 

molecular sized columns. The fact that multiple column-to-column spacings have been 

observed for a single film indicates that these molecules may adopt multiple packing 

structures similar to the AFM images of annealed LB films of 3 (Figure 5.11). 

5.6 Photopatterning of CuPc(0CH2CH20CH2CH=CHPh)8 (2), and 

CuPc(SCH2CH20CH2CH=CHPh)8 (4) 

5.6.1 LB Films of CuPc(0CH2CH20CH2CH=CHPh)8 (2) 

After extensive irradiation at 254 nm, large area LB deposited thin films of 2 

appeared to be insoluble in CHCI3, CHCla/benzene, dimethyl formamide (DMF), and 
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Figure 5.22. Schematic illustration of possible Pc column packing 
arrangements. The hexagonal close packed (hep) structure would give an 
expected column spacing equal to the column diameter (ca. 3.0 nm), but the 
column spacing measured by AFM would increase as the lattice changes to a 
distorted rectangular lattice (spacing increases as rectangle distorts up to ca. 5 
nm) or the termination of the hep lattice is changed (spacing of 2x the column 
diameter). 

Distorted rectangular lattices 
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toluene, even after sonication for ca. 60 minutes,suggesting that photopatterning 

using standard lithographic masks would be possible. Figure 5.23 shows examples of 

photopatterned films (7 monolayers on modified Si(lOO) substrates; images obtained in 

collaboration with Wei Xia), after dissolution of the unpolymerized material. The 8 |im 

and 2 jim "ribbons", shown in Figure 5.23b, have widths of ca. 2800 and 700 close 

packed Pc columns respectively. The height of the 8 )xm ribbon is near to that expected, 

ca. 21 nm, but the height of the 2 jxm ribbon is ca. 30-50% of the height of the 8)im 

feature. Patterning on smaller size scales appears at present to lead to less cross-linking 

between adjacent Pc rings, and may require an optimization of the lithographic 

processing experiments. The rms roughness of the polymerized regions are 4.6± 1.3 nm 

and 5.9+0.7 nm for the top of the polymerized region in Figure 5.23a, and the tops of the 

polymerized stripes in Figure 5.23b, respectively. These are larger rms values than that 

seen on similar distance scales for non-patterned films of 2 (< 0.5 nm), suggesting that 

following polymerization and rinsing with CHCI3, a fraction of the irradiated Pc film is 

dissolved, increasing the surface roughness. 

5.(5.2 Spin-Cast Films of CuPc(0CH2CH20CH2CH=CHPh)8 (2) and 

CuPc(SCH2CH20CH2CH=CHPh)8 (4) 

Spin-cast films of 2 were also patterned using the same photopatterning 

procedure, and AFM images are shown in Figure 5.24 of these patterned films. The 

solution used to spin these films was relatively dilute (<1 mM) and it produced fairly thin 

films (bearing analysis showed a ca. 6 nm film thickness), resulting in low contrast 
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Figure 5.23. AFM height images of photopatterned thin films of 7 monolayers 
of 2 on hydrophobized Si(lOO). The bottom portion of the AFM image in (a) 
is polymerized Pc, while the top region is bare silicon, (b) Patterning on a 
smaller scale. The lines are polymerized Pc, with the smallest feature being 2 
|im wide. The images were taken in tapping mode in H2O. 



Polymerized 2 

Figure 5.24. APM height images of photopatterned thin films of spin-cast 2 
on hydrophobized Si(lOO). (a) shows a patterned edge, and (b) shows a comer 
feature. The images were taken in tapping mode in H2O. 
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between the polymerized Pc and the bare silicon regions in the following AFM images. 

Figure 5.24a shows a top view of the edge of a patterned line, while Figure 5.24b shows a 

patterned corner in a similar fashion. In this case, most of the polymerized film showed 

holes possibly due to solvent escaping from the film during spin coating, similar to 

5 7 features observed for LB deposited films of 5. ' The more uniform regions of the film 

displayed rms roughness values of ca. 1.3 nm and the rougher areas had rms roughness 

values between 2 nm and 10 nm. These two types of regions were found throughout the 

polymerized film often in close proximity. The majority of the films in Figure 5.24b 

shows the rougher type of film, but the top center region of the image contains a much 

smoother area. 

Similar experiments were preformed with spin-cast films of 4, but the features 

following patterning of these films were not as sharp. Figure 5.25a shows a corner of a 

patterned region of the film, but this patterned region shows quite a bit of texture (rms 

roughness of ca. 8 nm), and the edge of this patterned feature seems to extend for ca. 5-10 

|im, whereas patterning either LB or spin-cast films of 2 produced much sharper features. 

A region of polymerized 4 is illustrated in Figure 5.25b, which exhibits string-like 

features similar to those observed in polymerized films of 5, although the nature of these 

features is not well known. 

The most promising results for patterning thin films of these polymerized Pc 

molecules was obtained with the LB deposited films of 2. These films gave patterns with 

sharp features and relatively smooth regions of polymerized film. In addition the 

orientation of the molecules within the films is such that directional mobility between 
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Figure 5.25. AFM height images of photopatterned thin films of spin-cast 4 
on hydrophobized Si(lOO). (a) shows a corner feature, with a relatively rough 
polymerized film and patterned edges that are not very sharp, (b) shows a 
region of polymerized film with raised features in the film connected by string
like features, reminiscent of films of 5. 
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two electrodes would be allowed. The same does not apply for spin-cast films of either 2 

or 4 as these columns are arranged in a radial pattern, and do not exhibit the proper 

alignment to span an electrode-electrode gap. 

5.7 UPS of CuPc(0CH2CH20Bz)8 (1) and CuPc(SCH2CH20Bz)8 (3) 

UPS data of 1 bilayer films of both 1 and 3 was taken to determine the relative 

position of their HOMO peaks and HOMO onsets with respect to the Fermi energy of 

both gold and ITO (Figure 5.26). Figure 5.26a shows UPS spectra of clean gold and ca. 

15 nm of unsubstituted vacuum deposited CuPc on gold. The difference in energy 

between the Fermi energy of Au and the HOMO onset of crystalline CuPc is ca. 0.9 eV, 

which represents the injection barrier for holes into this material and serves as a reference 

for the other materials. Figures 5.26b and c show UPS spectra for molecules 1 and 3, 

respectively on both Au and ITO. The inset in each figure is a close-up of the low 

binding energy region illustrating the positions of the HOMO peak and its onset for these 

materials with respect to the gold Fermi level. Molecule 1 shows a clear peak at 2.4 eV, 

and another very weak feature at ca. 1.2 eV, which upon comparison to the spectra of 

molecule 3, seems to be the HOMO peak for this molecule. Molecule 3 shows two clear 

peaks on both substrates in this spectral range, one at ca. 2.1 eV and another at ca. 0.9 eV. 

This data is further summarized in Table 5.5 where the energies of the HOMO 

peaks and HOMO onsets are reported both with respect to the vacuum level (energy 

required to remove an electron from that organic material) and the Fermi energy of Au 

(energy required to inject a hole from Au into that organic material). The addition of the 
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Figure 5.26. UPS spectra of (a) Au and vacuum deposited CuPc on Au, (b) 1 
bilayer of molecule 1 on ITO and Au, and (c) 1 bilayer of 3 on ITO and Au. 
The insets show a close-up of the HOMO peaks for the Pc layers 
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Table 5.5 Binding energies for molecules 1, 3, and vacuum deposited CuPc referenced 
either to the vacuum level for that molecule or to the gold Fermi energy 

Vacuum Level Gold Fermi Energy 

Sample HOMO peak HOMO onset^ HOMO peak HOMO onset'' 
(eV) (eV) (eV) (eV) 

1 on Au 5.3 4.9' 1.2 P
 

00
 n 

1 on rro 5.3 4.8' 1.2 o
 o 

3 on Au 5.5 5.1 0.8 0.4 

3 on no 5.8 5.3 1.0 0.5 

Vacuum 
deposited CuPc 

5.4 5.0 1.3 0.9 

This value is the difference in energy between the vacuum level and the HOMO onset 
and it represents the ionization potential for this molecule. 
^ This value is the difference in energy between the Fermi energy of Au and the HOMO 
onset and it represents the injection barrier for holes into this molecule. 
' The HOMO cutoff for molecule 1 was difficult to measure due to the very low intensity 
of this peak, and its position has been estimated on the FWHM of the HOMO peak for 
molecule 3. 



205 

oxygen linked side chains makes the ionization of this material slightly more favorable 

than that for the unsubstituted CuPc (4.9 eV versus 5.0 eV). This agrees with 

electrochemical data for unsubstituted ZnPc and octabutoxy substituted ZnPc where the 

first one electron oxidation of the alkoxy substituted Pc has been reported to be slightly 

more favorable (E° = 0.67 V for ZnPc but E° = 0.50 V for octabutoxy ZnPc).^'^^ This 

result is not unexpected as oxygen is a weak electron donor, which should stabilize the Pc 

ring upon the removal of an electron. Continuing this trend, the substitution of the 

oxygen linkage groups with more electron donating sulfur atoms is expected to lower the 

oxidation potential even further, however, this was not observed. Instead molecule 3 is 

more difficult to ionize (5.1 eV on Au and 5.3 eV on ITO) than either molecule 1 or 

unsubstituted CuPc. At this time these results are not fully understood. 

The HOMO onset data in Table 5.5 that is referenced to the Fermi energy of Au is 

one measure of the injection barrier for holes from the electrode into the CuPc layer. 

This data shows that the smallest energy barrier is for charge injection from Au into films 

of molecule 3 (0.4 eV into the HOMO onset), and this value increases for injection into 

films of 1 and the unsubstituted vacuum deposited CuPc. These injection barriers are 

important when considering, for example, charge injection from the source electrode in 

an OFET into the semiconducting organic Pc layer. This data shows that the injection 

barrier into films of 3 is 0.4 eV smaller than that for films of 1, and the use of this 

molecule may help to reduce contact resistances in these devices (Chapter 7). 

Energy diagrams comparing the energy levels in Au and ITO to the vacuum and 

HOMO levels in these organic molecules are shown in Figure 5.27. Both the injection 
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Figure 5.27. Energy diagrams for molecules 1 and 3 on ITO and Au. 
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barrier for holes and the ionization potential for an electron in each material is shown in 

these diagrams. The UPS data presented here can be combined with the solution 

UV/visible data that was discussed in Section 5.3.1 to determine an approximate position 

for LUMO levels in these materials, assuming that the exciton binding energy is small. 

Molecule 1 showed a Q-band absorbance at 677 nm (1.8 eV) and the Q-band for 

molecule 3 was red-shifted by ca. 35 nm to 711 nm (1.7 eV). This allows the LUMO 

level in molecule 1 to be approximated as 3.5 eV below the vacuum level, and ca. 4.0 eV 

below the vacuum level in molecule 3. 

5.8 Conclusions 

The characterization of LB films of molecules 1-4 indicates that the molecules 

within these films exhibit columnar structures with the columns oriented parallel to each 

other and to the substrate, which is ideal for OFETs. Spin-cast films also exhibit columns 

that are parallel to the substrate, however, these columns are arranged radially on the 

surface, an orientation that is not ideal for device applications. Molecules 2 and 4 can be 

photopatterned, but only LB films of 2 show sharp patterned features and relatively 

smooth polymerized films in the AFM images obtained. The ability to lock these 

molecules into their columnar structure, may also improve the electrical properties of 

these films, and will be discussed in Chapter 7. 

The UPS data on molecules 1 and 3 show that the addition of the sulfur to the 

molecule will allow for easier hole injection from either ITO or Au electrodes, and the 

same trend is also expected for molecules 2 and 4. This indicates that charge injection in 
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OFETs with molecule 3 will be energetically easier than for devices with molecule 1, and 

these studies should redirect efforts in this direction. In OPVs where charge (hole) 

collection occurs at the ITO electrode, this process is energetically favorable for both 

molecules, but slightly more favorable for films of molecule 1. 
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Chapter 6 

MOLECULAR ORIENTATION DETERMINED BY POLARIZED 

INFRARED SPECTROSCOPY 

6.1 Introduction 

As discussed in Chapters 5 and 7, liquid crystalline, discotic mesophase materials 

have become of interest for organic electronic applications such as organic field effect 

transistors (OFETs) and organic photovoltaic (OPV) cells, following several reports of 

high charge (hole) mobilities in organized columnar assemblies of these molecules.^' 

Charge transport in thin films of discotic mesophase materials has been observed to be 

more efficient along the aggregate column axis, and thus the optimum macroscopic 

orientation of these columns is different for OFETs (parallel to the substrate) and OPVs 

(perpendicular to the substrate). Charge mobilities are further expected to be strongly 

affected by small changes in molecular orientation within the columnar aggregate, 

f. fi Q 

affecting the degree of orbital overlap between adjacent molecules. ' ' ' Macroscopic 

orientations of discotic mesophase materials with the aggregate columnar structures 

parallel to the substrate have been frequently achieved, including the Pes discussed in 

Chapter 5^^-3.6-4.6.9-6.15 variations in molecular orientation as a result of 

changes in molecular composition, processing methods, etc. have not been widely 

addressed. 

The specific molecules discussed here. Pes 1, lb and 2 (Figure 6.1), are part of 

the series of octa-substituted phthalocyanines that were discussed in the previous chapter. 
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Figure 6,1. Structures of Pc molecules 1, lb, and 2, whose orientation in LB 
deposited films is the focus of this chapter. 
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The studies described in Chapter 5 have shown that there are likely to be significant 

orientation changes which occur to films of 2 following the polymerization process, 

along with increases in both dark and photoconductivities and electrical anisotropics 

(ratios of conductivity parallel versus perpendicular to the column axis). The ideal 

orientation for optimal orbital overlap in a thin film of just a few molecular layers is not 

yet known for these discotic materials. It is therefore of interest to correlate changes in 

orientation of the Pes and other discotic molecules, within the columnar aggregates, with 

changes in the dark and photoelectrical properties of these materials. For discotic 

assemblies where the core molecules are not covalently bound to each other, there are a 

wide range of twist angles that the adjacent rings can take with respect to each other, as is 

the case in the unsubstituted crystalline versions of these materials.^ Orientations 

of such discotic systems can be characterized through a combination of the dichroism 

seen in visible wavelength absorbance spectra, FT-IR spectra, AFM and STM images, 

and low-angle X-ray reflectometry;® '^'®'^"^'®^^ however, the established protocols for 

determining molecular orientation from any one spectroscopic probe are inadequate for 

these molecular assemblies based on highly symmetric disk-like cores. 

6.1.1 Determination of Molecular Orientation by IR Spectroscopy - Previous Reports 

A full description of the orientation of a discotic molecule in a surface confined 

thin film requires at least three angles be defined: i) the tilt of the molecular plane away 

from the surface normal (0); ii) the twist of the molecular plane about the surface normal 

(([)); and Hi) a rotation of the molecule about its axis of symmetry (a). These three angles 
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are illustrated in Figure 6.2a, where the disk represents a discotic molecule with two 

equivalent in-plane spectroscopic transitions depicted by white arrows. 

Previous reports have described various polarized infrared spectroscopic methods 

to determine the orientation of molecules on surfaces.^ Most of these studies have 

only calculated one or two of the three angles that fully define this orientation, and even 

fewer have addressed discotic molecules.^'^®' Debe has reported the determination of 

two orientation angles for a surfactant molecule adsorbed on aluminum, using reflection 

absorption IR spectroscopy (RAIRS), comparing IR absorbance intensities for two 

orthogonal transitions to the intensities for those same transitions in an isotropic film.^'^" 

In this case, the angles 0 and a are calculated as shown in Figure 6.2b (illustration for 

non-discotic molecules). The angle (|) cannot be determined solely from the RAIRS 

experiment, because this technique only probes transitions perpendicular to the metal 

surface, and all angles of (j) are equivalent with respect to this component of the 

electromagnetic field. 

In a similar but more sophisticated procedure, Allara and coworkers have 

modeled the chemical system of interest and produced calculated spectra based on optical 

constants derived from an isotropic spectrum. Comparisons between the experimental 

RAIRS spectrum and the calculated spectrum have allowed the orientation of n-alkanoic 

acids on aluminum and thiols on gold to be determined.®'^^' This method has proven 

reliable and accurate; however, by applying only RAIRS data, only two tilt angles can be 

extracted. For self-assembled alkane monolayers (SAMs) adsorbed onto surfaces, these 

two angles are sufficient to describe the structure of the thin film, and no effort has been 
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Figure 6.2. (a) Schematic illustration of the three Euler angles and their 
physical meaning in terms of the orientation of a discotic molecule with D4h 
symmetry. The molecular aggregate column axis is assumed to lie along the x-
axis, and the x-y plane defines the substrate. The molecules exhibit a tilt away 
from the surface normal (0), a twist about the surface normal ((])), and a 
rotation about the axis of symmetry of the molecule (a). The position of the 
disk in this illustration does NOT represent the reference position described in 
the Theory section (molecular plane located in the x-y plane), (b) shows the 
same three angles, but for a linear molecule, (c) The laboratory frame of 
reference along with the incident IR radiation for the RAIRS experiment 
(dashed line) and the transmission experiment (dotted line). The RAIRS 
experiment is only sensitive to transitions projecting onto the z-axis while the 
polarized transmission IR experiment characterizes only transitions lying in the 
x-y plane. 
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extended to determine the third angle. For the case of discotic molecules on a surface, 

however, the third angle, (|), describes how the molecular disks are twisted within a 

columnar assembly (Figure 6.2a), and is necessary to position the molecular disk in 

space. 

Debe also considered the case of a RAIRS spectroscopic characterization of 

vacuum deposited hydrogen Pc (HiPc), but this treatment only applies to molecules with 

D2h symmetryand cannot be used for molecules with D4h symmetry, which is the 

symmetry of most metal substituted phthalocyanines. Also, since only RAIRS data was 

obtained in these studies, only the angles a and 0 could be determined. Sauer et al. used 

polarized transmission IR spectroscopy to determine the orientation of polymeric silicon 

phthalocyanine rods (O-Si-O-Si links — PcPS) on IR-transparent substrates, but the 0-Si-

O-Si backbone of PcPS forces each Pc monomer in the polymer chain into a 

perpendicular orientation with respect to the surface, and since they are also 

perpendicular (on average) to the PcPS column axis, only one angle is left to be 

determined.^'^ 

6.1.2 Integration of Polarized Transmission and Reflection IR Spectroscopy 

To determine the three angles required to fully define the orientation of a discotic 

molecule, spectroscopic measurements must be made in three different directions with 

respect to the laboratory frame of reference. Figure 6.2c defines the three relevant 

laboratory axes. By employing both the polarized transmission IR and RAIRS 

experiments, the electric field component of the incident radiation can be produced along 
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each of these axes to probe vibrational transitions in these directions (Ez in the RAIRS 

experiment and Ex and Ey in the polarized transmission experiment). 

This requires that a polarized transmission experiment be performed on an IR-

transparent substrate, in conjunction with the RAIRS experiment, which is typically made 

on a highly reflective (gold) substrate. This also requires that the molecular assembly 

adopt the same microscopic orientation on both substrates, which for the phthalocyanine 

assemblies discussed here, seems to be the case based on X-ray reflectivity studies 

performed by Wei Xia on Pc films deposited on both of these substrates. (These studies 

also indicate that the Pc films on gold may show a slightly larger distribution of 

orientations due to the roughness of this substrate than Pc films on silicon, but in either 

case an average orientation is measured.) Combining the polarized transmission 

experiment on silicon with an attenuated total reflectance (ATR) experiment on a silicon 

ATR crystal would allow for the same substrate to be used in both experiments; however, 

the lower wavelength region (< 1500 cm'^) required for the transitions used in these 

studies is not accessible with a silicon ATR crystal. 

Presented in this chapter is an expanded version of previous attempts to fully 

describe the orientation of Pes in thin films of these rod-like assemblies in terms of three 

Euler angles.® ® This approach integrates reflection and transmission IR 

spectroscopy to probe transitions along the three laboratory axes, and should be 

applicable to any system with two dipoles having D4h symmetry. The parent Pc 1, its 

cobalt analog, lb, and its polymerizable counterpart Pc 2, were chosen for discussion of 

the orientations within their thin films. These molecules are modeled here as having two 



orthogonal, but indistinguishable, in-plane vibrational dipoles and one out-of-plane 

vibrational dipole. Euler angles are calculated, and full graphical representations of their 

molecular orientation within the columnar aggregates are shown. It is also shown that, 

with a few simple adjustments, this approach can be applied to other discotic molecules 

such as HBC derivatives, and can also be extended to other non-discotic molecules as 

well. 

6.2 Theory 

The classical description of the orientation of an object in space is given by three 

ft oc 

Euler angles, ' illustrated in Figure 6.3, describing the three successive rotations of an 

object in a counterclockwise direction from some original reference position to a new 

position with respect to the original laboratory axes: i) a defines a rotation about the z-

axis; ii) 0 defines a second rotation about the x-axis; and Hi) ([) defines a third rotation 

about the z-axis. Each rotation can be described by a 3x3 matrix as shown below. 

D = 
cosa -sinoc 0 

sina cosa 0 

0 0 1 

(1) 

C = 
1 0 0 

0 COS 9 -sin 9 

0 sin 9 cos 9 

(2 )  

B = 
'^cos(|) -sin(j) 0^ 

sin(|) cos(|) 0 

0 0 1 

(3) 

The three matrices above are multiplied to give the full rotation matrix A: 

A = B-C-D (4) 

A reference orientation, to which the final orientation will be compared, must be assigned 

for the molecule in question, and an appropriate choice of this reference orientation can 

greatly simplify the calculations. For a molecule with three orthogonal vibrational 
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Column 
direction 

Figure 6.3, The three Euler angles defined by three sequential rotations, a is 
a counter-clockwise rotation about the z-axis, followed by 0 which is a 
counter-clockwise rotation about the x-axis, and (j) which is a counter
clockwise rotation about the z-axis. The arrows represent the two in-plane 
dipoles starting in their reference orientation parallel to the x- and y-axes. 
The column axis for the Pc aggregates discussed here will lie along the x-axis 
in this schematic. 
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transitions, the simplest case is to define the reference orientation with these three 

transitions parallel to the original laboratory axes of the system. The Euler angles will 

then define the orientation of the molecule with respect to this original reference 

orientation. In the case of the Pc molecules, there are two orthogonal dipoles (vibrational 

transitions) in the plane of the Pc ring (|iin), and one dipole that is perpendicular to the 

plane of the Pc ring (|J.out)> and a convenient reference orientation is one in which the two 

in-plane dipoles (Pc molecular plane) are parallel to the x- and y-axes, and the out-of-

plane dipole is parallel to the z-axis. Multiplying the rotation matrix by a vector 

containing these dipoles will rotate the dipoles from their reference position to a new 

position defined by the three Euler angles (Figure 6.3): 

f \ / A 

= A • in (5) 

' ^cosc j )  -s inc j )  0^  

s in  ( j )  cosc j )  0  

0 0 1 

1 0 0 

0 cos6 -s in0 

0 s in6 cos6 

cosa -s ina 0 

s incc cosa 0 

0 0 1 

\ / \ 

/ kM'out / 

= (6) 

cos( | )cosa-cos6s inas in( | ) -cos( t )s ina-cos9cosas in( j )  

s in( | )cosa +  cos0s inacos( | ) -s in{ | )s ina +  cos0cosacos( | )  

s in  a  s in  6  +  cosa s in  6  

s in  6 s in  (| )  

+ P'out  -sin0cos(|) 

COS0 ^ 

(7) 

The final result relates how the in-plane and out-of-plane dipoles project onto the 

original x, y, and z-axes of the laboratory coordinate system. The first term in the |j,in 

matrix describes how the in-plane dipole projects onto the x-axis, the second term 
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describes the projection of this dipole onto the y-axis, etc. in terms of the three Euler 

angles and the original reference position that was assigned. 

6.2.1 Reflection Absorption IR 

The reflection of IR radiation on absorbed species on highly reflective metallic 

surfaces such as gold is governed by surface selection rules, which only allow transitions 

that have a component in the z-direction to be probed.^'^^ Thus, only projections of the 

dipoles onto the z-axis are considered in the RAIRS experiment (Figure 6.2c), and only 

the last row in the matrices in Equation 7 will be of importance for the following 

calculations. 

The intensities measured in the z-direction will be affected by the first two Euler 

angles, a and 0, and these intensities are compared to those in an isotropic sample. The 

RAIRS absorbance of the in-plane and out-of-plane transitions is expressed as follows; 

where )iz,in and |iz,out, are the strengths of the in-plane and out-of-plane dipoles projecting 

onto the z-axis, and C is a constant that depends on the film thickness, the electric field 

intensity, and the optical constants for the material. Dividing the above two equations 

gives: 

Az, i „  =^ l i „  -C =  -s in '0 [s ina +  cosa] ' -C (8) 

A . , „u ,  = ^ U - C  =  ̂ L - c o s ' 0 - C  (9) 

Az, i „  -s in^  0 [s ina +  cosa]  

^z.ou. ^iL'Cos'e 
(10) 
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The values of |a.in and |j,out are determined from absorbance values (Abuik,in and AbuUc.out) 

obtained from spectrum of the isotropic material (transmission KBr pellet spectrum). 

The absorbance in a randomly oriented bulk sample is defined as: 

(11) 

where |J,T is the geometric sum of the dipoles for that transition. In the case of a single 

linear dipole, such as the out-of-plane dipole, |iout = I^T.out- For two orthogonal in-plane 

dipoles; 

+tii„ =2^?„ (12) 

The randomly oriented bulk absorbances are defined with the following relationships; 

(13) 

AbuiMu. =T-^L-C' (14) 

where C is the experimental constant for the KBr transmission geometry. Substitution of 

Equations 13 and 14 into Equation 10 gives: 

P A^i „  s in^  9 [s ina +  cosa]^  

A z ,out  •  A  bulk, in 2 • COS 9 

6.2.2 Transmission IR 

A polarizer is used in the transmission experiments to isolate the absorbances 

along the x- and y-axes (II or ± to the discotic aggregate or polymer column axis, as 

shown in Figure 6.2c). This is possible for this particular class of discotic mesophase 

materials because these rod-like aggregates are deposited with a known or presumed 
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orientation, both with respect to the substrate plane, and within the substrate plane.^ '^'^'^"^ 

These absorbance values at the two orthogonal polarizations are compared for a specific 

transition. The in-plane and out-of-plane absorbances along the x- and y-axes can be 

defined from Equation 7 in a similar manner as for the RAIRS experiment; 

Ax,in = l^lin 'K = •[cos(|)(cosa-sina)-cos0sin(|)(sina + cosa)]^ -K (16) 

Ay,in  - "[siii(j)(costt "sina) + COS0COs(|)(sintt + COstt)]^ -K' (17) 

Ax,on. =^^x,ou. - K = |iL • [sinesin(()]' -K (18) 

Ay.ou, -[-sinBcosct)]' -K' (19) 

where K and K' are the experimental constants (as defined above) for the transmission 

geometry in the two different polarizations. Dividing Equations 16 and 17 gives; 

Aj,i„ [sin(|)(cosa-sina) + cos0cos(|)(sina + cosa)]^ 
R j — — ^ (20) 

A [cos(])(cosa-sina)-cos0sin(|)(sina + cosa)] 

and dividing Equations 18 and 19 gives: 

Ay,out [-sin 0cos(j)]^ [-cosd)]^ 

In this case the K and K' terms drop out because each spectrum is referenced to a 

background spectrum. 

Solving Equations 15, 20, and 21 as described above can result in multiple 

solutions for a, 0, and (j). This is an expected result for molecules with a high degree of 

symmetry, whose characterization can lead to several valid, but either identical or 

equivalent solutions. Identical solutions are ones that cannot be differentiated, for 
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example, solutions that differ by a multiple of 90° in a due to the 4-fold symmetry of the 

molecule. There are no discernable differences in the graphical illustrations of these 

solutions. Equivalent solutions are ones in which it is clear that the IR intensities 

measured along the three laboratory axes would be the same. For example, a solution 

and its mirror image about either the x-y plane, the y-z plane, or the x-z plane would be 

considered equivalent because the projections of the IR dipoles onto each of the 

laboratory axes would be of the same magnitude. 

In addition to these identical and equivalent solutions, there is often another 

distinct solution for the equations described above. Equation 9 clearly shows that the 

value of the out-of-plane absorbance should only depend on 0 and that a single solution 

should be possible. After dividing Equation 8 by Equation 9, however, the values of 6 

and a are dependant on a ratio of absorbance values, and multiple angles for 0 and a can 

satisfy this equation. To eliminate one of these solutions, either some additional 

information about the chemical system must be provided, or additional experimental 

information must be collected to determine which solution is correct. Both of these 

issues will be addressed for the phthalocyanine materials discussed in this chapter. 

It should be noted that the approach described above assumes that all of the 

molecules in the thin film have the same orientation, and that there is no distribution of 

orientations. Realistically for most thin films of discotic materials this is not expected to 

occur; however, the Pc films discussed here are well ordered on the 10-100 nm scale 

within a particular column, and the orientation determined from this approach represents 

an average orientation of the molecules in the film. 



223 

6.3 Application to LB Films of Pes 

In this section, the IR spectra are analyzed first in a qualitative way to determine a 

general orientation and to compare the spectra from different molecules to predict how 

the quantitative solutions should differ. These spectra are also analyzed quantitatively 

using the theory described in the previous section. This approach, when applied to films 

of 1, lb and 2, results in two distinct solutions. These two solutions are presented in this 

section, and Section 6.4 discusses possible methods to eliminate one of these solutions. 

6.3.1 Films of CuPc(0CH2CH20Bz)8 ( 1 )  and CoPc(OCH2CH20Bz)8 ( l b )  

RAIRS, KBr, and transmission spectra for molecules 1 and lb are shown in 

Figure 6.4 and the relative differences in peak intensity between the RAIRS and KBr 

spectra and between the two polarizations in the transmission spectra indicate that there is 

an ordered film on the substrate. We use the absorbances D(PC-O-C, ip) at 1283 cm"' and 

1204 cm"' as the in-plane transitions, and 5(ringC-H,op) at 745 cm"' as the out-of-plane 

transition, all of which are marked with an in the KBr pellet spectrum in Figure 6.4a. 

The peak at 745 cm"' is overlapped with another transition (most clearly seen in the KBr 

spectrum in Figure 6.4a), whose contribution is removed by peak fitting to isolate the out-

of-plane transition. 

The RAIRS data in Figures 6.4a and c has been multiplied by a constant to allow 

for comparisons on the same scale as the KBr pellet data for that molecule. Qualitatively 

the out-of-plane peak at 745 cm"' is smaller for the RAIRS spectra of both 1 and lb than 

in the isotropic sample indicating that the projection of this transition onto the z-axis is 
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Figure 6.4. Normalized KBr (transmission) and RAIRS spectra for annealed 
films of (a) 1 and (c) lb showing changes in relative intensity in the in-plane 
and out-of-plane peaks indicating an ordered film on the gold surface. The 
asterisks in (a) mark the in-plane peaks at 1284 cm'^ and 1204 cm'^ and the 
out-of-plane peak at 745 cm"\ which is overlapped with another component, 
and must be peak fit to isolate its contribution. The transmission spectra in (b) 
and (d) also show changes in the relative peak intensities as the polarization of 
the incoming beam is changed. The polarizer was oriented either parallel or 
perpendicular to the column axis, and spectra have been offset for clarity. 
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small and the molecules exhibit a close-to-upright, edge-on orientation. The transmission 

data in Figures 6.4b and d shows that the in-plane transitions are more intense when the 

polarizer is perpendicular to the column axis implying that the molecules are oriented 

with the molecular plane approximately perpendicular to the column axis. 

Table 6.1 shows T from the RAIRS experiment and Rin and Rout from the 

transmission experiment, and the corresponding Euler angles that have been calculated 

for each of these molecules. There are two distinct solutions to Equations 15, 20, and 21 

from the experimental data generated, and both sets of solutions are reported in Table 6.1. 

(Each row of the table lists one solution out of the set of equivalent solutions.) The 

significance of these angles is illustrated in Figure 6.2a and summarized here: i) a 

indicates the rotation of the molecule about its axis of symmetry, ii) 0 is a tilt angle away 

from the surface (when 0 = 90°, the tilt from the surface normal is 0°, and 0 = 0° gives a 

flat lying molecule), and in) (|) gives a twist of the molecule away from the column axis 

(when ([) = 90° the molecules are perpendicular to the column axis, and when 0 = 0° the 

molecules are parallel to the column axis). The numbers in parenthesis in Table 6.1 

under 0 and (|) are the tilt of the molecule away from the surface normal and the twist of 

the molecule away from an orientation that is perpendicular to the column axis, 

respectively. 

The two solutions reported always have the same value for (}), which is determined 

solely from Equation 21. Annealed LB films of molecule 1 (Cu"^^ metal center) show two 

values of 0 that are very similar, and thus the orientation of this molecule can be 

confidently described as exhibiting a very small tilt away from the surface normal, and a 
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Table 6.1. IR absorbance data and Euler angles for the molecules studied (no assumption 
about a, two solutions presented). 

Molecule 6 Rin Rout a 0 <1> 

la 175 3.6 0.2 42" 86° (4)^ 66° (24°)^ 

0 00 

87° (3)' 66° (24°)'' 

lb 1.72 2.2 0.18 101° 73° (17°)' 67° (23°)'' 

28° 63° (27°)' 67° (23°)'' 

As-deposited 2 6.5 1.7 0.48 111° 84° (6°)' 55° (35°)'' 

o
 0 75° (15°)" 55° (35°)'' 

Annealed 2 9.5 3.8 0.25 125° 87° (3°)" 63° (27°)'' 

33° 72° (18°)' 63° (27°)'' 

Polymerized 2 C 3.7 0.19 47° 90° (0°)' 66° (24°)" 

43° 90° (0°)' 66° (24°)'' 

^ The value in parenthesis is the tilt from the surface normal (90°- 6). 
'' The value in parenthesis is the twist from an orientation that is perpendicular to the 
column axis (90°- (|)). 

The intensity of the 745 cm"' out-of-plane peak (Az,out) was unmeasurable, so a value of 
ca. 10^ was used for 6 in the calculations. 
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twist about the surface normal that is ±66°. Annealed LB films of lb (Co"^^ metal center) 

have two solutions that give values of 0 that differ by ca. 10°, but either solution displays 

a significantly larger tilt angle away from the surface normal than films of 1, suggesting 

that stronger interactions between the cobalt in one Pc molecule and the nitrogen in the 

adjacent molecule may occur to force these molecules into more distorted packing 

structure. This is discussed in more detail in Section 6.4.2. 

6.3.2 Films of CuPc(0CH2CH20CH2CH=CHPh)8 (2) 

Similar experiments were carried out with 5 monolayer films of 2. As reported 

previously, under irradiation with 254 nm light, the styryl groups in the side chains of this 

molecule can undergo a [2+2] cycloaddition to form cyclobutane rings between adjacent 

molecules, and significant dimerization leads to the formation of a rod-like polymer.^ '^ 

The orientation of this molecule after LB deposition, annealing, and polymerization was 

investigated, and the IR spectra are shown in Figure 6.5. It is clear that the small out-of-

plane peak in the RAIRS spectra decreases in intensity after annealing and 

polymerization indicating that the molecules are adopting a more upright configuration. 

The transmission spectra show increasing differences between the two polarizations 

especially as the films were annealed, but also after polymerization, indicating that the 

molecules are exhibiting an orientation that is more perpendicular to the column axis 

versus the as-deposited film. Values for the three Euler angles for films of 2 are also 

reported in Table 6.1, and again both solutions are listed in the table. Both solutions also 
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Figure 6.5. Normalized KBr (transmission) and RAIRS spectra for 5 
monolayer films of (a) as-deposited films of 2, (c) annealed films of 2, and (e) 
polymerized films of 2. The decrease in intensity of the 745 cm"' out-of-plane 
peak upon annealing and polymerization indicates that the molecules are 
adopting a more upright orientation. The corresponding transmission spectra 
in (b), (d), and (f) also show changes in the relative peak intensities as the 
polarization of the incoming beam is changed. The asterisks in (a) mark the in-
plane peaks at 1284 cm"' and 1204 cm"' and the out-of-plane peak at 745 cm"'. 
Spectra have been offset for clarity. 
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reflect the observations made above, the molecules adopt a more upright and less twisted 

configuration after annealing and polymerization. 

The two solutions listed in Table 6.1 for the different molecules are in some cases 

quite different, especially in the value of 6, and additional chemical and physical insights 

must be supplied to determine a single solution. 

6.4 Elimination of One Solution 

6.4.1 Testing the Assumption of a Random Value of a 

For many studies of discotic molecules, the value of a has been assumed to be 

random,® '^ but the validity of this assumption must be tested. Assuming a random 

orientation of one angle, without justification, can cause errors in the calculations of the 

other two angles. This assumption can be tested by comparing values of 0 and (j) 

calculated for the case when this assumption is made and the case when it is not. To 

quantitate the effect of a random a, the given equations are integrated over a range of 0 to 

2% with respect to a and Equations 15 and 20 become: 

p _ ^ z,in ^ bulk, out Sill 0 (2,2) 

^ z.out  •  ^  bulk,  in  ^  '  COS 0 

_ ^ y. in  _ s in^ (j) + cos^ Gcos^ (| )  

A^  j „  cos^ ([ )  +  cos^0s in^ ([ )  

Equations 21, 22 and 23 form a new set of equations incorporating the assumption of a 

random distribution of the Pc molecules about their axis of symmetry, and which lead to 

a new set of solutions for 0 and (j) reported in Table 6.2. It is clear from comparisons of 
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Table 6.2. IR absorbance data and Euler angles for the molecules studied (assuming a is 
random). 

Molecule 0 (Equation 22) (j) (Equation 21) 4> (Equation 23) 

la 87° (3)^ 66° (24°)" 62° (28°)" 

lb 62° (28°)'' 67° (23°)*' 63° (27°)'' 

As-deposited 2 74° (16°)' 55° (35°)'' 54° (36°)'' 

Annealed 2 IT (13°)' 63° (27°)'' 65° (25°)'' 

Polymerized 2 90° (oy 66° (24°)'' 63° (27°)'' 

" The value in parenthesis is the tilt from the surface normal (90°- 0). 
The value in parenthesis is the twist from an orientation that is perpendicular to the 

column axis (90°- (j)). 
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the values of 0 and (j) from Tables 6.1 and 6.2 that a random a gives values of 0 and (j) 

that are similar to the second set of solutions for each molecule listed in Table 6.1. The 

small differences in the values (< 5° for 0) are within the error expected from the noise 

and variability in the spectral data. Random orientations about the central axis are not 

expected within any single column due to the strong 7C -n interactions between adjacent 

molecules and the high percent conversion for polymerizations of molecule 2 (Chapter 

5). The [2+2] cycloaddition requires a strict spacing and orientation of the two styryl 

groups, which would prevent this photodimerization from occurring if the molecules 

within a column were not aligned. Therefore, any randomness in a is most likely to arise 

from differences in orientation between columns on the substrate surface. 

An additional check can be performed by also calculating (j) from Equation 23 

(Table 6.2), and it shows that for all of the molecules, there is reasonable agreement (< 

4°) between the two values of (j). This self-consistency and the confirmation that a is 

random allow for the values reported in Table 2 for 0 and (|) (from Equation 21) to be 

used to produce 3D plots of the orientation of these molecules as described in the next 

section. 

6.4.2 Illustrations of Orientations 

Figure 6.6 shows 3D schematics of annealed thin films of molecules 1 and lb on 

a surface looking down each of the laboratory axes, as determined from the Euler angles 

reported in Table 6.2. The first panel in each row is a view down the column axis (x-

axis, front view), the second panel shows images down the y-axis (side view), and the 
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Front view Side view Top view 

(A) CuPc(0CH2CH20Bz)8: a = 45°, 0 = 87°, (j) = 66° 

x-axis y-axis 

(B) CoPc(OCH2CH20Bz)8 : a = 45°, 0 =62 °, =67 ° 
y-axis z-axis 

x-axis 

Figure 6.6. Front, side, and top schematic views of a section of a Pc column 
of (A) 1 and (B) lb. The column axis is defined as parallel to the x-axis during 
film deposition, and the inset in each view of (A) corresponds to the case 
where a = 0°, 0 = 90°, and <\) = 90° (the molecules are perpendicular to both the 
substrate and the column axis) as for PcPS rod-like polymers. 
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third panel is a view down the z-axis (top view). These images show that molecules of 1 

exhibit very small tilt angles of the molecule away from the surface normal (ca. 3°), and 

that the molecules exhibit a twist away from perpendicular to the column axis of slightly 

less than 25°. Molecules of lb exhibit a much larger tilt of the molecule away from the 

surface normal (ca. 28°) possibly due to stronger interactions between the cobalt in the 

center of the molecule and the coordinating nitrogen atoms in the adjacent molecule. 

These molecules exhibit approximately the same twist of the molecule about the surface 

normal. The orientation of molecule lb is similar to that of the p-phase for unsubstituted 

Pc molecules discussed in Section 1.5.2. Films of 1, exhibiting Euler angles of 0 = 87° 

(3°) and (]) = 66° (24°) are more consistent with what is thought to be the a-phase, which 

was also described in Section 1.5.2. This data clearly shows that the metal center has a 

large influence on the packing structure of these materials. 

Figure 6.7 illustrates the changes in orientation that occur in films of 2 following 

annealing and polymerization. After annealing, there is a decrease in the twist these 

molecules display about the surface normal increases), which arises from the increase 

in the dichroic ratios observed in the transmission spectra of annealed films as compared 

to the as-deposited films. Following polymerization, there is a change in the tilt of the 

molecules away from the surface normal as the molecules now display a completely 

upright orientation (0 = 90°), which is not unexpected due to the formation of multiple 

cyclobutane links between adjacent molecules as the result of photopolymerization. This 

data is consistent with previously reported AFM and X-ray reflectivity data, which shows 

evidence of a restructuring of the film upon annealing and polymerization.^ AFM 
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Front view Side view Top view 

(A) Before annealing: a = 45°, 6 = 74°, (]) = 55° 
Z-axis z-axis 

Wf "KT -yf -yT -"k* •• 

y-axis z-axis 

Wf "KT -yf -yT -"k* •• % 
y-axis x-axis x-axis 

(B) After annealing: a = 45°, 6 - 77°, (|) = 63° 
z-axis 

• 

/•MB 

z-axis y-axis 

.-axis v-axis x-axis 

y-axis 

.-axis 

(C) After polymerization: a = 45°, 0 = 90°, (|) = 66° 

z-axis 

x-axis y-axis x-axis 

Figure 6.7. Front, side, and top schematic views of a section of a Pc column 
of (A) as-deposited films of 2, (B) annealed films of 2, and (C) polymerized 
films of 2. The inset in each view in (A) corresponds to the case where a = 0°, 
6 = 90°, and (j) = 90° (the molecules are perpendicular to both the substrate and 
the column axis). Films of 2 show smaller tilt angles away from the surface 
normal, and smaller twists about the surface normal upon annealing and 
polymerization. 



images showed changes in the spacing and coherence of the molecular columns, and X-

ray reflectivity data showed a small decrease (ca. 1 A) in the column-to-column spacing 

in the z-direction upon annealing and polymerization. Initial electrical characterization of 

these films on interdigitated microelectrodes has also shown an increase in both dark and 

photocurrents following polymerization. Higher mobilities have been measured in 

polymerized films of 2 than in annealed films of 1 or lb (1.7*10"^ cm^/V-sec for films of 

2 versus 4.6*10''^cmVV-sec and 3.7*10"'^ cm^/V-sec for films of 1 and lb, respectively), 

which may result from changes in molecular orientation or from more coherent columnar 

6 18 structures with fewer trap sites following this polymerization process. 

6.43 Additional Experimental Information 

In some chemical systems, no additional assumptions can be made to simplify the 

experiment as was done here, and in those cases, a single solution can be arrived at by 

obtaining more experimental data. Equation 9 shows that the out-of-plane absorbance 

depends only on 6, and that a single solution for 0 can be obtained if the ratio of 

Equations 8 and 9 is n^ calculated. By not dividing the in- and out-of-plane equations, 

however, many of the experimental constants no longer cancel out in the equations 

describing the RAIRS experiment. In addition, the RAIRS absorbances must still be 

compared to those in an isotropic sample, which has a different experimental geometry 

and a different concentration of molecules in the path of the IR beam. One way to 

account for these differences is to normalize the in- and out-of-plane transitions by 

comparing them to a randomly oriented transition within the oriented film, if one can be 
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unambiguously assigned, to account for the different experimental geometries and the 

different film thicknesses. 

It is essential that the transition chosen for normalization is truly random. One 

method to evaluate the randomness of a transition within the x-y plane is to measure 

polarized transmission spectra of a film on a transparent substrate in two orthogonal 

polarizations and to subtract one of the spectra from the other. Randomly oriented 

transitions should disappear in the resulting spectrum while transitions from oriented 

dipoles will remain as either positive or negative peaks depending on the orientation of 

those vibrational dipoles with respect to the experimental geometry.®'^^ This technique 

can determine the randomness of a transition in the x- and y-directions, but further work 

is necessary to determine if the transition is random along the z-direction as well.^'^^ 

Another possible normalization process involves dividing the absorbance of a transition 

6 20 by the average intensity of all transitions in that spectrum. ' This is appealing because a 

completely random transition is not needed, but problems can arise if there are 

significantly more transitions oriented in a single direction, as is the case with the 

phthalocyanine molecules. 

The absorbance of a randomly oriented transition in both the RAIRS experiment 

and the KBr pellet geometry can be expressed as follows: 

where C and C are the experimental constants for the RAIRS and KBr transmission 

experimental geometries, respectively. The in-plane and out-of-plane intensities in the 

(24) 

^ bulk,rand 3 M' rand ^ (25) 
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RAIRS experiment will each be compared to the randomly oriented transition to account 

for the experimental constants: 

- s i n ^  0 [ s i n a +  c o s a ] ^  
(26) 

A ~ • IJ ^ 
z.rand 3 rand 

A..OU, -cos'e 
A ~ • u ^ 
"• z.rand 3 rand 

In a similar manner, the same can be done for the transitions measured in the KBr 

transmission experiment: 

A bulk.in 

(27) 

A bulk,rand M' 

(28) 
rand 

A n ^ 
bulk.om _ Pout 

A ~ ^ 
bulk,rand rand 

Dividing the appropriate RAIRS equations by the bulk equations gives the following: 

A A 
T_, z.in bulk,rand . 7 .  -.2 
r i „ = -  • —  = — - s i n  0 [ s i n a  +  c o s a ]  ( 3 0 )  

z.rand bulk,in 

A A 
^ z,out " bulk,rand ^ 2 r> 
TOU. ^ T  - T "  • = 3 - c o s  0  ( 3 1 )  

z,rand bulk,out 

Equations 30 and 31, along with the original transmission equations 20 and 21 give four 

equations to solve for the three unknown Euler angles. Any three of these equations can 

be used to determine the Euler angles, and the final equation can be used as a check on 

the consistency of the result. 
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6.5 Application to Other Molecules 

The procedure described in this paper can be generalized to apply to systems that 

do not have D4h symmetry. A more generalized approach is described here and applied to 

a molecule with dipoles having Deh symmetry, such as a hexabenzocoronene (HBC) 

derivative. An alternative way to model a discotic system is to use a single in-plane 

dipole, jXx.in, which is the geometric sum of the in-plane dipoles (jiin). The reference 

orientation is then assigned with respect to |lT,in- In an HBC derivative (Figure 6.8a) in-

plane vibrational dipoles analogous to those in the Pc system, result in three in-plane 

dipoles separated by 60° (Figure 6.8b). The geometric sum of these dipoles jiT,in = 2|j,in is 

illustrated in Figure 6.8c. If the reference orientation of this molecule is defined so that 

|iT.in is parallel to the x-axis and jiout is parallel to the z-axis, then a similar mathematical 

treatment as described above gives; 

( \ 
COS a COS (|) - COS 0 sin a cos 0 sin (|) sin 0 sin (|) 

0 M -T.in cosasin(j) + sinacos0cos(|) + l^out - sin ©cosfj) 

k M' out / sin a sin 0 COS0 ^ 

The equation equivalent to Equation 15 for RAIRS data becomes: 

^ z,in ^ bulk, out Sill OC Sill 6 
(33) 

and the equations describing the transmission IR data become: 

A y,i„ [cosa sin (j) + sin a cos(j)cos0]^ 
(34) 

A x,in [cosacoscj) - sinacos6sin(j)]^ 

sin> 

COS^(|) 
(35) 



(a) 

y-axis 

x-axis 

M^T,m -

Figure 6.8. (a) Structure of HBC with six alkoxy side chains resulting in a 
molecule with Deh symmetry, (b) A schematic illustration of the in-plane 
dipoles for a molecule with Den symmetry, (c) The geometric sum of the three 
in-plane dipoles can be given by )iT,in, which can be used in the mathematical 
treatment of the chemical system. 
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These three equations can be treated as described above to elucidate the three Euler 

angles. 

By generalizing this approach, and using the geometric sum of degenerate 

dipoles, this treatment has been simplified to the case of a molecule with two orthogonal 

linear dipoles. When the two chosen dipoles are not orthogonal, their geometric 

projection onto the laboratory axes must be determined to define the matrix containing 

these two dipoles. 

6.6 Conclusions 

The procedure developed here has been applied to films of molecules la, lb and 

2, and in general these molecules exhibit similar orientations. Films of lb show 

significantly larger tilt angles of the molecule away from the surface normal and 

orientational changes are observed in films of 2 after annealing and polymerization to 

produce molecules that show no measurable tilt angle. 

For the Pc system described above, it was determined that the film displayed a 

random orientation with respect to a, and this allowed the chemical system to be 

simplified to the point where a single solution could be reached. In some chemical 

systems, this assumption will not be possible, and an alternative method for determining 

a single solution was presented. The generalization of this approach to apply it to other 

chemical systems is also developed, and illustrated with a HBC derivative as an example. 

Some components of this treatment can be applied to visible wavelength 

dichroism of these same thin films, and comparisons of orientations determined from this 



spectral region, with those determined from FT-IR data, will be the subject of future 

work. Additional studies will also be reported, which compare the orientations achieved 

in these Pc materials with those achieved for Pes with significantly different side chain 

compositions. The electrical properties of these materials will also be determined in an 

attempt to correlate changes in orientation with changes in the charge transport 

properties. 
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Chapter 7 

FABRICATION OF OFETS AND MODIFICATION OF OFET SURFACES 

7.1 Introduction 

The basic operation of an OFET was described in Chapter 1. OFET behavior has 

been modeled based on inorganic transistor behavior, where the inorganic material shows 

clear band-like charge transport, ohmic contacts to the source and drain electrodes, and 

space-charge-limited current injection behaviorJ'^'^^ Although this model may not 

account for all of the differences between organic based transistors and their inorganic 

counterparts, it seems to predict the behavior of the organic based devices fairly well, and 

is used almost exclusively in the literature. 

Figure 7.1 illustrates the accumulation layer in an OFET at different gate and 

drain voltages. Initially, when a gate voltage is applied, charge carriers accumulate in the 

region nearest to the dielectric layer (Figure 7.1a) to form the accumulation layer (for a p-

type device holes are accumulated). Once a drain voltage is applied, a current flows 

between the source and the drain, and a typical field-effect transistor ID versus VD plot is 

shown in Figure 7.2. At low drain voltage (VD), there is a linear response of the drain 

current (ID) on the drain voltage, which can be described by: 

I d  ^ ( V o - V , - ^ ) V ,  ( 1 )  

where W and L are the channel width and length as defined in Figure 7.4, |i is the charge 

mobility (cm^/volt-sec), Ci is the capacitance per unit area of the dielectric layer (F/cm^), 
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(b) VQ < 0 V (linear region), VQ < 0 V 

(c) Vj) < 0 V (saturated region), VQ < 0 V 
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Figure 7.1. Schematic illustrations of the OFET channel with a focus on the 
accumulation region as a function of different gate and drain voltages, (a) 
With the application of only a gate voltage, the accumulation layer is formed, 
(b) As a negative drain voltage is applied, the accumulation layer is no longer 
uniform and charges begin to become depleted near the drain, (c) When 
VD<VG<0 the majority carrier is completely depleted from the semiconductor 
nearest to the drain electrode and saturation is observed in the ID versus VD 

curve. 
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Figure 7.2. Drain current (ID) versus drain voltage (VD) for a vacuum 
deposited film of CuPc illustrating the two portions of a typical transistor 
curve. 
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and VG and Vx are the gate voltage and the threshold voltage. Charge mobility can be 

extracted from this region of the curve by calculating the conductance (gm) as described 

in Equation 2: 

W C ,  81 D 

5V, L 
Vn =const.  

-\lV, (2) 

The accumulation region in the organic channel is illustrated in Figure 7.1b for the linear 

region when VG < VD < OV. The charge carriers (holes) travel from the source electrode 

(grounded) to the drain electrode (negative applied potential) and they start to become 

slightly depleted in the area near the drain. 

As VD becomes more negative than VG, the curves start to saturate due to a 

"pinch-off region that forms in the channel (Figure 7.1c), depleting the area closest to 

the drain of the majority carrier, and limiting the current for a given gate voltage.^'^ The 

current then becomes independent of the drain voltage and can be modeled by Equation 

3: 

W C i i i  
I d  = - ^ ( V a  - V , ) ^  ( 3 )  

This equation also shows that there should be a linear relationship between ID and W/L, 

and within this chapter, data will be plotted in this manner to illustrate trends for a series 

of devices and differences between two different samples. Mobilities can also be 

extracted from the saturation region of the curve by plotting versus VG at a constant 

VD- These models for calculating charge mobility do not take into account the effect of 

contact resistances, and these contact resistances may result in charge mobilities that are 

artificially low. Additional assumptions that are inherent in these equations for extracting 
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mobility values are that i) physical and electrical contact is made between the organic 

semiconductor and the source and drain electrodes over the entire width of the electrodes, 

and ii) the contact between these two materials is ohmic. Neither of these assumptions is 

necessarily valid for the chemical systems addressed here. 

There are numerous reports in the literature of both polymer and small molecule 

based OFETs. Common polymer materials include polythiophene^ '^ and 

polyfluorene^'^'^^ derivatives, which have reached mobilities of 0.1 cm^A'^-sec and 0.02 

cm^A'^-sec, respectively, but films of these materials often lack the long-range order that 

can result in much higher mobilities. Small molecules such as pentacene have 

2 7 7 7 8 demonstrated mobilities at least as high as 3 cm /V-sec, ' ' due to the high degree of 

ordering that results when these molecules are vacuum deposited on optimized surfaces at 

rates and temperatures which lead to quasi-epitaxial growth of the pentacene thin film. 

Vacuum deposition equipment is costly however, and low temperature solution based 

processing techniques that can produce films with a similar degree of molecular ordering 

are desired. 

Discotic molecules such as substituted phthalocyanines, hexabenzocoronenes, and 

triphenylenes are molecules of interest for both OFET and organic photovoltaic (OPV) 

applications due to their tendency to aggregate and self-organize into columnar 

assemblies from solution. These columnar aggregates can transport charge along the 

column axis while the insulating side chains around the periphery of the molecule (which 

provide for their liquid crystalline behavior) inhibit efficient charge transport from 

column to column. These anisotropic electrical properties may eventually allow for 
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dense integration of individually addressable, molecular-size wires. Ideally, these 

molecular wires could span the source-drain gap and make good electrical contact to 

these electrodes with very little "user intervention". Previous work has shown that films 

with parallel molecular columns can be produced with the help of alignment layers or 

deposition from a Langmuir-Blodgett trough,^^'^ but individual columns are usually not 

longer than 100-500 nm and in an ideal self-assembling system, even these preparation 

steps would be unnecessary. 

Several previous attempts have been made to use discotic molecules in OFETs. 

Early efforts relied on vacuum deposition of unsubstituted phthalocyanine molecules, and 

2 7 12 7 13 field effect mobilities up to ca. 0.02 cm /V-sec were measured. ' ' ' The low solubility 

of unsubstituted Pc molecules does not allow them to be deposited from solution, but the 

addition of side chains to the Pc core makes the molecules more soluble and more recent 

attempts at incorporating phthalocyanine molecules in OFETs have used solution 

processing techniques. A water soluble Pc has been incorporated into an OFET by a 

multilayer deposition approach to produce an ambipolar device.^'Other efforts have 

used Langmuir-Blodgett (LB) films of Pes with mobilities up to 10""^ cm^A^'-sec.^'^^ 

Solution processed hexabenzocoronene molecules have been incorporated into OFETs by 

spin coating onto rubbed poly(tetrafluoroethylene) (PTFE) substrates with mobilities of 

3 2 7 9 ca. 10' cm A'^-sec. To date, none of these solution processing techniques for discotic 

molecules has been able to compare with the mobilities measured in vacuum deposited 

films of Pes or other small molecules. 
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7.1.1 Previous Studies ofD. C. Dark and Photoconductivities on Au Interdigitated 

Array Microcircuits 

Estimates of the intrinsic dark conductivity, trap density and trap energy, and 

photo-to-dark conductivity contrast, can be determined by characterizing the Pc thin film 

on Au interdigitated array microelectrodes, with electrode gaps of from 3-15 microns. 

Initial work on unsubstituted Pc molecules (GaPc-Cl and InPc-Cl) deposited on these 

interdigitated microelectrodes estimated trap energies and studied the effects of gaseous 

dopants such as oxygen, NO2, and NH3 on the dark and photocurrent responses of these 

films.^^^ 

The initial electrical characterization of the discotic mesophase Pc films discussed 

7 17 1 1 Q 
here was done by Rebecca Zangmeister. ' ' hi this work the photo and dark 

conductivities for molecules 1, lb, and 2 (structures shown in Figure 5.1) were 

characterized with currents traveling both parallel and perpendicular to the column axis. 

For low voltages (<10 V - less than 10^ volts/cm), the current response was generally 

linear, and conductivities (a) could be extracted from the following equation in the linear 

regime: 

where j is the current density (A/crn^), V is the voltage and L is the separation between 

the two electrodes. Although there was a wide range of electrical behavior due to 

differences in the amount of Pc film making contact to the electrodes, there were some 

general trends observed. Higher currents were seen under illumination with either a 

HeNe laser or a Xe arc lamp for all molecules investigated. Films of 1 showed dark 
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conductivities parallel to the column axis in the range of 2*10"^^^ to 5*10"^ S/cm, and 

films of 2 showed conductivities of 9.1*10"'° S/cm and 5.9*10'^ S/cm before and after 

polymerization, respectively (Table 7.1). Conductivities were ca. lOx lower when 

current was measured across the column axis for films of 1 (an/ai > 10). Polymerized 

films of 2 demonstrated higher conductivities along the column axis and lower 

conductivities across the columns than for films of 1 to give conductivity anisotropics of 

aii/ai ~ 100. 

At higher applied voltages (fields greater than 10^ volts/cm), the currents increase 

exponentially with applied voltage, an indication of space charge limited current densities 

that can be modeled by Child's law: 

9 V 
jsCLC ~ g j^3 (5) 

where £o and e are the permittivity of free space and the dielectric constant of the 

material, which has been approximated as e ~ 2, based on values for other 

7 18 7 20 2 materials. ' ' ' The slope of a j versus V curve can be used to extract mobilities, and 

these values are shown for molecules 1, lb, and 2 in Table 7.2. The anisotropy in the 

measured mobilities (|LIII/|J.JL) was 14 and 27 for molecules 1 and lb and 46 in polymerized 

films of 2. These results suggest that polymerization may remove some of the traps in 

7 18 "7 10 
the film by creating more coherent columns. ' ' ' 

The current/voltage behavior observed for these films is comparable to that 

recently reported for microcircuit characterization of rod-like silicon phthalocyanine 

polymer films,^'^''^'^^ however the hole mobilities obtained here are higher by up to lOOx, 
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Table 7,1. Dark and photoconductivities for films of 1 and 2, parallel and perpendicular 
to the column axis. 

^^Dark ^photo ^photo 
Sample HeNe laser (15 mW) Xe Arc Lamp 

(430 mW) 

CUPc(0CH7CH70BZ). (1) 
ai (Scm"') 1 X 10"'° 6 x 10"'° to 2 x 10"^ 5 x 10"^ to 8 x 10"' 
aiKScm"') 2 X 10"'° to 5 X 10"^ 1 x 10"^o 4 x 10"^ 5 x 10"^o 9 x 10"' 
a II/ai 2 to 50 17 to 23 6 to 17 

CuPc(0CH9CH90CH9CH=CH-Ph^« ( 2 )  Before Polymerization 
ax (Scm"') 1.5 x 10"'° 6.9 x 10"'° 5.8 x 10"'° 
CJ||(Scm"') 9.1x10"'° 7.6x10"^ 6.6x10"^ 
ay/aj. 6 10 11 

CuPc(0CH,CH90CH,CH=CH-Ph^« (2) After Polymerization 
ai(Scm"') 4.8x10"" 1.1x10"^ 1.6x10"^ 
a II (Scm"') 5.9x10"^ 2.2x10"® 2.6x10"^ 
a II/ox 123 20 16 
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Table 7.2. Mobilities for films of 1, lb, and 2 measured on interdigitated 
microelectrodes 

Molecule }iii (cmW-sec) |ij. (cm^A^-sec) |iii / III 
CUPC(0CH2CH20BZ)8 4.6*10'^ 3.2*10'^ 14 
COPC(OCH2CH20BZ)8 3.7*10"^ 1.4*10'^ 27 

Polymerized 1.7*10"^ 3.6*10-^ 46 
CuPc(0CH2CH20CH2CH=CHPh)8 
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and the electrical anisotropies (an/ai) are likewise larger. Even the best mobilities seen, 

however, are lower by at least lOOx versus those reported for several liquid crystalline 

phthalocyanine assemblies, using non-contact pulse radiolysis-microwave conductivity 

methods, which provide an estimate of hole mobilities over distance scales of only ca. 

100 nm, the likely coherence length for single "rods" of such Pes. 

This chapter shows an extension of the initial d.c. conductivity characterization of 

molecules 1 and 2. The results of a conductive tip AFM experiment will be presented 

and discussed before the initial OFET experiments are described. Early OFET studies 

were aimed at characterizing the OFET substrate and the variability in the current 

response. Anisotropies in the drain currents for thin films of molecules 1 and 2 are 

reported and compared to the interdigitated microelectrode work previously discussed. 

Finally, surface modifications to both the dielectric layer and the source and drain 

electrodes were explored in an attempt to induce more well ordered films, reduce contact 

resistances, and increase field effect mobilities and the anisotropies in those mobilities. 

7.2 Conductive Tip AFM Experiments 

As described in Chapter 1, the mobilities measured for organic thin films on 

interdigitated microelectrodes are typically lower than observed by non-contact pulsed 

radiolysis time resolved microwave conductivity (PR-TRMC) methods. Careful 

consideration of the microelectrode array may reveal why mobilities measured for Pc 

films, as an example, are so low with respect to the PR-TRMC methods. First, the 

electrode separation for the interdigitated microelectrodes was 10 |J,m, and over a gap of 
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this size it is expected that the Pc columns would exhibit a significant number of breaks 

and defects, which would lead to high resistances in the channel of these devices. In 

addition, the resistances at the contacts may also be fairly large, especially when the Pc 

film does not make physical contact with the electrodes. In some areas these gaps may 

be so large as to prevent charge transport altogether and effectively reduce the width 

(distance end to end) of the device. In an effort to address the issue of the large electrode 

separation, a conductive tip AFM experiment was carried out, allowing for current 

measurements on a much smaller size scale. Figures 7.3a and b show schematic 

illustrations of the experimental configuration. The substrate was a Si(lOO) wafer coated 

with 100 nm of SiOa, with a gold pad that served as one electrode. A Pc film was LB-

deposited over the entire surface. The conductive AFM tip (Pt/Ir) acted as the second 

electrode and could be placed at different distances away from the gold pad, at positions 

that would allow currents to be measured either parallel (points 1-3 in Figure 7.3a) or 

perpendicular (points 4-6) to the Pc column axis. 

Several current-voltage curves were recorded, as the distance between the tip and 

the Au pad was varied from ca. 10 microns to ca. 0.1 micron, approaching from 

directions parallel to the Pc column axis and perpendicular to the Pc column axis (see 

schematic views in Figure 7.3a). At tip-to-pad distances in excess of ca. 1 micron, 

parallel to the Pc column axis (points 1 and 2), or at any tip-to-pad distance perpendicular 

to the column axis (e.g. points 4-6), the current-voltage response was linear (ohmic 

regime), and the measured currents were not larger than 0.2 pA at an applied voltage of 

10 volts (Figure 7.3c). 
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Figure 7.3. (a) Top view of the experimental set-up for the conductive tip 
AFM experiment. The conductive AFM tip was positioned at the different 
numbered positions so that current was measured either parallel or 
perpendicular to the column axis, (b) Side view of the same experimental set
up. (c) TUNA current as a function of the bias between the electrodes for 
different electrode separations, (d) A current image for an area of the Pc film 
near the Au pad. The bottom of the image is about 50 nm away from the edge 
of the Au pad. 



Measuring along the column axis at tip-to-pad distances of ca. 0.5 micron (point 

3) produced significantly different current-voltage behavior, with a distinct non-linear 

increase in current density above applied fields of ca. 10^ volts/cm (Figure 7.3c). There 

was some rectification in the i/V response, suggesting that the barriers to charge injection 

at the Pt/Ir and Au contacts are not equal.^'^^' From the slope of the i vs. plot for 

the data presented in Figure 7.3c, charge mobilities along the Pc column axis for two 

estimated tip areas and two different electrode separations were calculated and are 

reported in Table 7.3. The tip area has been estimated from the known geometries of the 

AFM tips used, and assumptions as to the penetration depth of the tip into the sample 

during the actual measurement. Contact areas for penetration through one monolayer and 

2 2 through all 4 bilayers give electrode surface areas of 14 nm and 200 nm , respectively, 

and these areas result in a range of mobilities (from 0.11 to 0.26 cm fV-s) and 

anisotropics in mobility Over the range of measurements made, mobilities as high 

as ca. 0.1 to 1.0 cm /V-s, and electrical anisotropics ranging from 50:1 up to 1000:1 were 

calculated depending upon the location of the tip. These measurements indicate that 

these molecules inherently possess good charge transport characteristics on small 

distance scales, (100-500 nm) that would allow them to compete with some of the best 

vacuum deposited materials or solution deposited materials. Realizing these same 

properties on a typical device scale of 1-10 |im will require these columnar assemblies to 

demonstrate coherence on a much larger length scale. 

Figure 7.3d is a current image obtained in the same experimental geometry as in 

Figures 7.3a and b. The bottom of the image is ca. 50 nm from the Au pad and illustrates 
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Table 7.3. Calculated mobilities from the curve in Figure 7.3c for different estimated tip 
areas and electrode separations 

Tip Area (nm^) Electrode Separation (nm) Mobility (cm^/V-sec)) 

14 200 0.0163 

14 500 0.255 

200 200 0.0111 

200 500 0.0174 
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some of the issues associated with current measurements made on LB deposited Pc films. 

It is clear that currents are higher close to the pad, but these regions of higher dark 

conductivity are quite irregular (especially when examined on a larger scale) and exhibit 

a sharp decrease overall ca. 150 nm from the pad, apparently due to breaks in the Pc 

columns and the presence of disordered regions. The non-uniform decrease in these 

currents suggests that some regions of the film are more well ordered and contain 

columns with longer coherence lengths, allowing current to travel further from the Au 

pad than in other regions. Other images obtained along the edge of the Au pad showed 

almost no current at all, indicating that in these regions, contact was not made between 

the Pc film and the Au pad. These contact and coherence issues are relevant in all of the 

device geometries discussed in this chapter, and it may be for unmodified contacts that no 

more than 10-15% of the Pc columns deposited by horizontal transfer of an LB film are 

actually in physical contact with the electrode surface. 

7.3 Characterization of the OFET Device Platform 

The basic geometry of the bottom contact OFETs used in these studies is shown 

in Figure 7.4. The common definitions of width (W) as the distance end to end of the 

electrode, and length (L) as the separation between the electrodes, are shown. The 

substrate was highly doped n-type silicon with a 100 nm thermally grown oxide layer. 

Gold source and drain electrodes with a titanium adhesion layer were patterned using 

standard photolithographic techniques and the back of the Si wafer was coated with gold 
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Figure 7.4. Schematic view of the OFET geometry used for these studies. 
Bottom contacts were used with a 100 nm Si02 dielectric layer and a back gate 
contact. The width (W) and length (L) of the device are also defined in this 
figure. 
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to serve as a contact to the gate electrode. Pc films were deposited over the top and were 

either 7 bilayers (films of 1) or 7 monolayers (films of 2) thick. 

7.3.1 Problems with Residual Photoresist in the OFET Channel 

Initial attempts to fabricate OFETs with LB deposited Pc materials, were not 

successful. AFM images of the channel region revealed that there was significant 

photoresist remaining in the channel. Figure 7.5 shows some AFM images along with 

cross-sectional views of the channel that illustrate the location and amount of photoresist 

remaining. In Figure 7.5a the line scan clearly shows that the photoresist is ca. 100 nm 

tall, the same height as the Au electrode. It is expected that the photoresist in this case 

would effectively block the entire electrode surface from the Pc film. In other cases the 

photoresist was located more towards the center of the channel (Figures 7.5b and c), and 

only ca. 25-50 nm in height. These regions of photoresist, however, are also expected to 

cause damage to the film that would significantly disrupt, if not completely prevent, 

charge transport. Given these images, it is not surprising that reasonable OFET behavior 

was difficult to achieve. 

Two additional cleaning steps were considered for removing the remaining 

photoresist from the channel region, an additional chemical stripper, and reactive ion 

etching (RIB). Further AFM studies showed that while the stripper did not remove any 

additional photoresist from the channel, the RIE treatment was effective at doing so. 

AFM images of RIE cleaned channels are shown in Figure 7.6, and it is clear that the 

majority of the photoresist has been removed. There were occasionally regions of the 
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Figure 7.5. AFM images of OFET channels of different widths and lengths 
that contain residual photoresist. The top portion of each image is a line scan 
taken at the line that is drawn in the image. The curvature in the images 
(especially clear in the line scans) is an artifact. 
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Figure 7.6. AFM images of OFET channels after RIE cleaning. The channel 
in (a) contains no residual photoresist, but the channel in (b) contains some 
trace amounts of photoresist at the channel edges. 
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channel where small patches of photoresist remained, as seen near the gold electrodes in 

Figure 7.6b, which will reduce the effective width of the device. 

7.3.2 Dimensions of the OFET Channel 

AFM images also showed that the actual channel length was often different than 

that designed on the photolithographic mask. The devices on a single chip were 

generally either consistently larger or smaller than what was designed on the mask, 

possibly due to poor contact between the mask and the sample during irradiation or short 

exposure times of the irradiated photoresist to the chemical stripper. On some chips the 

device length was consistently ca. 1 }im smaller than designed, but on other chips, 

devices with a designed length of 1 |a.m had lengths of ca. 2.5 jim. All of the calculations 

described in this chapter were performed using the designed length and width of these 

devices because the exact length of each device was not measured by AFM. Since the 

deviations of the length away from the desired length were consistent (all devices on a 

single chip were either larger or smaller than expected), the experimental data should 

reveal general trends even if the actual lengths are in error. 

7.3.3 Gate Oxide Roughness 

After determining that the OFET channels required treatment by RLE, the length 

of etching time as a function of the substrate roughness was investigated to optimize the 

cleaning process and prevent an increase surface roughness due to prolonged RTF 

exposure. These studies were performed on silicon substrates that had been cleaned for 
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0, 1, 2, 3, 5, and 10 minutes. At least 9 AFM images were taken of each substrate and the 

rms roughness was calculated for each image. The average rms roughness as a function 

of RIE sputtering time is shown in Figure 7.7. Following this experiment, OFET 

substrates were RIE cleaned for 2 minutes. 

7.3.4 Ejfects of Black Strippable Paint on OFET Substrates 

The effects of the black strippable paint on the OFET substrates were investigated 

through an XPS study. An unused OFET substrate was divided into three sections. Two 

of these sections had black strippable paint applied to them, and the third section was left 

bare. The black strippable paint was removed from one of these sections and all three 

sections were analyzed by XPS. The full spectrum for the paint showed that it contained 

carbon, oxygen and chlorine, and elemental scans showed the presence of three types of 

carbon and two types of oxygen. The area of the sample that had the paint stripped off 

showed a slight increase in the amount of carbon present on the sample as compared to 

the bare region of the sample, however, no chlorine was detected in the stripped region. 

It was concluded that the use of this strippable paint was acceptable for masking off the 

contact regions on the OFET substrate as the increased carbon content would not be 

present in the active region of the film, and should not increase the resistance at the 

contacts. In addition, this small increase in carbon on the contacts should not damage the 

probes that are used to make contact to the device. 
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Figure 7.7. RMS surface roughness of silicon substrates measured from AFM 
images as a function of the RLE cleaning time. 
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7.3.5 Control Experiments 

To limit variations in current responses, all experiments were performed two 

chips at a time. Both samples were prepared side-by-side (including Pc film deposition 

on both samples at the same time), so that the control and experimental samples 

contained films from the same LB compression, and with the same deposition conditions. 

Whenever possible, control experiments were run to define the variation in current 

responses and to determine the limitations of these experiments. As an example, two 

identical samples with films of 2 were prepared and tested. These samples were as 

identical as experimentally possible, and Figure 7.8 shows the current behavior of these 

two devices as a function of the width / length ratio for W=1000 [im devices. It is clear 

that Sample 2 consistently shows higher currents than Sample 1 even though they are 

chemically and physically identical on the macroscopic scale. These differences may 

arise from differences in the substrates themselves, or from differences in how the films 

were deposited on them despite the fact that film deposition on the two chips was 

simultaneous. This dual approach helps to define the errors associated with these 

measurements and also helps to determine which changes in OFET behavior can be 

considered significant. Drain currents in these two sets of data differed by a factor of ca. 

2. Most of the experiments designed to test a change in the device show differences in 

current of at least 2x, and all experiments were repeated to ensure that the trend observed 

was not due to an isolated event. 
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Figure 7.8 A control experiment showing ID (at Vp = -25.5 V and VG = -25V) 
as a function of W/L for two chips with the same film of 2 deposited on them 
at the same time. The difference between the response of the two chips 
illustrates the variation in substrates, and within the same LB film deposited 
onto different substrates. 
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7.4 OFETs with CuPc(0CH2CH20Bz)8 (1) as the Organic Semiconductor 

OFETs were fabricated with films of 1 as the organic semiconductor. Figure 7.9 

shows ID versus VD curves for various gate voltages for a device with W = 1000 |j,m, and 

L = 10 [xm. There are a few features in these plots that were also observed in other OFET 

experiments and require some discussion. The first ifV curve obtained consistently 

exhibited higher drain currents at low drain voltages, regardless of the gate voltage 

applied for this first scan, or whether the device had been tested previously or not. For 

some of the devices that reached higher currents, this feature is not noticeable because its 

magnitude relative to the overall device current was small. It is thought that this behavior 

may arise from an instrument artifact as it seems to show a relatively constant current, 

and is observed independent of the scan conditions or organic semiconductor material. 

Another feature observed at a constant current of ca. 1 nA was an anomalous rise in 

current. This feature is also thought to be an instrumental artifact, as it appears regardless 

of the material tested or the scanning conditions. At higher drain-source currents, this 

anomalous rise in current, relative to the overall current measured, could not be 

distinguished. 

7.4.1 Mobilities and Contact Resistances 

Mobilities were calculated from both the linear and saturation regimes as 

described in Section 7.1, and contact resistances were extracted from a plot of the total 

device resistance (calculated from Ohm's law) versus the device length extrapolated to a 

7 25 1 26 length of zero. ' Both the mobilities and the contact resistances for the devices 
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Figure 7.9. ID VS. Vp curves for gate voltages of +5 V to -5 V for a film of 1. 
The first curve shows higher currents at low VD, and the curves also show an 
anomalous rise in current, at ca. 1 nA. These features are explained in the text. 
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described in this chapter exhibited a range of values, but typically mobilities calculated in 

the linear region were ca. 0.5-1*10"^ cm^A^-sec and ca. 1-10 *10'® cm^A^-sec in the 

saturation region, and typical contact resistances were ca. 10^-10^'^ Q. Many of the 

experiments described below were designed to cause a change in either the mobility or 

the contact resistance; however, as described previously, the calculation of these device 

parameters relies on the assumption that an ohmic contact is made between the source 

and drain electrodes and the organic semiconductor at all points along the width of the 

device. Since this is not the case for these Pc materials, an increase in the current will by 

definition increase the calculated mobility and decrease the calculated contact resistance, 

but these changes are not necessarily due to actual changes of the mobility in the film or 

the resistances at the contacts. Instead, they may be the result of a more uniform or more 

ohmic contact between the electrodes and the organic material. The discussion of OFET 

behavior that follows will therefore, focus more on changes in current and explanations 

as to why these changes in current have occurred. 

The contact resistances in these devices arise, in part, from the injection barrier 

between Au and Pc 1 (0.8 eV) as determined by UPS experiments (Section 5.7 and 

Figure 5.27). Studies with Pc 3 may show increased currents due to a smaller energetic 

barrier at this interface (0.4 eV). Additional increases may also be observed based on 

previous work that has shown that when the linkage group attaching a side chain onto a 

discotic molecule is rather bulky, such as sulfur groups, higher mobilities are measured as 

compared to molecules with oxygen linkage groups.^^^ Incorporating this molecule into 

OFETs will be the focus of future efforts. 



270 

7.4.2 Anisotropy in Current 

To investigate the anisotropy in ID in films of 1, LB films were deposited onto 

two OFET chips that were oriented perpendicular to each other, so that the films were 

deposited at the same time, but with the columns oriented in orthogonal directions (top of 

Figure 7.10). The bottom portion of this figure shows a comparison of two devices with 

current travelling either parallel or perpendicular to the column axis. In all cases currents 

were much smaller across the columns than along them. The curves were much noisier 

and exhibited significantly more leakage current when currents were measured 

perpendicular to the column axis. This data for all of the OFETs tested is also 

summarized in Figure 7.11 where the current at VD = -20 V and VG = -20 V (near 

saturation conditions) is plotted versus the width / length ratio of the transistors. The data 

points clearly fall on two lines depending on the direction of current flow, with the 

current parallel to the columns about 10 times higher than that perpendicular to the 

columns. These results are consistent with previous work on interdigitated 

microelectrodes where currents were also ca. lOx higher along the column axis for 

devices with similar electrode separations.^'^^'^ '^ 

7.4.3 Modification of the Gate Oxide with Silanes 

Surface modifications to silicon substrates have previously been shown to 

improve the ordering within these Pc films and to provide for a more complete transfer of 

the Pc film to the substrate.^'^^ The surface modification that provides the most well 
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Figure 7.10. Top: Illustration of the orientation of the columns within an 
OFET channel so that current can be measured either parallel or perpendicular 
to the column axis. Bottom; ID versus Vp curves for films of 1 with current 
flowing parallel to the column axis (a and b) and perpendicular to the column 
axis (c and d). Graphs (a) and (c) are plotted on the same scale, and graphs (b) 
and (d) are plotted on the same scale. 
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Figure 7.11. ID versus W/L plot for films of 1 for two chips prepared together 
so that current travels either parallel or perpendicular to the column axis. 
Currents were about lOx higher along the column axis than across it. 
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ordered LB deposited Pc films utilizes a mixture of methyl and phenyl terminated silane 

molecules, and this gate oxide modification strategy was used before the LB deposition 

of these OFETs of Pc 1 in an effort to improve the molecular organization within the 

film, especially in the first few monolayers transferred. Before Pc film deposition onto 

an OFET substrate, the substrate was heated to ca. 60° in a 5% hexamethyl disilazane, 

5% diphenyltetramethyl disilazane solution in CHCI3 for ca. 30 minutes. Pc films were 

deposited onto this modified device and compared to a device with an unmodified 

dielectric layer. In general, the modification of the substrate did not improve the 

transistor output. Figure 7.12 shows ID versus VD curves for two trials of the experiment. 

For each trial there was one modified substrate and one unmodified substrate that acted as 

a control. In both trials, there was better transistor behavior observed on the unmodified 

device (Figure 7.12a and b). Although approximately the same currents are reached on 

the two types of substrates for each trial, the curves obtained on the modified devices 

show no saturation behavior and very little response to changes in the gate voltage. This 

change in behavior may result if the silane modification is not confined to the gate oxide, 

but also affects the source and drain electrodes. These gold electrodes require a titanium 

adhesion layer, which if oxidized, would be more susceptible to modification by silanes. 

This additional surface layer on the titanium may introduce an additional contact 

resistance that lowers the observed currents. 

As an additional control, the two unmodified devices (Figures 7.12a and b) show 

the differences in device behavior that can be observed for two different samples that 

were prepared and tested on different days and on different substrates, but otherwise 
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Figure 7.12. ID versus VQ curves for two different trials (prepared and tested 
on separate days) for OFETs with an unmodified dielectric layer (a and b) and 
for OFETs with a dielectric layer modified with a 50:50 mixture of methyl and 
phenyl terminated silanes (c and d). All graphs are plotted on the same scale. 
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should be identical. All of the plots in Figure 7.12 are on the same scale, and it is clear 

that although the curves in Figure 7.12a are about 3x higher than for those in Figure 

7.12b, the curves in 7.12b show much better saturation behavior. This further 

demonstrates the variability in the substrates and films that are deposited on them, and 

does not preclude the gate oxide modification strategy for further studies - it is simply 

clear that tighter control over OFET substrate preparation is needed, prior to 

modification, and that measurements of OFET behavior on smaller length scales is 

needed to determine the exact effect of gate oxide interface modification. 

7.4.4 Effect of UV/Ozone Cleaning on Device Performance 

The effect of an additional cleaning step, immediately prior to LB film formation 

to remove any adventitious surface contaminants was investigated. UV-ozone cleaning 

in an oxygen-saturated environment was used as a pre-cleaning step, and samples were 

cleaned for one hour before the Pc film was deposited. This additional cleaning did not 

improve device performance. Many of these devices used in this study exhibited very 

noisy ID versus VD curves, and no significant difference between precleaned substrates 

and the control substrates was observed. 

7.4.5 Oxygen Doping Over Time 

It is well documented that phthalocyanine films can be doped with atmospheric 

oxygen to increase the dark conductivity in the films, due to the introduction of partially 

o x i d i z e d ,  a n d  f u l l y  o x i d i z e d  s p e c i e s ,  w h i c h  a c t  t o  " d o p e "  t h e  P c  f i l m . ^ ^ ^ ' T h e  
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characteristics of the phthalocyanine OFETs discussed in this chapter were observed to 

change with time, presumably due to such doping effects. In an effort to reduce oxygen 

1 • • • 

doping, all samples were kept under vacuum (ca. 10" torr) until immediately before 

transporting them to the testing environment. When samples were removed from this 

vacuum, they were placed in an argon purged dessicator and underwent two pump and 

purge cycles before being vacuum-sealed for the final time (house vacuum, ca. 100 

mtorr). Samples were only removed from the dessicator when testing was to begin. The 

change in OFET behavior over the course of 1-2 hours is shown in Figure 7.13. The 

solid lines are the initial set of data recorded, and the dotted lines are data on the same 

transistor up to 120 minutes later. The general trend observed was an increase in ID, but a 

decrease in the degree of saturation, as atmosphere exposure increased. 

7.5 OFETs with CuPc(0CH2CH20CH2CH=:CHPh)8 (2) as the Organic 

Semiconductor 

7.5.1 Effect of Polymerization on OFET Performance in Pc 2 

Previous interdigitated microelectrode data obtained on films of 2 showed that 

both dark and photocurrents increased following polymerization, and that mobilities 

7 18 7 19 measured in polymerized films of 2 were higher than for films of 1. ' ' These results 

suggested improved electrical characteristics would also be observed in an OFET 

geometry for films of 2 following polymerization. The effect of polymerization on these 

films was probed by preparing and testing two identical samples, polymerizing one of the 

samples, and then retesting both samples. In this way, the unpolymerized sample acted 
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Figure 7.13. ID versus VD curves for a film of 1. The solid lines show 
transistor curves for the initial testing, and the dotted lines show curves 
obtained 1-2 hours later, illustrating the effects of oxygen doping. 
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as a control to determine the effect of testing and handling on the sample. Figure 7.14 

shows ID versus VG curves for two devices on a chip before and after polymerization. 

After polymerization, the currents decreased by ca. 50%. Figure 7.15 summarizes more 

of the data in a plot of ID (at VD = -25.5 V and VG = -25 V) versus W/L for both the 

polymerized film (Figure 7.15a) and the control film (Figure 7.15b). The control 

experiment showed a slight but consistent increase in current for the second testing, most 

likely due to oxygen doping in the films. Currents on the second chip consistently 

showed a decrease in current upon polymerization. Based on the interdigitated 

microelectrode work, these results were not expected but may arise due to the different 

experimental geometries for the OFET and the interdigitated microelectrodes. In the case 

of the OFET, the application of a gate voltage creates an active region of the device, 

which only occupies the first ca. 10 nm of the film.^'^' In the interdigitated 

microelectrodes, the entire thickness of the film is electrically active. Structural changes 

that occur in the bulk of the film upon polymerization may not occur in the region of the 

film closest to the substrate and may account for the differences in the observed behavior. 

7.5.2 Anisotropy in Current 

Measurements were also made on annealed films of 2 with ID measured both 

parallel and perpendicular to the column axis. ID versus VD curves for two different 

devices are shown in Figure 7.16. Currents measured perpendicular to the column axis 

were very noisy, but they clearly exhibited better transistor behavior than films of 1 when 

measured in the same direction (Figure 7.10c and d). Currents measured at a VD of-20 
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Jim, L= 10 jim device. 
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axis (c and d). Note the different scales for each graph. 
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V and a VQ of -20 V are plotted as a function of W/L for the devices with widths of 1000 

[im and 500 )im in Figure 7.17. These currents fell along two lines depending on the 

direction of current measured; currents were on average 10-30x higher along the column 

axis than across it. The range of anisotropics for films of 2 is clearly higher than that 

seen for films of 1 suggesting that these films may indeed exhibit more well ordered 

columnar structures. 

7.5. J Modification of Electrodes with Thiols 

In an effort to improve the contacts between the Au source and drain electrodes 

and the Pc film, the Au electrodes were modified with 4-mercaptopyridine. As illustrated 

in the cartoon at the top of Figure 7.18, attaching the mercaptopyridine to the Au surface 

is expected to orient the pyridine so that the nitrogen is exposed to the deposited Pc film. 

As a weak ligand for transition metals this nitrogen may coordinate with the copper in the 

center of the CuPc ring as the film is deposited. This coordination, even if it is weak, is 

expected to improve the electrical and/or physical contact to the electrode surface and 

reduce the contact resistance. Figure 7.18 shows ID versus VG curves for two transistors 

with different lengths and compares unmodified and 4-mercaptopyridine modified 

electrodes. It is clear from the curves that more current was observed on the devices with 

modified electrodes. This data is further summarized in Figure 7.19 where the drain 

current (at VD = -25.5 V and VQ = -26 V) is plotted versus W/L to illustrate that this trend 

continues for all of the devices measured. 
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Figure 7.17. ID versus W/L plot for films of 2 for two chips prepared together 
so that current travels either parallel or perpendicular to the column axis. 
Currents were about 10-30x higher along the column axis than across it. 
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Figure 7.18. Top; A schematic showing 4-mercaptopyridine attached to a Au 
electrode and coordinating to the copper in the center of the Pc molecule. 
Bottom: ID versus VD curves for two devices prepared together on a transistor 
substrate with unmodified (a and b) and modified (c and d) electrodes, (a and 
c) are for a W=1000 jim, L=1 jxm device, and (b and d) are for a W=1000 |xm, 

L=5 fim device. 
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UPS experiments of this surface modifier on Au were performed by Amy 

Graham, and although there was no observable HOMO peak observed from the 

mercaptopyridine surface modifier, there was a decrease in the vacuum level of ca. 1.2 

eV. Previous studies of Pc and Ceo deposited onto various thiols on gold have 

demonstrated that there is very little shift in the vacuum level between two organic 

layers^'^^' This would indicate that by modifying the Au electrodes, the barrier to 

hole injection would be increased as illustrated in Figure 7.20. Therefore the increase in 

current cannot be due to a decrease in the thermodynamic barrier to charge injection. 

Instead, this increase is most likely due to an increase in the physical contact that is made 

between the electrode and the Pc layer, either through a simple increase in the surface 

wettability or a coordinating interaction between the nitrogen in the pyridine and the 

copper in the Pc. 

7.6 Conclusions 

Conductive tip AFM experiments have demonstrated the ability of the Pc 

molecules discussed here to efficiently transport charge along the column axis. The 

distance over which these measurements were made, however, is much smaller than 

typical OFET device dimensions, and the key to incorporating these molecules into 

devices will be in organizing the rod-like aggregates of these molecules on length scales 

of at least 1 micron. 

Initial work with these molecules in an OFET geometry focused on the 

characterization of the OFET substrate and the device variability. Due to contact issues 
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between the semiconductor and the electrodes, a large range of OFET behavior has been 

observed in these first-generation experiments. Anisotropics in ID for films of 1 were 

consistent with those reported on interdigitated microelectrodes, and slightly higher 

anisotropics were observed in films of 2. Improvements in these devices are still being 

observed, and suggest that higher currents, anisotropics, and mobilities may result as 

sophistication in device preparation improves. Surface modifications to the Si02 

dielectric layer which were expected to improve the ordering within the Pc film and the 

coherence of the film in the OFET channel actually showed lower currents and almost no 

saturation or gate voltage dependence, however this may be due to the fact that these gate 

oxide modifications improve the contact with the gate oxide, but reduce the wetting or 

increase the contact resistance at the source and drain contacts. Improvements were 

observed in OFET devices that had mercaptopyridine modified source and drain 

electrodes, and it seems that this is due to an increase in wettability of the gold contact by 

the metal Pc. 
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Chapter 8 

CONCLUSIONS 

8.1 Impact and Future Directions 

This dissertation has focused on charge injection / collection at electrode / organic 

interfaces and charge transport in organic semiconductor materials, specifically 

phthalocyanine molecules. 

8.1.1 ITO Surface Studies 

The studies on the ITO surface composition and modification (Chapters 3 and 4) 

have clearly shown the detrimental effect of surface hydroxides on the ability of this 

surface to inject charge. These studies have also shown that freshly sputtered surfaces, 

which are believed to be very similar to freshly prepared ITO before removal from the 

vacuum system, are quite reactive and will undergo reactions with atmospheric water in 

under a minute to produce surface hydroxides. These surface hydroxides, which are not 

incorporated into the ITO lattice, are most likely responsible for the instability of this 

electrode. These results suggest that to avoid surface hydroxide production, freshly 

prepared ITO surfaces should be modified in vacuum before exposure to atmosphere. If 

these surface modifications can passivate the ITO surface towards hydrolysis and still 

allow for fast charge transport, then a more robust electrode whose surface could be 

tailored for a specific application would result. 
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These studies have led to further ITO modification studies with ferrocene and 

thiophene derivatives and both of these surface modifiers have been incorporated into 

OLEDs in this group with some success. This work has also laid the ground work for 

additional funding to begin deposition of ITO in our laboratory for the purpose of i) 

studying the composition and reactivity of freshly prepared ITO, ii) exploring various gas 

phase surface modifications to freshly deposited ITO in an effort to protect this surface 

from hydroxide formation, and in) to incorporate freshly prepared and surface modified 

ITO into OLEDs and OPVs without exposing the ITO surface to atmosphere and 

allowing surface hydroxide formation. This work will focus on ITO deposition in 

chambers that are attached either to the Kratos XPS system, or the OLED and OPV 

fabrication chambers. 

8.1.2 Phthalocyanine Characterization 

The series of phthalocyanine molecules studied in this group was extended to 

include two new molecules containing styryl groups at the end of the side chain. These 

molecules can be photopolymerized and also photopatterned, although only 

photopatterned LB films of 2 resulted in patterns with relatively sharp features. Two 

molecules containing sulfur instead of oxygen linkages of the side chains to the Pc core 

were also studied, and initial UV/visible spectra, X-ray reflectometry, and AFM images 

suggest that LB films of 3 contain at least two phases. UPS studies comparing molecules 

1 and 3 on gold have suggested that hole injection from Au or ITO will be easier into 

films of 3. Expanding the characterization of these molecules to include molecules with 
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thio and styryl groups expands the knowledge base upon which OFETs and OPVs are 

built. These studies allow an educated decision to be made when considering the best 

materials for a particular device after a consideration of their structural and electrical 

properties. 

New phthalocyanine molecules are currently being synthesized that incorporate a 

hydrogen-bonding moiety in the side chain. These molecules have been designed with 

the thought that this may allow these molecules to self-assemble into columnar 

assemblies with long-range order without the need for a pre-organization step on the LB 

trough. Also being synthesized is an analog of molecule 4 with a completely saturated 

side chain (i.e. the double bond has been replaced with a single bond). This molecule 

may help to elucidate the cause of the strong aggregation behavior of molecule 4 on the 

LB trough. The characterization of these molecules may lead to a new material that 

combines long-range self-assembling properties and the ability to efficiently transport 

charge. 

8.1.3 Qualitative and Quantitative Molecular Orientation 

Protocols for determining both the qualitative and quantitative orientation of 

molecules in a thin film based on polarized UV/visible and infrared experiments were 

developed in Chapters 5 and 6. A quick evaluation of the qualitative orientation can 

determine if the molecules in a thin film exhibit the appropriate orientation for specific 

device applications. This work will also be the foundation for further studies that will 
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attempt to establish a relationship between the quantitative orientation of Pc molecules in 

a thin film and the electrical properties of that film. 

The quantitative infrared approach for determining molecular orientation will also 

be compared to a new approach based on UV/visible spectroscopy being developed by 

Sergio Mendes, Ware Flora, and Wally Doherty. These two techniques are analogous for 

in-plane dipoles, and when both systems are modeled appropriately, similar solutions 

should result. 

8.1.4 OFETs with LB Films of Pes as the Organic Semiconductor 

The conductive tip AFM experiments that were performed here were the first 

experiments in this group to address the electrical properties of LB deposited films of this 

class of Pc molecules on the submicron scale. The promising results that were obtained 

have led to the purchase of a new AFM system capable of performing these 

measurements on a routine basis. This will allow for the study of charge transport in only 

a handful of molecular columns instead of the average response over hundreds of 

nanometers. 

The initial OFET characterization and preparation that was performed here has 

eliminated many of the initial problems associated with the OFET substrates themselves 

and the LB deposition techniques used to deposit Pc films on them. Initial studies of the 

Pc molecules studied in this lab were incorporated into OFETs, and further experiments 

in this testing geometry will be more routine. Future work will also address the electrical 
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characterization of new phthalocyanine molecules in an OFET geometry, and additional 

surface modifications to both the dielectric layer and the source and drain electrodes. 

8.2 Conclusions 

The work described in this dissertation has laid the foundation for some new 

projects in our group. Protocols for studying ITO surfaces have been developed, and the 

initial simple view of the chemical composition of the ITO surface has been replaced by 

one that is more sophisticated and applicable to interfacial engineering. The ability of 

polarized IR spectroscopy to determine molecular orientation has been studied and a 

method developed to use this data to determine molecular orientation, which can now be 

applied to new molecules. Finally, the technology for fabricating OFETs with LB 

deposited Pc films has been developed and will allow for future studies in this geometry. 
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