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ABSTRACT

          This dissertation focuses on structural and electrical characterization of self-

organizing discotic molecular materials, specifically alkoxy and thioether side chain 

modified copper phthalocyanines, both in bulk and at organic/dielectric and organic 

/metal interfaces.  

          A great deal of effort has been focused on understanding the self-organizing nature 

in these materials since molecular ordering is believed to control the intrinsic physical as 

well as electrical properties of these molecular aggregates.  It was determined that side 

chains in these Pcs have a significant impact on the general ordering in these materials: 

alkoxy side chain modification favors a columnar hexagonal phase with a cofacial 

intracolumn alignment;  thioether side chain modification, however, favors a tilted 

intracolumn alignment and much rigid columnar packing, driven by sulfur-sulfur 

interactions among adjacent molecular disks.  Incorporation of styrene functionality in 

the side chain has been shown to enable photopolymerization.  An optimal hexagonal 

columnar packing has been proved to be stabilized via photolysis at the mesophase.  

          It is critical to explore the molecular ordering as well as the charge transport 

characteristics at interfaces since the organic/dielectric interface controls the charge 

accumulation in organic field-effect transistors (OFETs) and  the metal/organic interface 

determines the charge injection in devices such as organic photovoltaic cells (OPVs).  

Two analytical tools have been developed in this dissertation work that successfully 

address these interfacial issues from a molecular level. 1) Probing interfacial structures at 
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the organic/dielectric interface with X-ray reflectometry (XRR).  Surface chemistry has 

shown a drastic impact on the ordering of the initially deposited materials.  Surface 

engineering strategies, i.e. chemical modification, have been shown to significantly 

improve the coherence of molecular assemblies thereby optimizing charge transport 

properties of these molecular materials in an OFET platform.  2) Exploring charge 

injection and transport characteristics at molecular junctions with conductive-probe AFM 

(C- AFM).  Charge injection processes at the metal/organic molecular junction have 

shown a strong dependence on the microstructure of these molecular materials. 

Thermionic emission and field emission were shown to be competing processes at these 

junctions.  One dimensional charge transport is realized only with the appropriate 

molecular ordering in these discotic materials at metal/organic junctions. 3)  Exploring  

structural and electrical properties of ITO with C-AFM.  The ITO surfaces have shown 

both structural and electrical heterogeneity at the nanometer scale.  A tunneling model 

has been proposed and the presence of thin insulating layers was believed to be the cause 

of electrically inactive regions of ITO.  Aggressive chemical etching protocols have been 

developed and shown to improve the percentage of surface electrically active area, 

thereby, enhancing the electrode performance.          
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Chapter 1

Introduction

1.1     Organic Electronics

          Using small molecules and polymers as the active components in electronic 

devices has been a dream of many researchers for over forty years, however, over the last 

decade the use of these materials has finally begun to emerge into viable technologies.  

Using organic materials as the active ingredients in devices such as organic field-effect 

transistors (OFETs), organic light-emitting diodes (OLEDs), and organic photovoltaic 

cells (OPVs) will ultimately allow for realization of low-cost, flexible electronics such as 

electronic paper, flexible displays, and  memory and switching devices.1-10  The great 

potential of organic materials vs. conventional semiconductor materials lies in their 

relative ease of processing and their compatibility with plastic/flexible substrates.  They 

are generally light weight and may allow for solution processing which should 

significantly lower the cost of the organic electronic technology. The goal of this 

community is to process organic materials into highly ordered thin films from solution 

and to improve charge transport properties so that organic semiconductors are 

competitive with their inorganic semiconductor predecessors.  In the effort to achieve this 

goal, various organic materials and their transport characteristics have been explored.  
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1.2     Organic Field-Effect Transistors

1.2.1  Characteristics of Organic Field-Effect Transistors

          Organic field-effect transistors (OFETs) are a major category of organic electronic 

devices and are the key components of flexible displays as well as electronic ink/papers.  

A typical schematic of bottom contact OFET devices is shown in Figure 1.1 (I).  This is 

basically a three-electrode device where organic semiconductors in thin films are 

sandwiched between the source and drain electrodes, usually thermally evaporated gold, 

and interfaced to the gate electrode from a thin dielectric layer, typically silicon dioxide.  

The device channel width (W) and length (L) are defined as depicted in the schematic.    

Typical device characteristics are shown in the I-V curves (Figure 1.1 (II)) from a device 

fabricated with discotic phthalocyanine materials from solution.11  The source-drain 

current vs. bias I-V plots are modulated by the applied gate bias.  When no gate bias is 

applied, little current is flowing between the source and drain contacts and the device is 

considered at its “off” state.  Upon application of gate bias, charge carriers are 

accumulated primarily at the organic/dielectric interface.  These gate bias induced charge 

carriers are then driven by the source-drain bias and demonstrate a linear rise in current at 

small bias voltages, followed by a current saturation at large bias voltages.  The OFET 

device is considered at its “on” state correspondingly.  OFETs device performance is 

generally evaluated through two important parameters.  One is the on/off current ratio in 

the saturation region, which determines the device switching rate.  High on/off current 

ratio is favored as it will ultimately allow for incorporation of organic devices in 

electrical circuits such as ring oscillators.12  The other is the slope to the linear region of 
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the I-V curve, which is inversely proportional to the resistance to charge transport Ron

along the axis between the source and drain contacts.  The resistance to charge transport 

in the “on” state, Ron, is governed by the following relationship:

Ron = RC + [wL-1Coµµµµ (VG – VT – VSD/2)] 
–1                            (1)

where RC is the contact resistance at metal/organic interfaces, C0 is the capacitance per 

unit area of the dielectric layer, and µ is the charge mobility in the organic thin film along 

the source and drain direction.  VG, VT, and VSD are gate bias, threshold voltage, and 

source and drain bias respectively.13-16 Both the on/off current ratio and the slope to the 

linear region of the I-V curves are closely related to the charge mobility in these organic 

semiconductors as well as the contact resistance at the metal/organic interfaces.  Clearly 

the higher the charge mobility µ becomes, the lower Ron becomes, and the closer to ideal 

is the I-V response of the OFET devices.    

1.2.2  Discotic Mesophase Materials

   Discotic mesophase materials are a major family of materials that have promising 

properties for organic electronics.  These disk-shaped molecules, such as triphenylenes, 

phthalocyanines (Pcs), and hexabenzocorenenes (HBCs) (Figure 1.2), tend to self-

organize into columnar aggregates with large coherence (ca. 100-500 nm as shown in the 

AFM image of Figure 1.2).  Self-organization is mostly determined by the conjugated 

cores and driven by π-π interactions among adjacent cores along the columnar 

aggregation axis.  Highly ordered thin films of these materials can be readily processed 

from solution.  Significant anisotropies in the physical properties of these discotic
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Figure 1.1  (I) Schematics of a typical bottom contact organic field-effect transistor.  
The designated Pc film region can be any organic thin films. 

                   (II)  Typical device I-V characteristics from an OFET device fabricated 
with discotic phthalocyanine material from solution.  Source-drain current 

                   ISD is plotted agains source-drain bias VSD; I-V curves are modulated by
                   gate bias VG. The device channel width (W) and length (L) are labeled in 
                   the inset. 
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materials, absorbance dichroism and electrical anisotropy, have been observed (along the 

column axis vs. across).  Ideally, charge transport is favored along the column axis 

through the closely packed conjugated cores but prohibited perpendicular to the column 

axis due to the insulating nature of the side chains (R groups in Figure 1.2).17, 18  This one 

dimensional charge transport property makes these materials “molecular wires”, ideal for 

applications in various device platforms.  OFETs are one of the platforms that can benefit 

greatly from the utilization of one dimensional charge transport in these “molecular 

wires” between the source and drain electrodes.  Promising charge mobilities have been 

reported for these discotic materials and have demonstrated a nearly linear dependence on 

the core size.19 To date, the highest mobility in a discotic material is 0.5 cm2V-1s-1, 

measured from an HBC derivative.20 These trap-free mobility values are as high as those 

of conjugated polymers and are approaching those of amorphous silicon (1 cm2V-1s-1).19, 

21-24

          Most of these discotic mesophase materials are liquid crystalline (LC) materials.  

The LC property originates from the microsegregation of their crystalline cores and 

liquid-like side chains. “Self-healing” characteristics are often observed as these 

molecules reorganize themselves to repair their structural defects upon slow cooling from 

their LC phase.  Physical, optical, and aggregation properties in discotic materials can be 

tailored by structural modification in both cores and side chains, or through incorporation 

of different functionalities.  In general, charge mobilities can be enhanced by 

annealing/slow cooling of these materials, and even exciton diffusion length can be          

enhanced in these columnar structures.23
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Figure 1.2  Schematics of typical discotic mesophase materials. (a) Triphenylene; 
                   (b) Phthalocyanine; (c) Hexabenzocorene.  R groups represent side chain 
                   modification at peripheries of these discotic cores. (d) 100nm×100nm  
                   AFM image of a side chain modified phthalocynine thin film on Si 
                   substrate. Features in the images, indicated by arrows, are the molecular 
                   columns running in parallel to one another at a lateral spacing of ca. 28Å.

26, 27
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1.2.2.1  Side Chain Modified Phthalocyanines

          Side chain modified phthalocyanines are a major family of discotic mesophase 

materials that have been studied primarily as hole-transporting (p-type) materials.  Side 

chain modification makes solution processing a possibility for these otherwise highly 

aggregated phthalocyanine cores.  A great deal of effort has been focused on design and 

modification of phthalocyanine cores, side chains, and/or incorporation of favorable 

functionalities to tune their physical properties and address concerns about ordering and 

transport.25 A family of alkoxy and thioether side chain modified copper phthalocyanines 

(Figure 1.3) has been developed over the last decade in the Armstrong/O’Brien groups 

and are studied in this dissertation research.  These molecules have demonstrated 

intriguing self-organizing characteristics such as spontaneous formation of either 

fiberlike structures or platelike crystals from solution as shown in Figure 1.3 (II).26, 27

Highly ordered thin films of these phthalocyanines have been processed using the 

Langmuir-Blodgett (LB) technique with resulting molecular coherence extending up to 

250 nm.  OFET devices have been successfully fabricated with these films and have 

demonstrated good anisotropy in both conductivity and field-effect mobilities.17, 28  A 

styrene functionality has been incorporated in the side chains, allowing for 

photopolymerization to occur among these molecular disks.  The motivation is to 

improve intracolumn charge mobility as photopolymerization may bring adjacent disks 

closer, thereby increasing the interaction strength between adjacent molecules.  Charge 

mobilities of these liquid crystalline phthalocyanine materials usually decrease from the 

solid phase to the liquid crystalline phase as more perturbation to the core stacking is
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Figure 1.3  (I) Side chain modified phthalocyanines recently developed with the core 
                   structure shown to the left and side chain structures shown to the right. 
                   Pc 1, 2 are alkoxy linked system, the rest are thioether linked system.
                   Styrene functionality is incorporated in Pc 2, 4; hydrogen bonding 

   functionalities are incorporated in the Pc 6 family.  (II) Self-organizing 
                   behaviors of Pc 1 through 4. Alkoxy linked Pcs form fiberlike features 
                   spontaneously as shown in the upper left image; thioether linked Pcs tend
                   to crystallize from solution as shown in the images to the right. Photolysis 
                   of styrene modified Pc 2 allows for lithographic patterning at micron 
                   scales.27, 28, 99
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introduced at elevated temperatures. Siloxane polymers (octakis (octyloxy) 

phthalocyanine) with their rigid polymer backbone and fixed mesophase structure, 

however, are exceptions to this rule.23, 25 It is known that pure phthalocyanines are 

insulators and approaches to convert them into semiconductors are being explored mainly 

by chemical or electrochemical oxidation/reduction (doping) to provide for excess charge 

carriers. 

1.2.3  Molecular Parameters Determine OFET Characteristics

          To utilize the one dimensional charge transport in discotic molecular wire materials 

in OFET devices, one needs to process these materials into thin films with the molecular 

wire/aggregation axis parallel to the plane of the substrate (Figure 1.4).  There is a need 

to identify the molecular parameters that determine the charge transport characteristics in 

these organic semiconducting layers as it allows researchers to address the device

performance issues from a molecular level.  Three critical interfaces determining OFET 

device performance have been successfully identified and highlighted in this figure.  The 

metal/organic interface controls the contact resistance and requires a good physical as 

well as electrical contact.  The importance of understanding charge injection 

characteristics at this interface will be discussed further below.  The organic/organic 

interface dominates the charge transport in these molecular materials. Any 

defect/disordering along the molecular wire axis would serve as a charge trap, causing 

severe degradation in the effective charge mobility.   It is also believed that the overlap of 

closely spaced π–orbitals controls the hopping of charges from site to site and hence the
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Figure 1.4  Schematic of an OFET device fabricated with discotic molecular wire 
                   materials.  Highlighted are the critical interfaces in this device platform.  
                   The metal/organic interface determines the contact resistance; the organic/

               organic interface controls the charge transport along the molecular wires;
                   the organic/dielectric interface dominates the charge accumulation,
                   therefore impacting on the field mobility in a transistor device. 

microstructure of these molecular materials is expected to have a significant impact on 

the charge mobilities.22, 23, 29  Therefore it is important to understand the molecular 

ordering/orientation in these thin films.  The organic/dielectric interface is another critical 

interface, as most of the charge accumulation in the “on” state of the OFET occurs in this 

region.  Interfacial structure at the organic/dielectric interface therefore dominates the 

quantity as well as the transport of charge carriers.  There is a need for the development 

of analytical techniques to facilitate the understanding of interfacial structure/ordering 

and its impact on the molecular ordering, particularly on the initially deposited materials. 
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1.2.3.1  Structural Parameters Determine Electrical Properties 

          Bredas and coworkers have conducted quantum-chemical theoretical studies on 

hexabenzocorene and triphenylene derivatives and found that the charge transport 

properties were determined by a subtle interplay between the chemical structure of these 

molecules and their relative position within the stacks.22  The optimization of high charge 

mobilities in discotic molecular materials is therefore heavily dependent upon achieving 

an understanding of the structure—property relationships; particularly identifying the 

molecular parameters that determine transport processes in these systems. The 

reorganization energy and the intermolecular transfer integral are two key factors 

governing the charge transport in a phonon-assisted hopping process.  Substitutions at the 

peripheries of these disk shape molecules were found to be closely associated with the 

size of the reorganization energy.  Thioether substitutions have shown little effect on the 

reorganization energy with respect to the unsubstituted bare core.  However, alkoxy 

substitution significantly increased the relative reorganization energy, which is 

detrimental to the charge transport along the molecular columns.  Theoretical calculations 

are supported by experimental observations that higher mobilities were usually associated 

with discotic materials with thioether linkages vs. their alkoxy linked analogues.30, 31

This behavior has been attributed to the change in molecular/columnar packing.  The 

reorganization energy argument provides insights into choosing useful systems: discotic 

molecules with small reorganization energies are favored as efficient charge transport 

materials.
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          The intermolecular transfer integral describes the strength of electronic coupling 

between adjacent molecules and was found to be closely related to both the 

intermolecular distance and the rotation around the column axis.  The electronic splitting 

decays exponentially with inter-disk distance due to the reduction in π-atomic orbital 

overlap as the disks are pulled apart.  The impact of intermolecular distance is, however, 

not as dramatic as that of rotation around the stacking axis.  For example, rotation of one 

triphenylene molecule by 60° can cause a reduction of electronic splitting by up to two 

orders of magnitude.  An increase in inter-disk spacing from 3.5 to 3.6 Å, however, can 

only reduce the electronic splitting by at most 20 %.  Therefore, any deviation away from 

a cofacial geometry, usually achieved in the liquid crystalline phase with minimized 

steric repulsion among side chains, is detrimental to intracolumn charge transport.  The 

implication of this with an eye on molecular design is to achieve a large intermolecular 

transfer integral in discotic materials for any degree of freedom in rotation.  

          Warman et al have measured trap-free bulk charge mobilities in typical discotic 

materials with pulse radiolysis time resolved microwave conductivity (PR-TRMC), 

attempting to explore the correlation between core size and charge mobility.  Larger cores 

exhibited higher mobilities because they had stronger core-core adhesive forces and 

therefore more orbital overlap among adjacent cores.  The impact of side chains is most 

dramatic on ordering and phase transitions.  An alkoxy linkage is less bulky and allows 

more freedom in lateral and/or rotational motion in the cores, therefore causing a 

decrease in the charge mobility over its thioether counterparts.31
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1.2.3.2  Molecular Design and Engineering 

          Understanding the molecular structure-property relationships will ultimately allow 

the engineering of molecular materials with desired physical and electrical properties.  

Effort has been focused on tuning physical and electrical properties of these discotic 

mesophase materials through various structural modifications such as incorporation of 

functionalities, utilization of specific interactions, and creation of novel architectures.  

Stacking in side chain modified porphyrins was controlled by structural modification at 

the periphery.  Incorporation of hydrogen bonding functionalities facilitated hexagonal 

columnar aggregation, thereby finely tuning the cofacial orientation of these disks.32

Hydrogen bonding interactions were also used to tailor the ordering in triphenylene 

materials by primarily enhancing the attractive interactions between the mesogens.  A 

decrease in intermolecular distances by the hydrogen bonding was expected to improve 

transport properties in these materials as coplanar distance and orientation of these disks 

are correlated with their frontier orbital splitting.33 Introduction of a spacer such as a 

phenylene  functionality between the alkyl side chains and the aromatic core was shown 

to cause different packing and ordering in discotic HBC materials on HOPG surfaces and 

resulted in the formation of a staircase architecture due to the large steric hindrance 

suffered by the side chains.34

          Phase behaviors can be tailored through structural modification as well since most 

of these discotic molecular materials show liquid crystalline behavior and adopt a 

different ordering at their mesophases.23, 35-37  Angle-resolved UPS studies on 

triphenylene derivatives have shown that annealing at the mesophase can direct as-
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deposited thin films, largely disordered, into columnar phases.23 The enhancement in the 

ordering at mesophase of these discotic materials, i.e. self-healing characteristics, has 

been the motivation for structural modification and molecular engineering in search for 

materials with desired phase behaviors.  Grubbs et. al. have utilized arene-arene 

interactions to control the phase behavior of triphenylene derivatives by constructing 

supermolecular structures with perfluorotriphenylenes.  This approach significantly 

enlarged the temperature range of the mesophase and improved the ordering in the 

system.38 Modifying discotic materials with other functional π systems has shown to 

facilitate construction of highly ordered thin films.  A pyrene unit was asymmetrically 

tethered to HBC derivatives and shown to lower the isotropization temperature, therefore 

facilitating homeotropic alignment of this material.39

1.2.3.3  Organic/Dielectric Interfacial Structure and Its Impact

          Since most of the charge accumulation occurs at the organic/dielectric interface in 

OEFT devices, the interfacial structure/ordering is critical in determining the charge 

transport in thin films of organic semiconductors, processed from either vacuum or 

solution.  Vacuum deposited crystalline pentacene films are the benchmark materials for 

organic thin film transistors.  Field effect mobility values in excess of 1 cm2V-1s-1, on/off 

current ratios larger than 108, and threshold voltages near zero have been observed.40 It 

has been observed that pentacene thin film transistor performance can be greatly affected 

by the film deposition conditions.  Attempts have been made to understand the vacuum 

growth mechanism in order to better control film morphology (large grains are favored) 
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and to achieve defect free films.  Malliaras et. al. used in-situ synchrotron X-ray 

scattering to monitor the growth of pentacene thin films on silicon oxide substrates and 

explore the film growth model.  An initial water layer was found to attach to the 

dielectric layer of silicon oxide even in high vacuum (10-6 Torr), which may account for 

delamination of the films upon heating, causing device performance degradation.41 This 

study suggests the necessity in design of surface engineering protocols to hydrophobize 

the dielectric surface and enhance the organic/dielectric interfacial chemical 

compatibility.   

          Molecular engineering of dielectric surfaces requires design of materials with 

predetermined properties controlling interfacial characteristics, because transport through 

transistor devices depends critically on the interfacial properties.  Various ligands have 

been designed with surface binding groups facilitating chemical interactions between the 

molecular layers and surfaces.  Dielectric surface modification with appropriate ligands 

may assist in the tuning of electrical properties (charge accumulation and transport) in 

organic thin films in a systematic fashion.42 Silanes are very effective binding groups for  

the most commonly used silicon oxide dielectric material.  For example, trichlorosilane 

was used to modify the oxide surface in a polymer (fluornated bithiophene) transistor 

device.  The modification effectively resulted in a 20-fold improvement in mobility over 

that from the device with bare oxide.  Charge mobility is therefore likely specific to 

surface chemistry.43 The nature of the mobility enhancement upon surface engineering, 

however, has not been fully addressed.  To understand the observed surface chemistry 

dependence of charge mobility, one needs to understand the impact of surface 
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engineering on the ordering of the initially deposited materials from a molecular level.  

The lack of knowledge in this regard is mainly due to the lack of interfacial 

structure/ordering characterization tools.  

1.2.4    Focus of This Dissertation Research 

          To date, the reported OFET performance with solution processed discotic materials 

has not been competitive with vacuum deposited crystalline materials.  The challenges lie 

in improving the coherence in these columnar aggregates as well as the ordering at the 

organic/dielectric interface.  Armstrong and coworkers recently developed spectroscopic 

methodologies to determine the microstructure in thin films of discotic mateirals, using 

side chain modified phthalocyanine molecules and a Langmuir-Blodgett thin film 

platform.28, 44 A broad-band attenuated total reflection (ATR) platform, together with a 

reflection absorbance infared spectroscopy (RAIRS) platform, was developed and used to 

determine molecular ordering in these discotic columnar aggregates and provide insights 

to the ordering of other molecular materials of high symmetry. Molecular 

ordering/orientation greatly impacts on charge transport as it determines the orbital 

overlap among adjacent molecules thereby the intrinsic mobility in these systems.29

          The first two chapters of this disseration are focused to explore the nature of self-

organization in these discotic molecular materials as well as identify the molecular 

structural parameters controlling the ordering and the phase behavior of these materials.  

Understanding the self-organizing nature will facilitate processing of these materials into 

thin films with desired ordering.  The structure-property relationships explored in this 
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work also provide insights to the design of new molecular engineering strategies since 

self-organizing processes are governed by the interplay of intramolecular as well as 

intermolecular interactions.34 A great deal of effort is also focused on the development of 

analytical tools to successfully probe the ordering of these molecular materials at 

organic/dielectric interfaces and the design of surface engineering protocols to improve 

the coherence in these molecular materials as well as understanding the impact of surface 

engineering on the molecular ordering of the initially deposited materials.   

1.3     Organic Photovoltaic Cells 

1.3.1  Characteristics of Organic Photovoltaic Cells

          Conjugated polymers and several crystalline small molecules have been widely 

studied as the active components in organic light harvesting devices.  Polythiophene, 

polyphenylenevinylene, and their derivatives, phthalocyanines, perylenebisimides and 

fullerenes are the most commonly used organic semiconductors in organic photovoltaic 

cells.  The polymers and/or polymer blends can be easily processed from solution and 

likely generate phase segregated interpenetrating networks that facilitate charge 

separation and transport with a large interfacial area.45, 46 The crystalline materials are 

mainly processed by vacuum depostion and can also be processed into interpenetrating 

structures.47, 48 Replacing crystalline silicon with these materials in some applications 

may allow solar cells to provide a larger fraction of our electricity since Si device 

fabrication costs prevent the widespread implimentation of these energy harvesting 

devices.  
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(2)

          An optimized schematic of OPV devices with discotic molecular materials as the 

hole transporting layer is shown in Figure 1.5 (I) where each ellipse represents an 

individual disk-shaped molecule with molecular aggregation axis perpendicular to the 

plane of both electrodes, allowing for utilization of the one dimensional charge transport 

in these molecular materials.  Indium tin oxide (ITO) is the most commonly used 

transparent electrode that transmits photons efficiently from white light sources to the 

organic semiconductor materials.49-52  Excitons, generated in these organic materials as a 

result of photon absorption, ideally diffuse to the inteface between the hole and electron 

transport layers where they dissociate into electron-hole pairs.  Electrons and holes are 

then transported through corresonding layers and collected at two electrodes respectively.  

Figure 1.5 (II) shows typical OPV j-V characteristics from a device fabricated with 

discotic phthalocyanine material from solution.53  The OPV device performance is 

critically dependent upon the series resistance RS, a combination of contact resistance RC

at the metal/organic interfaces and the resistance to charge transport Rµ in organic 

materials along the normal axis to the electrodes, and the shunt resistance RP which is a 

parallel resistance to current flow.  The I-V characteristics of OPVs are governed by a 

modifed Shockley relationship, derived from a simplified equivalent circuit including 

both series resistance RS and shunt resistance RP: 53, 54
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Figure 1.5  (I) Schematics of optimized OPVs based on discotic molecular materials 
                   where the molecular aggregation axis is perpendicular to the plane of the 
                   electrodes, utilizing the one dimensional charge transport in these 
                   molecular wires.  (II)  Typical device j-V characteristics from an OPV 
                   device fabricated with discotic phthalocyanine material from solution and 
                   their dependence on thin film processing conditions.53  
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where I0 is the saturation current and n is the ideality factor.  To enhance the device 

performance of OPVs, much effort has been focused on minimizing the series resistance 

RS as well as maximizing the shunt resistance RP in a given system.     

1.3.2  Molecular Parameters Determine OPVs  Characteristics

          It is critical to identify molecular parameters that determine both series and shunt 

resistances, as they play a key role in determining OPVs characteristics.  The shunt 

resistance RP is closely associated with the coherence in thin films of the molecular 

materials both macroscopically and microscopically.  To increase the shunt resistance RP, 

the right processing condition needs to be designed and/or chosen to optimize the 

coherence in these molecular materials, limiting the formation of pinholes.  To minimize 

the series resistance RS, control over both the contact resistance RC at the metal/organic 

interfaces (highlighted in Figure 1.5 (I)) and the resistance to charge transport Rµ

perpendicular to both electrodes is needed.  The ideal orientation of these discotic 

molecular materials in OPVs applications, that allows for significant decrease in Rµ, is 

such that the molecular aggregation axis is parallel to the electrode normal axis.  This 

orientation with the desired charge transport properties, however, is extremely 

challenging to achieve and has been the major cause of the low efficiency observed in 

solution processed OPVs with discotic materials with respect to the high efficiency 

devices fabricated with their crystalline analogues via vacuum deposition.51  Control over 

the contact resistance requires understanding both the structural and the electrical 

properties of the transparent electrode from a molecular level since the chemical 
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compatibility between the electrode and the discotic molecular materials as well as the 

electrical contact at the ITO/organic interface dominate the effective contact resistance.  

It is also critical to understand the charge injection and transport processes at the 

metal/organic interfaces as the intrinsic microscopic charge injection characteristics can 

determine the I-V behaviors observed at a macroscopic level. 

1.3.2.1 Solution Processing Strategies

          One of the major advantages of organic semiconductor materials is their solution 

processability, which allows for low-cost fabrication of devices on plastic/flexible 

substrates.  The development of effective means to produce thin film via simple solution 

processing with controlled order is the key to successful exploitation of these materials as 

active components in electronic devices.  Various strategies have been explored to this 

end: Langmuir-Blodgett thin film deposition, capillary filling methods, inkjet printing 

etc..36, 37, 55-58  Zone melting, driven by concentration and temperature gradients, has 

recently been reported to process side chain modified hexabenzocoronenes into uniaxially 

aligned thin films on surfaces over a length scale of 100 nm.36 Printing has tackled 

patterning challenges, particularly in OFET applications, allowing the possibility of 

depositing and patterning materials in one step.  Combinations of screening printing and 

inkjet printing have led to sucessful patterning of semiconductor microchannels and 

fabrication of arrays of polymeric thin film transistors.55  In attempts to minimize any 

chemical or mechanical damage to organic thin films, polymeric supporting layers (such 

as PDMS) have been used to laminate films and transfer free standing films to the 
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designated device platform.56 Choosing the appropriate processing conditions for organic 

semiconductor materials of interest and designing new processing protocols both depend 

upon the fundamental understanding of the structure and structure-physical property 

relationships in these systems.

1.3.2.2  Structural and Electrical Properties of ITO

          Indium tin oxide (ITO) has been widely used as the transparent electrode in a wide 

range of organic electronic devices including organic light emitting diodes (OLEDs) and 

organic photovoltaic cells (OPVs).51, 59, 60  Polycrystalline ITO, however, has shown a 

wide range of effective work functions as a function of surface cleaning and/or 

pretreatment, which results in inconsistency in device performance.  The work function 

variation is closely related to the structural and compositional heterogeneity of ITO.  ITO 

has shown to be naturally susceptible to hydrolysis and has a complex hydroxlated 

surface.  XPS studies suggest that a significant portion of the ITO surface is dominated 

by indium hydroxide and indium oxy-hydroxide species, both of which are electrically 

inactive. Solution electrochemistry studies with adsorbed probe molecules have 

demonstrated that only half of the actual surface area of a cleaned ITO is electrically 

active.61 In addition, the hydroxlated ITO surface is usually incompatible with the 

hydrophobic organic materials deposited on it.  The interface incompatiblity, together 

with the surface electrical heterogeneity, makes ohmic contact with organic films hard to 

achieve.62
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Microscopic characterization of ITO surfaces are mostly conducted with AFM and 

Conductive probe AFM (C-AFM).  Grains and subgrains are the dominant surface 

microstructure of ITO, the size and organization of which, along with the surface 

roughness, can vary as a function of ITO surface cleaning procedure.63-65  Scherer et. al.66

have demonstrated the presence of electrical “hot” vs. “dead” spots on ITO surface within 

a 200nm × 200nm scan area, and the increase in the percentage of “hot” spots upon 

plasma treatment.  Figure 1.6 (I) shows the typical C-AFM (also known as tunneling 

AFM or TUNA) schematic for ITO testing with a dual display of both height and current 

images of a 2um × 2um plasma cleaned ITO shown in 1.6 (II).54  The ITO chapter of this 

dissertation is focused to further explore the nature of structural and electrical 

heterogeneity observed in ITOs at a molecular level.  A series of aggressive etching 

protocols have been developed by Adam Simmonds, targeting the maximized electrically 

active area of ITO surfaces, the impact of which is investigated with C-AFM.  

Understanding the correlation between electrical properties and structural features as well 

as the charge injection mechanism, particularly at the electrically inactive regime, will 

facilitate the design of novel surface pretreatment and/or modification protocols that 

effectively enhance the performance of ITO electrodes.   
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Figure 1.6  (I) Schematics of C-AFM measurements of ITO electrode.  (II) Examples
                   of C-AFM dual images (2um×2um) of height and current taken at a given
                   bias.  The height image shows the typical ITO surface topography with 
                   lots of grains of various sizes.  The current image shows great current 
                   density contrast and there is only a small portion of the ITO surface that

  is electrically active.54
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1.3.3  Electrical Characterization with Molecular Junctions

          Organic thin film diodes include an organic layer sandwiched between two metal 

and/or semiconductor electrodes.67-69  Since the organic layers in these devices are 

usually much thicker (50 nm and above) than typical molecular dimensions and generally 

involve defects and disordering, electrical measurements made in actual devices provide 

an averaged assessment of the electrical properties of organic materials, not necessarily 

the intrinsic charge injection and transport properties of these materials.  The 

investigations of molecular junctions (molecular layers with thickness close to molecular 

dimensions) are of fundamental importance as they elucidate the factors controlling 

electron transfer through these molecular layers and explore the intrinsic transport 

properties of organic materials in a highly ordered configuration.  Alkanethiols and 

conjugated aromatic molecules have been widely used, mostly as self-assembling 

monolayers (SAMs), as model materials during the development of various molecular 

junction test beds.  

          The most commonly used test beds are shown in Figure 1.6.  The conductance of 

conjugated molecules have been measured with cross-wire junctions where SAMs of 

these molecules are formed onto a micron sized Au wire and brought into contact with a 

second wire.  It was observed that symmetric molecules acted as molecular wires with 

symmetric I-V characteristics; asymmetric molecules, however, behaved as molecular 

diodes.67 Conductive scanning probe microscopy is routinely used in the construction 

and measurement of molecular junctions.  STM has been used to pattern alkanethiol 

SAM layers on Au.  The tip voltage pulse was applied to remove molecules from the 
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Figure 1.7  Schematics of typical test beds of molecular junctions. (a) Cross-wire 
                   junction; (b) SPM measurement, representative of both C-AFM and STM;
                  (c) Mechenical break junction;  (d) Hanging Hg droplet junctions.68, 69
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SAM, allowing the deposition of conjugated molecules of interest from solution onto the 

cleared sites.70 C-AFM has been mostly used to study thiol monolayers on Au and has 

demonstrated good reproducibility and a clear exponential dependence on molecular 

length.71-74 It was found that tunneling through conjugated molecular systems was easier 

than through saturated alkanes.  Mechanically controllable break junctions were made to 

measure the conductance of a single molecule.  Symmetric I-V data were expected to be 

closely associated with the symmetry of the molecule tested.  The hanging Hg test bed 

was developed by Whitesides et. al. in which a drop of liquid Hg supporting a SAM was 

brought into contact with another SAM coated Hg droplet.  This test bed allowed for 

measurements of the electrical breakdown voltage, which correlated well with the 

thickness of the packed hydrocarbon, as well as a determination of the electron transfer 

rate through the SAMs and the tunneling decay constant β.75, 76

          Sample- to-sample fluctuations observed in these molecular junction measurements 

require consideration of the entire metal-molecule-metal junction before any conclusions 

are drawn.77, 78 To achieve reproducible measurements at molecular junctions, the 

following issues need to be addressed:  1) Control the ordering in these molecular layers 

as defects and shorts are the major cause of fluctuation in these measurements.  2) Search 

for Ohmic contacts with low barriers and understand the energy level alignments between 

the metal and the organic molecules.  3) Explore lateral interactions and their impact on 

molecular junction characteristics.  These concerns are applicable to most of the organic 

electronic devices.  Effective construction and characterization of these molecular 

junctions will not only allow for the understanding of the intrinsic electrical 
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characteristics at metal/organic interfaces but also provide insights to the rational design 

of molecular electronics molecules.   

1.3.3.1  Conductive-Probe AFM 

C-AFM has been recently used to construct molecular junctions and to 

investigate local electrical properties down to nanometer size scales.66, 71, 72, 79-88 The 

major advantage of C-AFM over other reported molecular junction test beds is that it 

allows for microscopic electrical characterization with precise spatial control.  Both 

vertical conduction along the normal axis and lateral conduction within the plane of the 

sample can be investigated with C-AFM.  Frisbie et. al. have studied vacuum deposited 

organic semiconductors (sexithiophene) in an OFET geometry.85, 87  C-AFM not only 

allowed for visualization of crystalline grains and grain boundaries but also permitted 

point I-V measurements to be taken at microscopic domains (ca. 20 nm2 scale) of interest.  

The investigation of I-V characteristics at both grains and grain boundaries is critical in 

exploring molecular parameters that determine the contact resistance as well as the 

charge mobility in these thin films.85-87  The microscopic structural-electrical property 

correlation is critical to the organic electronics community as it contributes to the design 

of new materials and new processing strategies.  Self-assembled monolayers (SAMs), 

primarily alkanethiols on Au, are also extensively studied with C-AFM.  Effort has been 

focused on understanding the tranport mechanism in these well ordered ultrathin films, 

and exploring the relationships between transport properties and molecular length, 

structure (saturated vs. conjugated), and the nature of the molecule-electrode contact. 71, 72, 
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79, 81, 84  Tunneling has been proposed as the dominant charge transport mechanism since 

the C-AFM current has demonstrated exponential dependence on the thickness of the 

SAM layers.  The major advantage of the SAMs/Au testing platform is the realization of 

Ohmic contact through formation of Au-S chemical bond.  

However, there has been little C-AFM work done on solution processed organic 

materials other than SAMs on Au.80  This is a direct reflection of  the challenging nature 

of C-AFM measurements with organic molecular materials.  These materials are largely 

disordered in typical thin films at the submicron length scale.  The microscopic structural 

heterogeneity complicates the nature of the organic/metal contact, making Ohmic contact 

extremely hard to achieve.  The C-AFM chapter of this dissertation focuses on the 

development of a protocol for C-AFM measurements of solution processed thin films of 

discotic molecular materials.  The success of this effort is critical in expanding current 

capabilities in the investigation of electrical properties of organic thin films at the 

microscopic level.  The understanding of charge injection and transport properties at the 

metal/organic molecular junctions and their correlation with the microstructure/ordering 

in these molecular semiconductors at nanometer dimension will facilitate the design of 

interfacial modification strategies to promote good electrical contact, as well as to 

encourage efficient charge injection processes via tailoring the ordering in the molecular 

materials.  Ultimately, the microscopic electrical characterization work will contribute to 

the understanding of device characteristics at a macroscopic level.
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1.4     Overview of Experiments

1.4.1  Molecular Ordering Characterization and Surface Engineering Investigation 

          A primary focus of this dissertation is on the characterization of the film thickness 

and column packing in bilayer and multilayer LB films of alkoxy side chain modified 

copper phthalocyanine (Pc 1 in Figure 1.2), as a function of surface modification of 

silicon oxide substrates, using X-ray reflectometry.  In Chapter 3, the ordering of the Pc 

films has been studied as a function of interfacial properties, tuned by substrate chemical

modification with both methyl-terminated and phenyl-termiated silanes in differing 

ratios, and by annealing of the Pc films from the crystalline to liquid crystalline transition 

temperatures.  There has been some important developments in the characterization of 

monolayer/multilayer phthalocyanine-based thin film materials.89-94  The reflectivity 

measurements provide information about the electron density profile along the normal 

axis, total and/or individual layer thicknesses, and interface roughness.94-97 The presence 

of copper atom in the Pc disk provides a critical enhancement in density contrast within 

each Pc bilayer, allowing the possibility of modeling the reflectivity curves to find the 

effective thickness of the Pc layers to within ± 1•.  .  These thicknesses are a reflection of 

the average tilt angles of the Pc core as well as the space-filling properties and average 

tilt angles of the side chains.



66

1.4.2  Structural Characterization and Comparison of Alkoxy and Thioether Side chain 

      Modified Phthalocyanines

          In Chapter 4, the nature of self-organization of these discotic Pcs is investigated.  

The structural characterization of both the room temperature and liquid crystalline phases 

of a family of alkoxy and thio-ether side chain modified Pcs (Pc 1 through Pc 4 as shown 

in Figure 1.2) are conducted with temperature dependent X-ray diffraction.  The ordering 

in aggregates of Pc 1 and Pc 3 as well as Pc 2 and 4 are compared.  The styrene 

functionality in side chains of Pc 2 and 4  allows for photoinitiated (2+2) cyclo-addition 

to occur when styrene groups in adjacent Pcs are properly aligned.98  Previous studies 

have shown that LB multilayer films of Pc 2 could be rendered insoluble in common 

solvents and micron-scale lithography was possible to achieve patterned films containing 

aligned Pc columns.99  The impact that these styrene groups have on ordering in both the 

room temperature and liquid crystalline phases is shown in addition to the first example 

of the stabilization of the LC-mesophases of both Pc 2 and 4 by photolysis of these 

styrene groups at temperatures sufficient to maintain the LC-mesophase.    
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1.4.3  Electrical Characterization of ITO with C-AFM  

          In Chapter 5, C-AFM (also known as tunneling AFM or TUNA) is used to 

characterize ITO surfaces that have been cleaned and activated using aggressive etching 

procedures.  A new ITO cleaning protocol has been developed using halogen acids as an 

aggressive etchant.54, 100, 101  The impact of this process is investigated with C-AFM and 

compared to that of the conventional detergent/solvent/air-plasma treatment.  A C-AFM 

current mapping of various ITO surfaces is conducted as the preliminary step, allowing a 

qualitative assessement of the percentage of electrically active area and the change of this 

percentage as a function of ITO treatement.  Current mapping is followed by point I/V 

measurements, taken on both high and low conductivity regions of ITO surface, which 

give insights as to the nature of the conductive probe/ITO contact.  A Folwer-Nordheim 

tunneling model is proposed to explain the I-V characteristics observed in the low 

conductivity regions at large sample biases.83   The presence of a thin surface insulating 

layer is speculated as the cause of ITO surface electrical heterogeneity.  
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1.4.4  C-AFM Characterization of Phthalocyanine Molecular Aggregates

          The electrical characterization of Langmuir-Blodgett thin flims of phthalocyanines 

is conducted with C-AFM in Chapter 6.  An experimental protocol to probe local 

electrical properties in solution processed Pc thin films with C-AFM is estabilished.  The 

LB thin films were chosen because they had been well characterized structurally and 

allowed for processing in a controlled fashion.99, 102, 103  Charge transport is likely 

preferred within the plane of the film along the molecular column axis, serving as a 

reference throughout the data analysis and conduction path determination.  Both surface 

conductivity maps and point I-V measurements are acquired to understand the charge 

injection mechanism at the Pc/electrode interfaces.  The I-V characteristics are correlated 

with the microscopic ordering/orientation in the Pc films.  The dominant injection 

mechanisms for charge transport are explained in this chapter.  Comparisons are made 

between alkoxy side chain modified Pc 1 and its thio-ether side chain modified analogue 

Pc 3 as well as between Au and HOPG substrates. 
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Chapter 2

Experimental

2.1     Phthalocyanine Molecules

          Alkoxy linked 2,3,9,10,16,17,23,34-octakis(2-benzyloxyethoxy) copper(II) 

phthalocyanine (Pc 1), and 2,3,9,10,16,17,23,34-octakis(2-cinnamyloxyethoxy) copper(II) 

phthalocyanine (Pc 2) and their thio-ether linked analogues 2,3,9,10,16,17,23,34-

octakis(2-benzyloxyethylsulfanyl) copper(II) phthalocyanine (Pc 3) and 

2,3,9,10,16,17,23,34-octakis(2-cinnamyloxyethylsulfanyl) copper(II) phthalocyanine

(Pc 4) were synthesized by Minch1 and are abbreviated CuPc(OCH2CH2OBz)8, 

CuPc(OCH2CH2CH=CHPh)8, CuPc(SCH2CH2OBz)8, and CuPc(SCH2CH2CH=CHPh)8

respectively (Figure 2.1).  Small volumes of phthalocyanine solutions were made using 

HPLC grade chloroform 99.9% (EMD) prior to thin film deposition to avoid any 

degradation of phthalocyanines in solution.   

2.2     Langmuir-Blodgett Materials and Techniques

A Riegler & Kerstein RK3 Langmuir-Blodgett trough was used to produce LB 

films.  Phthalocyanine solutions of interest (1 mM in chloroform) were applied onto the 

air-water interface (18 MΩ Millipore Milli-Q water). Solvents were allowed ca. 15 

minutes to evaporate before two parallel barriers were compressed at 1 cm2/S while the 

pressure-area isotherm was monitored and recorded.  A Wilhemy balance was positioned 

at the center of the trough to measure surface pressure as the surface area was reduced 



70

Figure 2.1    Molecular structures of phthalocyanines of interest.  X at the side chain-
                     core linker position is oxygen for alkoxy side chain modified Pc 1 and 2; 

sulfur for thioether side chain modified Pc 3 and 4.  Styrene 
functionalities are incorporated in side chains of Pc 2 and 4, allowing for 
photopolymerization to occur.   
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during compression.  Compression was stopped at ca. 50 Å2 per molecule where stable 

bilayer structures of Pc 1 and Pc 3 were formed and at ca. 90 Å2 per molecule where 

stable monolayer structure of Pc 2 was formed.2  Films were then segmented into fifteen 

individual squares by removing some of the water at the subphase until films fell onto the 

metal baffle positioned underneath, as developed by Smolenyak.3  Horizontal (Schaefer) 

transfer of these films was carried out by attaching properly modified substrates to the 

bottom of a motor mounted above the trough (Figure 2.2, coutersy from Donley C.L.).  

The motor drove the substrate into the film at ca. 0.15 cm/S and paused at the interface 

for ca. 10 seconds and lifted up at the same speed.  Multiple transfers were successful 

since transferring from one section did not disturb adjacent sections.  Residual water on 

the substrates, in between transfer steps, and after the final transfer, was removed with a 

stream of nitrogen.  Annealing of these LB films was done at temperatures above those of 

the liquid crystal transitions (120 °C for Pc 1 and 2 and 180 °C for Pc 3) under vacuum 

(ca. 10-6 torr) for 4 hours to remove any residual water and enhance ordering within the 

films. 

2.3     Substrate Surface Preparation and Modification

          Langmuir-Blodgett thin films of phthalocyanines were transferred to various 

substrates for various characterization purposes.  In all cases, substrates were cleaned 

prior to surface chemical modification.  Silicon (100) wafers with a natural oxide layer 

were purchased from Silicon Quest International, Santa Clara, CA and used for AFM 

imaging and thin film X-ray diffraction and reflectometry studies.  Si (100) substrates 
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Figure 2.2    Langmuir-Blodgett technique. (a) A metal baffle is positioned in the 
water subphase before solution deposition with compression barriers 
fully extended; (b) Upon compression, rigid bilayers are formed with the
molecular column axis parallel to the compression barrier; subphase 
water is removed to achieve segemented film; (c) Horizontal film transfer 
from a segment with minimized perturbation to its neighbors. 
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were soaked in Klean AR (93% sulfuric acid and 0.4% chromium trioxide, Mallinckrodt) 

for 15 minutes, followed by rinsing with copious amount of 18 MΩ water (Millipore) 

prior to use.  Solutions of 1,1,1,3,3,3-hexamethyldisilazane (HMDS), and 1,3-diphenyl-

1,1,3,3-tetramethyldisilazane (DPTMS) (Aldrich, used as received) at various volumetric 

ratios (100:0, 75:25, 50:50, 25:75, 0:100) were made in CHCl3 (HPLC grade, EMD, no 

further purification) and used to hydrophobize the substrates, making them more 

compatible with the phthalocyanine films to be transferred.  Substrate surfaces were 

hydrophobized by ultrasonication of these disilazane solutions with heat (ca. 45 °C) for 

30 minutes, rinsing with copious amount of chloroform to get rid of any physi-

absorbed/unreacted silanes, and blow-dried with a stream of nitrogen.4, 5

          Au slides consisted of a ca. 1000 Å Au layer on a titanium coated float glass 

(Evaporated Metal Films, Ithaca, NY) and were used for conductive probe AFM (C-

AFM) studies.  Au substrates were cleaned by soaking in freshly made piranha solution 

(1:4 volumeric mixture of H2O2 : H2SO4) for ca. 20 minutes and subsequent rinsing with 

copious amount of water (18 MΩ, Millipore) and ethanol (200 proof, AAPER Alcohol 

and Chemical Co.).  Au substrates were then dried in a stream of nitrogen prior to thin 

film deposition. 

          Highly ordered pyrolytic graphite HOPG, (7mm × 7mm × 1mm, SPI-2 Grade, SPI 

Supplies, West Chester, PA) were used for C-AFM studies.  Electrical contact was made 

by pasting HOPG pieces down to SPM specimen disks (15 mm in diameter, Ted Pella 

Inc., Redding, CA) with silver paint (Leitsilber 200, Ted Pella Inc., Redding, CA).  
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HOPG substrates were freshly cleaved immediately prior to phthalocyanine thin film 

deposition.  

2.4     Thin Film Deposition: Spin Coating and Drop Casting

          Spin coating was conducted with a P-6000 spin coater (Integrated Technologies 

Inc., East Providence, RI).  Substrates were held still via vacuum line and were flushed 

with phthalocyanines solutions of interest (in chloroform unless specified otherwise) 

immediately prior to spinning at 3000 rpm for 60 seconds.  At the phthalocyanine 

solution concentration of ca. 8 mg/ml, the spin coated film was ca. 20 nm thick.6  Drop 

casting was conducted by delivering one (ca. 0.05 ml) or a few small drops of 

phthalocyanine solution of interest (ususally ca. 1 mM or less concentrated) onto 

substrates and allowing sufficient time for the solvent to evaporate.  In some cases, the 

substrate was positioned in a solvent saturated enviornment to prevent severe aggregation 

of phthalocyanines from happening on surfaces.  

2.5     Ultraviolet-Visible Spectroscopy

          Solution and thin film UV-vis absorbance measurements were conducted with a 

CCD array UV-vis spectrophotometer (Spectral Instruments, Tucson, AZ).  Solution 

spectra were taken on phthalocyanines of interest in chloroform (concentration ranging 

from 1E-6M to 1E-4M) in 1.0 cm or 0.1 cm matched quartz cuvettes.  Thin film spectra 

were taken on layer-by-layer deposited Langmuir-Blodgett multilayers of 

phthalocyanines in transmission mode.  The incident beam was polarized (RSP-1  

rotation stage and precision linear polarizer, Newport Corporation, Irvine, CA) both 
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along and across the phthalocyanine column axis to acquire orientation related 

information.7

2.6     Atomic Force Microscopy

AFM images of LB films of phthalocyanines were taken with a Multimode 

Nanoscope III system (Digital Instruments, Santa Barbara, CA).  Oxide sharpened silicon 

nitride probes (DNP-S20, Veeco Probes, Santa Barbara, CA) with a nominal force 

constant of 0.38 N/m were used for imaging.  They were ozone cleaned for ca. 1 hr prior 

to imaging to remove organic contamination if there were any.  Single bilayers of 

phthalocyanines (Pc 1, 2, and 3) on hydrophobized Si (100) substrates were imaged at 

minimized force by operating in the repulsive region in contact mode in solution (1 mM 

KCl in 18MΩ Millipore water) and the molecular columns were seen and recorded in 

friction channel (usually at 90° scan angle).5  In all other cases, AFM images were taken 

in tapping mode in air with a Dimension 3100 Nanoscope IV system (Veeco Metrology 

Group, Santa Barbara, CA).  Tapping mode etched silicon probes (TESP, Veeco Probes, 

Santa Barbara, CA) with nominal force constants of 42 N/m and drive frequencies of ca. 

320 kHz were used for imaging.  Single crystals of both CuPc(SCH2CH2OBz)8 and 

CuPc(SCH2CH2CH=CHPh)8 (Pc 3 and 4) were cast onto freshly cleaved HOPG from 

dimethylacetamide (DMAC).  Two hours were allowed for the solvent to evaporate prior 

to imaging.8  Images were recorded and displayed in both height and phase channels 

simultaneously with much attention paid to the driving phase via ultilizing the surface 
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tune functionality since phase channel carries fine information about surface chemical 

composition. 

2.7     Polarized Optical Microscopy and Birefringence

          Polarized microscopy images were taken with a Leica microscope (Leica 

Mircosystems, MZ 95).  Droplets of phthalocyanines of interest were cast onto an 

air/water interface from chloroform at concentrations of ca. 10 mM.  Images were taken 

both with and without a cross-polarizer over time, as the solvent evaporated.9  Single 

crystals of  CuPc(SCH2CH2OBz)8 and CuPc(SCH2CH2CH=CHPh)8 (Pc 3 and 4) were cast 

onto a glass slide from dimethylacetamide (DMAC) and images were taken with the 

cross-polarizer on.  Areas of birefringence were observed and compared with fiber 

samples of CuPc(OCH2CH2OBz)8 and CuPc(SCH2CH2OBz)8 (Pc 1 and 3), collected from 

over-compressed regions of the Langmuir-Blodgett films on trough and transferred to 

glass slides.  A bulit-in digital camera was used to capture images of the surfaces 

investigated.  

2.8     Powder and Thin Film X-ray Diffraction

          X-ray powder diffraction (XRD) measurements of all the phthalocyanines were 

conducted with a PANalytical X’Pert PRO MPD system with copper (Kα) radiation (λ = 

1.54 Å) at 50 KV (40 mA target current).  Well-ground powders of phthalocyanines (ca. 

50 mg) were packed into a sample holder (PW1811/16 for manually prepared powder 

sample), held by the sample spinner which was set to rotate at 4 seconds per circle 

throughout the data collection.  High resolution scans were conducted along the 
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goniometer axis (θ/2θ) at a step size of ca. 0.0167º.  A fixed divergent slit of 1/4° was 

used in the incident beam optics, followed by an anti-scattering slit of 1/2º.  X’Celerator, 

a RTMS (Real Time Multiple Strip) detector, was used in the diffracted beam optics 

(Figure 2.3 (a)).9  Thin film XRD measurements were conducted with the same optics 

configuration on mulilayer LB films of phthalocyanines on hydrophobized Si (100) and 

on spin-coated phthalocyanine films on either Si (100) or indium tin oxide (ITO) 

substrates.  PW1812/00 sample holders for non-standard sample sizes and shapes were 

used to interface with the sample spinner.  Data analysis was done with the software 

package X’Pert Plus 1.0, PANalytical. 

2.9     Temperature Dependent XRD of Phthalocyanine Powders

          Temperature-dependent XRD measurements were conducted with a capillary 

spinner sample holder and a capillary furnace with a high temperature controller (Huber 

attachment 644 and HTC 9634,  HUBER Diffraktionstechnik GmbH & Co. KG, 

Germany).  Well-ground phthalocyanine powders were packed in glass capillary tubes 

(0.3 mm in diameter, Mark-Röhrchen, Aufnahmen) up to ca. 3-4 cm in length.  The 

sample capillary tube was aligned with the aid of a goniometer head (Enraf Noniums, 

Delft, Holland) that was interfaced to the capillary sample spinner.  For polymerizable 

phthalocyanines (Pc 2 and 4), quartz caplillary tubes of the same diameter were used to 

facilitate photolysis studies.  The X-ray mirror was used in the incident beam optics with 

a beam divergence of 1/32º and the X’celerator, with a snout attachment, was used in the 

diffracted beam side (Figure 2.3 (b)).  The X-ray generator was operated at 45 KV (40 
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mA target current) with continuous scans along 2θ at ω = 0º at step sizes of 0.0167º.9

Data was analyzed with the software package X’Pert Plus 1.0, PANalytical. 

2.10   Specular X-ray Reflectometry Measurements

Specular X-ray reflectivity (XRR) measurements of LB phthalocyanine films on Si 

(100) substrates were conducted with a PANalytical X’Pert PRO MPD system with 

copper (Kα) radiation (λ = 1.54 Å) at 45 KV (40 mA target current).  The X-ray mirror 

was used in the incident beam optics with a beam divergence of 1/32º.  Parallel plates 

were used on the diffracted beam side, with receiving slits of 0.27º (Figure 2.3 (c)).  

Continuous scans along omega/2theta (ω/2θ) were obtained at step sizes of 0.005º, with 

40 seconds data acquisition time per step.  An angular resolution of 0.02° can be achieved 

with this setup at a primary beam intensity of about 6.0 x 107 counts per second.  In a 

specular configuration, the reflected beam intensity was recorded as a function of wave 

vector transfer (q = krefl. – kinc.; k = 2π/λ) along the substrate normal (qz).  The wave vector 

transfer qz is directly related to the incident angle (θi) (qz = sinθi × 4π/λ).  No off-specular 

(background) scattering has been subtracted, and the intensities (counts per second) were 

given in arbitrary units when rescaling was involved to facilitate the  comparison of 

multiple reflectivity curves.  Full pattern simulations were performed with X’Pert 

Reflectivity 1.0, PANalytical, where a layered sample model was constructed to generate 

a simulated reflectivity curve, given initial mass density, thickness, and interface 

roughness parameters.  Simulations were followed by a non-linear fitting to refine the 
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Figure 2.3    XRD and XRR experimental setup with PANalytical X’Pert Pro MPD. 
(a) Powder and thin film XRD configuration ( θ/2θ geometry) with a 

                     sample spinner;  (b) Temperature dependent XRD configuration at fixed
incident angle (ω = 0°) with a capillary spinner equipped with a furnace 
and monitored by a high temperature controller; (c) Thin film XRR 
configuration (specular geometry) with a remote control sample stage 
that allows for fine sample alignment with respect to the incident beam. 
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initial parameters and minimize the deviation between experimental and simulated 

reflectivity curves.  Three algorithms (segmented fit, genetic algorithm, and combined fit) 

were used in the trial and error process with best fits chosen only when results from all 

the algorithms agreed.5

2.11   Conductive Probe AFM (C-AFM) Measurments 

          Conductive probe AFM (also known as tunneling AFM or TUNA) measurements 

were conducted with a Dimension 3100 Nanoscope IV system (Veeco Metrology Group, 

Santa Barbara, CA) with a TUNA application module attached.  Conductive probes, Pt/Ir 

coated Si probes with a nominal force constant of 0.2 N/m (SCM-PIC, Veeco Probes, 

Santa Barbara, CA) for soft phthalocyanine samples and diamond-like carbon coated Si 

probes with a nominal force constant of 2.8 N/m (DDESP, Veeco Probes, Santa Barbara, 

CA) for hard samples, were held with the electrical cantilever holder and connected to the 

TUNA module through the sample bias pin.  Electrical contact to samples of 

investigation was made through the vacuum chuck which provided sample bias with 

respect to the condutive probe that was kept at ground potential.  C-AFM measurements 

were done in contact mode in air with a minimal force engagement, followed by a well-

calibrated and controlled force load (ca. 1-2 nN) at the conductive probe.10  Both height 

and TUNA current channels were displayed and recorded upon application of appropriate 

amount of sample bias.  Current sensitivity was chosen based on the nature of the sample.  

For conductive samples such as ITO, the sensitivity was set at 1 nA/V; for 

phthalocyanine samples on conductive substrates, the sensitivity was set at 10 pA/V.  The 
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conductive probe ↔ phthalocyanine film ↔ conductive substrate vertical testing 

configuration is demonstrated in Figure 2.4. 

          Point-shoot I/V measurements were conducted manually to achieve a constant 

force load at the probe, utilizing the deflection feedback mechanism.  Regions of interest 

were first discovered by surface current mapping at the smallest possible turn-on sample 

bias.  During the imaging/mapping, both the integal and the proportional gains were 

optimally maximized so that the feedback loop could quickly respond to any change in 

deflection and effectively maintain a constant deflection throughout the I/V 

measurements.  Point-shoot was then initiated by offseting the cursor to the desired spot 

and zeroing the scan area immediately.  Sample bias was swept manually at step sizes of 

ca. 50-100 mV and TUNA current was read from the scope mode.  Five to ten seconds 

were allowed for the feedback loop to adjust to the deflection perturbation caused by the 

change in bias before any current value was recorded. 
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Figure 2.4    C-AFM or TUNA configuration for vertical measurements.  The 
conductive probe is grounded at all times and sample bias is provided
through the vacuum chuck.  Electrical contact is made between the 
sample and the chuck through a metal sample stub onto which the 
conductive substrate is pasted with silver paint.   
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Chapter 3

X-ray Reflectometry Characterization of Thin 

Films of Phthalocyanines on  Si (100) Substrates

3.1     Introduction 

          Discotic mesophase materials (phthalocyanines, triphenylenes, 

hexabenzocoronenes, etc.) are currently of interest as the active electronic material in 

emerging organic field-effect transistor (OFET) and organic photovoltaic (OPV) 

technologies.1-19 Considerable effort has been extended to orient these disk-like 

molecules, and related organic semiconductors, in structures which favor the preferred 

conduction axes of these devices.  In the case of OFET technologies the optimal 

orientations in most small molecule organic semiconductors place the plane of the 

molecule (disks) perpendicular to the substrate plane, with close cofacial overlap between 

adjacent molecules, thereby favoring charge mobility parallel to the substrate plane.1-11, 14-

17, 20, 21

          Octa-substituted phthalocyanines (Pcs), such as 2,3,9,10,16,17,23,24-octakis (2-

benzyloxyethoxy) phthalocyaninato-copper (II) (Pc 1) were recently shown to self-

organize into columnar aggregates and form rigid (ca. 56 - 67 • thickness) bilayers on a 

Langmuir-Blodgett trough (Figure 3.1), which provides for horizontal transfer of highly 

coherent films to various substrates.14-18 Coherent aggregates typically show a column-

column spacing (lateral periodicity) of ca. 27 • (inferred from 2D Fast Fourier Transform 

(FFT) analysis of the AFM image (Figure 3.2)).  In many of these films we have seen 
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Figure 3.1    Pressure-area isotherm of Pc 1 compressed into rigid bilayers on a 
Langmuir-Blodgett trough.  The first transition at ca. 108 Å2/molecule
indicates the formation of monolayer, followed by the second transition 
at ca. 55 Å2/molecule during which a much more stable bilayer structure
is formed where Pc 1  molecular column axis runs parallel to the 
air/water interface.  Both transitions are labeled with π.  Beyond the 
second transition, the film starts to collapse and eventually folds into 
robust fibers.15, 16
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Figure 3.2    Contact mode AFM images of 1 bilayer Pc 1 on hydrophobized Si (100).
(a) and (b) are both friction images taken in liquid therefore no scale bar
is displayed.  Phthalocyanine molecular columns are clearly seen in both 
images with column axis indicated by the arrows.  Intercolumnar spacing  
of ca. 27 Å is suggested by 2D Fast Fourier Transform analysis (FFT).  
The two spots/arches at radius of ca. 27 Å from the origin in the inset 
boxes correspond to the lateral periodicities in these images.  
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coherence in the rod-like aggregates of up to ca. 2500 •, and rms roughness, along the top 

surface of the rod of ca. 6 •. Both the field effect (hole) mobilities and the d.c. 

conductivities in these films are highly anisotropic, with transport along the column axis, 

versus perpendicular to the column axis, favored by more than 10x, when measured on 

micron length scales, and 100x-1000x when measured on sub-micron length scales.14-18

Recent studies showed that the most coherent Pc films are obtained on Si (100) substrates 

with a) native oxide surface layers hydrophobized with a mixture of 1,1,1,3,3,3-

hexamethyldisilazane (M-silane) and 1,3-diphenyl-1,1,3,3-tetramethyldisilazane (P-

silane) (50:50 in volume, Figure 3.3), or b) with thermally-grown oxide layers (500-

1000•), with the same modifiers.15  Other studies from this group have focused on 

determining the tilt angle of the Pc core in such LB films, both as single bilayers, and as 

multilayers, on modified gold and IR-transparent silicon (FT-IR, RAIRS and 

transmission experiments), and on surface-modified transparent broad-band ATR 

elements, for visible wavelength spectroscopy.16, 18, 19  The FT-IR studies focused on the 

use of orthogonal vibrations (in-plane stretching νC-O-C bands and out-of-plane bending δC-H 

vibrations) for the determination of the compound tilt angles of the Pc cores.  The visible 

wavelength ATR studies have used the dichroism in the Q-band absorbance of the Pcs to 

estimate similar angles.  Both of these recent studies have concluded that for bilayer and 

multilayer films of Pc 1, the Pc core is nearly upright with respect to the substrate plane 

with the tilt angle away from the normal axis being ca. 3° in the RAIRS experiments and 

ca. 10° in the ATR-UV-vis studies.16-19
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Figure 3.3    Schematics of silicon (100) substrate surface chemical modification. 
(a) Structures of 1,1,1,3,3,3-hexamethyldisilazane (M-silane) and 1,3-
diphenyl-1,1,3,3-tetramethyldisilazane (P-silane); (b) Si (100) substrate 
hydrophobized with a 50:50 volumeric mixture of P-silane and M-silane,
used as the major protocol for silicon substrate pretreatment.15
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          In this chapter, our focus is on the characterization of the film thickness and 

column packing in bilayer and multilayer films of Pc 1, as a function of surface 

modification of silicon oxide substrates, using X-ray reflectometry (XRR).  The ordering 

of the initially deposited Pc film has been studied as a function of interface properties, 

tuned by substrate chemical modification with both M- and P-silanes in differing ratios, 

and by annealing of the Pc films from the crystalline to liquid crystalline (K → LC) 

transition temperatures and back to room temperature.  XRR has been extensively used to 

probe surface and interface properties in ordered organic thin films, monolayer coverages 

are typically characterized with synchrotron X-ray reflectivity systems, whereas greater 

film thicknesses can be characterized with XRR systems with conventional X-ray 

sources.11, 22-25  There have been some significant successes in characterization of 

monolayer and multilayer phthalocyanine-based thin film materials.26-31  Measurement of 

the reflectivity in a specular geometry, as a function of incident angle, provides 

information about the refractive index depth profile (namely the electron number/mass 

density profile along the normal axis direction), total and/or individual layer thickness, 

and interface roughness.24, 25, 31, 32 The presence of copper in the Pc disk provides a critical 

enhancement in density contrast within each Pc bilayer, which leads to reasonable signal-

to-noise ratio in the XRR data with reasonable data acquisition times, and the possibility 

of modeling the reflectivity curves to find the effective thickness of the Pc layers to 

within ± 1•.  .  These thicknesses are themselves a reflection of the average tilt angles of the 

Pc core as well as the space-filling and average tilt angles of the side chains.
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3.2     XRR Characterization of Substrates

3.2.1  XRR of Bare Si (100) with Natural Oxide 

          XRR has been previously used to examine silicon wafers with various oxide and 

oxide modifier thickness,23-25, 33  and accurate information on layer thickness, electron 

density, and roughness of both the oxide/air and the substrate/oxide interfaces have been 

successfully derived.  A typical reflectivity curve for the Si (100) substrates used in this 

study is shown in Figure 3.4a where the critical wave vector transfer qc (directly 

proportional to the critical angle) appeared at 0.019Å-1.  The relatively small critical angle 

indicated a “light” surface oxide layer since such an angle is determined by the top layer 

material density (qc ∝ ρe

1/2).34  At qz < qc, the reflectivity curve deviated from the ideal 

plateau situation, demonstrating the impact of the incident beam footprint.35  Beyond the 

critical angle, the reflectivity curve saw an exponential drop in intensity.  The reflected 

beam intensity eventually became undifferentiated from the scattered background at high 

wave vector transfers (incident angle of ca. 4º and above).  No fringes were observed, an 

indication of an ultra thin oxide layer on the Si substrate.31, 34

3.2.2  One-Layer Sample Model for Bare Si Substrates

          A one-layer sample model was constructed to describe bare Si substrates as 

substrate (infinite thickness) + an oxide layer.  Initial layer densities were taken from 

nominal bulk values (Si: 2.328 g/cm3; SiO2: 2.64 g/cm3); the initial thickness of the 

natural oxide was set as 20 Å; and the initial air/oxide and oxide/substrate interfacial 

roughnesses were assumed as 5 Å.  Such a model was used to generate a simulated 
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Figure 3.4    XRR characterization of bare Si (100) substrates with natural oxides. 
(a) Experimental reflectivity curve with a critical wave vector transfer 
at 0.019 Å-1;  (b) Non-linear fitted reflectivity curve based on the Si 
substrate + SiO2 one-layer model constructed.  Intensity values are 
arbitrary to facilitate comparison of experimental and fitted curves.  



91

reflectivity curve that was subsequently fitted using three algorithms available in X’Pert 

Reflectivity.  Modifications to the initial parameters were implemented during trial and 

error and agreement on these modifications among three algorithms was needed to 

suggest the validity of the sample model.  The one-layer sample model led to good fit 

(Figure 3.4b) between experimental and simulated curves with fitted parameters listed in 

Table 3.1.  Both the Si substrate and the oxide layer appeared to be less dense compared 

with their nominal bulk densities.  The fitted density was essentially the effective density 

of these layers with interfacial impact considered.  There was no significant density 

contrast at the substrate/oxide interface (contrast about 1.1:1).  However, XRR was 

sensitive enough to differentiate such a subtle contrast.  The substrate/oxide interface was 

much smoother than the interface of oxide/air as expected considering the single crystal 

nature of the Si substrate.  The rms roughness at the oxide/air interface (ca. 6 •) was ) was 

consistent with the rms roughness values determined by AFM studies.15,16  Thickness of 

the surface oxide layer was determined to be ca. 20 •.  .  

3.2.3  XRR of Chemically Modified Si (100) Substrates

1,1,1,3,3,3-hexamethyldisilazane and 1,3-diphenyl- 1,1,3,3-tetramethyldisilazane 

were used to chemically modify Si (100) substrates, generating methyl (M-silane) and

phenyl terminated (P-silane) surface moities respectively (inset, Figure 3.5).  This  

modification was expected to hydrophobize Si (100) substrates, making them more 

compatible to the phthalocyanine thin films transferred from the Langmuir-Blodgett 

trough.  Systematic change in the mixing ratio of these two silanes gave a series of 
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Table 3.1    XRR fitting parameters of bare Si (100) substrate with natural oxide based
on the constructed one-layer sample model.  Simulated reflectivity curve  
is shown in Figure 3.4 b together with the experimental curve a.    
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Figure 3.5    XRR of hydrophobized Si (100) with both methyl- (M) and phenyl- (P) 
                     terminated silanes mixed at various volumeric ratios.  (a) Bare Si (100); 

(b) M:P = 100:0; (c) M:P = 75:25; (d) M:P = 50:50; (e) M:P = 25:75; 
(f) M:P = 0:100.  The inset cartoon shows surface moities of both M-
and P-silanes with estimated dimensions, assuming fully extended or 
upright orientation of these silanes. 
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substrates with a tunable variation in their surface composition.  The goal of using XRR 

was to characterize these hydrophobized substrates, probe ultra thin surface silane layers, 

and differentiate these fine surface structures.  The reflectivity curves of all the 

hydrophobized substrates, together with that of bare Si substrate, are shown in Figure 3.5.  

The critical wave vector transfer qc was ca. 0.028 Ǻ-1 for all substrates, indicating only 

small density variations among all of the silane layers explored, regardless of the silane 

mixing ratio.  Weak fringes at various frequencies were observed in most of the 

hydrophobized samples, indicating the presence of an ultra thin surface layer. 

3.2.4  Two-Layer Sample Model for Hydrophobized Si Substrates

          A two-layer sample model was constructed to describe hydrophobized Si substrates 

as substrate + oxide layer + silane layer.  Initial parameters were set in a similar fashion 

as to those for bare Si substrate.  Such a sample model allowed for a good fit between 

experimental and simulated curves.  Shown in Figure 3.6 is the 100 % phenyl-terminated 

silane modified Si substrate as an example where phenyl surface moities were treated as 

the top silane layer (inset schematic).  Fitted parameters for all the modified substrates 

are listed in Table 3.2.  The densities of both Si substrate and the oxide layer appeared to 

be close to the nominal values with little variation in roughness at the substrate/oxide and 

oxide/silane interfaces; the densities of silane layers stayed close to that of most organics 

(1 g/cm3).  The density contrast at the oxide/silane interface was about 2:1, easily 

differentiated by X-ray compared with a much smaller substrate/oxide contrast in the bare 

Si case.  The silane/air interface appeared to be the roughest interface, most likely a result 
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Figure 3.6    XRR of Si (100), hydrophobized with 100 % phenyl terminated silane. 
The solid line represents the experimental reflectivity curve and the 
dashed line represents the simulated/fitted curve based on the constructed
two-l ayer sample model.  The Si substrate + oxide layer + silane layer 
schematic is shown in the inset.  Intensity values are arbitrary to facilitate
the comparison of experimental and fitted reflectivity curves.  
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Table 3.2    XRR fitting parameters of hydrophobized Si (100) substrate based on the
constructed two-layer sample model (Substrate + oxide layer + silane 
layer).  Volumeric ratios of both methyl- (M) and phenyl- (P) terminated
silanes are changed systematically.     
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of the reaction between the disilazane modifier and the oxide layer.  Fitted thickness of 

the non-reacted oxide layer was about 5 ~ 10 •, thinner than that of the natural oxide layer , thinner than that of the natural oxide layer 

(ca. 20 •), suggesting that some of the oxide had been converted to an interfacial layer.  ), suggesting that some of the oxide had been converted to an interfacial layer.  

3.2.5  Orientation Model of Silane SAMs on Si

          Thickness analysis of the silane layers gave some clues to the silane SAMs 

orientation.   The effective thickness was ca. 3.0 Å for a fully methyl terminated silane 

layer and ca. 8.2 Å for a fully phenyl terminated silane layer.  Thicknesses of mixed 

silane layers at various ratios was kept in between these values (Table 3.2).   

Orientational information (mainly tilt angle away from the surface normal) can be 

estimated upon comparison with the still model of both methyl and phenyl surface 

moities (inset, Figure 3.5).  The still models were constructed assuming upright/fully 

extended configuration of both silane moities.  Sizes of both moities were estimated with 

the consideration of the number of bonds at an average bond length of ca. 1.4 Å (P-silane: 

8.5 Å and M-silane: 4.0 Å).  Therefore, by geometrical considerates, surface phenyl 

moities were tilted at ca. 15° (θ = cos -1 (8.2Å / 8.5Å)) and surface methyl moities were 

tilted at ca. 40° (θ = cos -1 (3.0Å / 4.0Å)) away from the normal axis.  The nearly cofacial 

configuration assumed by the P-silane was probably needed to minimize the steric 

hindrance among the bulky phenyl groups.  As to the M-silane, more freedom was 

allowed as the tilt angle was significantly larger than that of the P-silane.    
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3.3     XRR Characterization of Single Bilayers of Pc 1 on Si 

3.3.1  As-Deposited Bilayers on 50:50 Mixture Silanes Modified Si (100)

          XRR was next used to investigate ordering within the as-deposited single bilayer 

films of Pc 1 on substrates modified with a mixture of two silanes.  Reflectivity curves 

are shown in Figure 3.7 where the critical wave vector transfer appears at approximately 

the same position (0.028 Å-1) as that of the hydrophobized substratres.  No significant 

change in the effective density of the top layer is observed upon deposition of a single 

bialyer of Pc 1.    

3.3.2  Five-Layer Sample Modeling and Fitting   

          The high electron/mass density contrast, arising from the central copper atoms in 

the Pc row, provides for the possibility to divide up the Pc bilayer into five separate 

layers for modeling purposes (Figure 3.8).  Proceeding from the film/air interface, Layer 

1 represents the upper side chains and one-half the Pc core region above the top row of 

copper atoms (defined as Layer 2).  Layer 3 is the thickest layer, representing the lower 

half of this uppermost Pc rod and the lower side chains in this rod, the upper side chains 

in the lower Pc layer, along with half of the Pc core from the lower layer.  Layer 4 

represents the row of copper atoms in the bottom Pc layer, while Layer 5 represents the 

lower half of this Pc layer, and its side chains, interfaced to the silane modifier layer.  The 

hydrophobized substrate represents two additional layers as discussed previously in 

section 3.2.4 – an oxide and a silane modification layer built upon silicon substrates.  
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Figure 3.7    Experimental and fitted reflectivity curves of single bilayer films (as-
deposit) of Pc 1 on Si (100), modified by a 50:50 mixture of M-silane 
and P-silane. 
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Figure 3.8    (a)  Schematics of the five-layer sample model for single bilayers of 
Pc 1 on hydrophobized Si (100).  The copper centers of the molecules 
are treated as individual layers, so are the organic portion of the 
molecules when they are aligned as columnar aggregates in the LB
bilayers.  The arrow leads to the proposed surface structure with a 
50:50 mixture of M- and P-silanes.  
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          This model allowed for an excellent fit between the experimental and simulated 

curves as shown in Figure 3.7 (fitted parameters are listed in Table 3.3).  Densities and 

thicknesses of the Si substrate, the oxide layer, and the 50:50 mixed silane layer agreed 

well with those fitted from the hydrophobized substrates, supporting the validity of the 

two-layer substrate model.  The thickness of a single bilayer film would be ca. 76 Å if the 

Pc molecules stand edge-on to the substrate with fully extended side chains.  A total 

thickness of ca. 67 Å ± 6Å was derived instead from the experimental XRR data. The 

deviation at each organic layer in thickness is about ± 10 %, approximately ± 5 % at each 

copper layer.  Individual layer thicknesses derived from the fitting process were shown in 

Table 3.3.  The results show that the uncertainty in the overall film thickness from the 

fitting of the XRR data in Figure 3.7 is ca. 5-10 %. The copper layer density which 

provided the best fit for the simulated data (ca. 3.5~4.0 g/cm3, Table 3.3) is less than half 

the bulk density of copper, an expected result given that the cofacially stacked Pc cores 

represent a single “row” of copper atoms spaced apart by ca. 3.5-4.0 Å.  The densities of 

the organic portions of these layers which produced the fit in Figure 3.7 were consistently 

found to be close to 1 g/cm3.  The roughness at the copper/organic interfaces did not 

deviate much between samples (mostly 5-6 Å in rms ), consistent with the nature of these 

interfaces throughout the bilayer.  The roughest interface appeared to be the film/air 

interface, which is possibly due to the roughness replication and/or accumulation from 

the interfaces underneath.36, 37
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Table 3.3    XRR fitting parameters of single bilayer films of Pc 1 on a 50:50 mixture 
                   of P- and M- silanes hydrophobized Si (100), based on the constructed 
                   five-layer sample model.  Hydrophobized substrate (Substrate + oxide
                   layer + silane layer) + Organic layer + Cu layer + Orgnanic layer + Cu 
                   layer + Organic layer. 
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3.3.3  Orientation Model of Single Bilayers of Pc 1

          Pc orientational information was derived through a layer-by- layer thickness 

analysis where each fitted layer was compared with the corresponding portion of a still 

model of Pc 1 (Figure 3.9 (a)).  In the following calculations, the still model was assumed 

such that the Pc cores are planar, with diameters of ca. 14 Å; with copper atoms at their 

center with a diameter of ca. 2 Å; and that the Pc cores are surrounded by side chains of 

ca. 12 Å in length, if fully extended.  The five individual layer thicknesses estimated from 

the XRR fitting provide for at least two options for describing the tilt angle of the Pc 

core, and the tilt angles of the side chains.  Using a “top-down” approach to analyze 

individual layer thicknesses, we start by assuming that Layer 1 achieves its thickness 

from a nearly upright Pc core, and extended side chains (Schematic I in Figure 3.9 (b)).  

Layer 3 achieves its thickness with Pc cores in both layers upright, with Layers 2 and 4 

ca. 24 Å apart, and the side chain regions from both top and bottom Pc layers modeled as 

having an effective tilt angle of ca. 60° away from the normal axis.  The thickness of the 

bottom organic layer (ca. 15 Å) suggested a tilt of those side chains ca. 40° away from 

the normal axis, at the Pc/silane interface.  

          If a “bottom-up” approach was taken in the analysis of the film thickness derived 

from the XRR data (Schematic II in Figure 3.9 (b)), the thickness of Layer 5 can be 

modeled by extended side chains, and a Pc core tilted ca. 60° from the normal axis.  

Layer 3 must then have an effective side chain tilt of ca. 40° and the thickness of Layer 1 

is modeled by a tilt of the Pc core at ca. 60°, and fully extended side chains.  This model, 

however, does not agree with our recent FT-IR (RAIRS) and visible wavelength ATR 
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Figure 3.9    (a)  A still model of Pc 1 with dimensions of the fully extended 
molecular disk, the Pc core, and the copper center labeled.  (b) Two 
orientation models dervied from the thickness analysis for single bilayers 
of Pc 1 on hydrophobized Si (100).  Schematic I is in closest agreement
to both FT-IR (RAIRS) and visible wavelength ATR studies which 
provide estimates for the tilt angle of the Pc cores away from the normal
axis.16,18,19  Schematic II, however, does not agree with spectroscopic 
studies. 
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characterization of the microscopic orientation within bilayers of the same post-annealed 

Pcs which suggest that the Pc cores are only tilted a few degrees away from the normal 

axis.16,18,19  In as-deposited films there is likely to be a significant distribution of 

orientations of the Pc cores, and there are other orientation combinations which may fit 

the thickness profile, giving more freedom to the tilt angles of both Pc cores and side 

chains.  In the subsequent studies, however, we assumed the Pc core orientations close to 

upright to compare the influence of surface modification on Pc microstructures.

3.3.4  Impact of Substrate Surface Modification

          XRR measurements were next considered for single bilayers of Pc 1, as-deposited 

on substrates modified with both M- and P-silanes at various mixing ratios (Figure 3.10 

(a)).  Density, thickness, and roughness  profiles throughout these modified samples were 

extracted via the layered sample and substrate models discussed above.  The parameters 

leading to best fits are available in Table 3.4. The variations in X-ray reflectivity for 

these different substrates are manifestations of either alterations in layer thicknesses 

and/or reconstruction of one of the interfaces as substrate surface composition is changed.  

The observed densities of both the silicon and silicon oxide layers in these experiments 

varied within ± 20% of their nominal values, with little variation in thickness of oxide 

(ca. 10 Å) and silane layers (ca. 7~9 Å), regardless of the M- and P-silane mixing ratios.  

          Figure 3.10 (b) summarizes the models used to rationalize the XRR data in Figure 

3.10 (a), for each of the silane mixing ratios.  It is most instructive to compare the 100 % 

methyl-terminated surfaces with the 100 % phenyl-terminated surfaces.  The 100M0P 
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Figure 3.10    (a) XRR of a single bilayer film of Pc 1 (as-deposited) on Si (100),  
hydrophobized with a mixture of M- and P-silanes at various ratios:  
M/P = 0:100, M/P = 50:50, and M:P = 100:0, positioned from top to 
the bottom in the graph.  (b) Schematics of orientation models for the 
single bilayer Pc 1 on hydrophobized substrates of Si (100).  The 
mixing ratios of M- and P-silanes correpond to those in (a).  
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Table 3.4    XRR fitting parameters of as-deposited single bilayers of Pc 1 on both
                    fully methyl and fully phenyl terminated silane modified Si (100). 
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surfaces produced the thinnest bilayer with a total thickness of 49.4 Å, as suggested by 

the largest spacing between the first two adjacent fringes among all the reflectivity curves 

in (a) (T ∝ 1/∆f)34.  Side chains at the Pc film/silane interface (Layer 5) tilted ca. 60º 

away from the normal axis and the same degree of side chain tilt was inferred for Layer 3, 

with higher side chain tilt angles (ca. 78º) in Layer 1.  The 0M100P modification 

produced a Pc bilayer with a total thickness of 76.0 Å (± 8 Å).  This is directly related to 

the smallest spacing between the first two adjacent fringes as well.  Assuming nearly 

upright Pc cores in these as-deposited films suggests that the side chains in Layers 1, 3 

and 5 were fully extended, i.e. that a very different packing structure in these Pc films is 

introduced with the 100 % phenyl-silane modifier.  Intermediate degrees of side chain tilt 

were inferred for the 25M75P, 50M50P, and 75M25P substrates.  The 50M50P 

modification produced a Pc bilayer with a total thickness of 67.2 Å, in between that of  

0M100P and 100M0P modifications.  The orientation/tilt model of the 50M50P case has 

been bulit upon the results of Figure 3.7 in 3.3.3.  The Pc side chains in Layer 5 appear to 

change their average tilt angles in a systematic fashion, from 0º on a 0M100P surface to 

ca. 40º on a 50M50P surface and ca. 60º tilt on a 100M0P surface.  The tilt angles of the 

side chains in Layer 3 (ca. 50-60º) were essentially independent of the substrate surface 

composition. 

          Comparison was also made for as-deposited single bilayers of Pc 1, on bare Si (100) 

substrates and on substrates modified with a 50:50 mixture of M- and P-silanes (Figure 

3.11 (a)).  The parameters leading to the best fit on bare Si are listed in Table 3.5.  The 

most significant difference between these two reflectivity curves is the position of the 
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critical angle.  Pc films deposited on unmodified substrates showed a significantly higher 

critical angle (critical wave vector transfer qc of 0.061 Å-1) than that of bilayers on 

modified substrates (qc of 0.029 Å-1).  This was most likely due to the exposure of surface 

oxide to the bilayer as a result of poor film transfer from the LB trough, making the 

effective density of the surface layer higher.  There was also a dramatic decrease in the 

density of the copper layer (ca. 1.5 g/cm3, Table 3.5) relative to films deposited on 

modified surfaces.  This density difference was most likely due to the formation of lateral 

domains and islands of Pc 1.  This has been confirmed in previous AFM studies which 

showed  poor quality film transfer between the LB bilayer of Pc 1 and the bare oxide 

substrate.15 A layer-by-layer thickness analysis on the as-deposited film of Pc 1 on 

unmodified substrates suggested (Schematic (b) in Figure 3.11) that both the top and 

bottom side chains were fully extended along the normal axis.  Side chains sandwiched in 

between the upright Pc cores, however, were tilted ca. 70º away from the normal.  The 

overal thickness of the bilayer on unmodified Si substrate (65.0 Å) is almost identical to

that of the one produced from the modified substrate (67.2 Å).  Thus the Pc film has 

adopted more tilt in the sandwiched side chains (Layer 3) but less tilt in the sidechians 

interfacing to the substrate (Layer 5), as compared to the film on the modified substrate. 
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Figure 3.11    (a) XRR of a single bilayer film of Pc 1 (as-deposited) on Si (100): 
I is the unmodified bare Si and II is the modified Si with a mixture

                        of P- and M-silanes.  Highlighted is the critical angle region.   
(b) Schematics of orientation models for the single bilayer Pc 1
 on both bare and modified substrates, corresponding to data in (a). 
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Table 3.5    XRR fitting parameters of the as-deposited single bilayer of Pc 1 on 
          bare Si (100) substrate.  
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3.3.5  Impact of Annealing 

          A pre- and post- annealing (at a temperature above that of the crystalline to liquid 

crystalline transition) comparison of the XRR data for a single bilayer film on a 50:50 

mixture of M- and P- silanes modified Si (100) is shown in Figure 3.12 (a) with fitted 

parameters shown in Table 3.6.  Model schematics for this data are shown in Figure 3.12 

(b).  Changes are seen in the total thickness of the Pc bilayer (ca. 46.4 Å for the annealed 

films vs. 67.2 Å for the as-deposited film).  This decrease in the overall thickness is 

modeled as an increase in the average tilt angle of all of the side chains, with no change 

in the orientation of Pc cores.  Even Layer 1 (the upper portion of the side chains 

interfacing to air) had to be modeled with a significant effective tilt of the side chains, as 

in the interior layers.  These apparent changes in tilt angle are consistent with an overall 

densification of the thin film material, and a certain degree of interdigitation of the 

benzyl-terminated side chains with the phenyl groups on the modified surface.    

3.4     XRR Characterization of Multilayers of Pc 1 on Hydrophobized Si

3.4.1  XRR of 2, 4, and 14 Bilayers of Pc 1

          Multilayer films of Pc 1 were constructed through a bilayer-by- bilayer deposition 

approach that resulted in a copper-copper “superlattice” (inset schematic, Figure 3.13).  

The strong registry in the copper-copper layer spacing in these annealed multilayers 

along the normal axis was apparent in both the 1st and 2nd order Bragg reflections,  shown 

in Figure 3.13.  As the number of bilayers deposited increases, the total film thickness 

increases as reflected by the change in frequencies of the fringes among these curves 
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Figure 3.12    (a) XRR of a single bilayer film of Pc 1 on a 50:50 mixture of M-
and P-silane modified Si (100): I is the as-deposited film and II is 
the annealed film.  (b)  Schematics of orientation models for the 
single bilayer Pc 1 before and after annealing in vacuum.  Models 
are derived from the results of (a).  
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Table 3.6    XRR fitting parameters of an annealed single bilayer of Pc 1 on a 50:50 
                    mixture of M- and P- silane modified Si (100) substrates.   
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(higher frequency, smaller spacing between adjacent fringes, and thicker film in general).  

The Bragg reflections became sharper as more bilayers were deposited due to the 

presence of more repeating copper-copper units along the surface normal.  The width of 

these Bragg reflections is inversely proportional to the coherence of this ordering.38

3.4.2  Modeling with Repeating Units and Orientation Models of Multilayers

          Bragg’s law dictates a copper-copper layer spacing of ca. 24 Å (Table 3.7) with 

corresponding reflections independent of the number of bilayers (n).  Models for Pc 1

multilayers were presented in repeating units, shown in Figure 3.14.  The top half of the 

Pc core and the top side chains from layer A, together with the bottom side chains and the 

bottom half of the Pc core from layer A+1 constitute a repeating unit.  The number of 

repeating units (N) in a multilayer system was determined by the number of bilayers (n) 

deposited: N = 2n-1.  Therefore, the two bilayer film was treated as a superlattice with 

three repeating units.  Similarly, seven repeating units were fitted for the four-bilayer and 

twenty-seven repeating units for the fourteen-bilayer films.  The overall film thickness, 

estimated from the frequency of the Kiessig fringes and calculated from the spacing 

between the first two adjacent fringes (T ∝ qz
-1),34  was 11.4 Å for the two-bilayer, 23.4 

Å for the four-bilayer, and 72.1 Å for the fourteen-bilayer.  Models of multilayer films of 

Pc 1 at various thickness suggest a tilt of ca. 50-60° away from the normal axis in the 

bottom side chains and approximately the same amount of tilt (ca. 65°) in the side chains 

sandwiched between Pc cores which were set upright (Figure 3.14).  The very top layers 
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Figure 3.13    XRR of annealed multilayer films of Pc 1 on Si (100), hydrophobized
with a 50:50 mixture of M- and P- silanes;  (a) 14 bilayers;  (b) 4  
bilayers; (c) 2 bilayers;  Inset schematic demonstrates the copper
superlattice present in multilayer films, deposited from a bilayer-by-
bilayer approach. The periodicity in these superlattices is dominated
by Bragg’s  law.  
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Table 3.7    XRR fitting parameters of annealed multilayers of Pc 1 on Si (100), 
                    hydrophobized with a 50:50 mixture of M- and P- silanes. 
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Figure 3.14    Schematics of models for horizontally transferred LB multilayer films
of Pc 1 (annealed) on Si (100), hydrophobized with a 50:50 mixture of 
M- and P-silanes; model construction based on XRR results from 
Figure 3.13. 
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of these films were fitted individually, as they did not make a complete repeating unit,  

and were essentially fully extended to meet the thickness requirement.  Multilayer models 

favored upright Pc cores along the normal axis as well as approximately the same amount 

of tilt in the sandwiched side chains between Pc cores.

3.4.3  XRD of Multilayer Films of Pc 1

         Multilayer film XRD studies showed Bragg reflections corresponding to the copper 

superlattice with a spacing of ca. 23 Å along the normal axis.  The reflections were 

present in films as thin as two bilayers and became well-defined at three bilayers (Figure 

3.15(a)), suggesting an extremely rigid ordering in this system.  If a hexagonal closed-

packed packing geometry was assumed, one can derive the lateral periodicity D from the 

vertical spacing d (D = d /sin60º), demonstrated in schematic (b) of Figure 3.15.  The 

estimated column diameter of Pc 1 was ca. 27 Å, consistent with the lateral periodicity 

reported from AFM studies (Figure 3.2).14-16

3.4.4  Preliminary Powder XRD Characterization

          XRD measurements were also performed on well-ground powders of Pc 1 to 

acquire all the possible reflections in its bulk phase.  Only a few reflections were 

observed (Figure 3.16 (a)), typical for liquid crystalline (LC) and/or polycrystalline 

materials.39-41  The dominant Bragg reflection around 3.8° in 2θ corresponded to a d-

spacing of ca. 23 Å and was attributed to the intercolumn ordering (Figure 3.16 (b)), with 

Pc molecules in the bulk structure aggregated in well-aligned columnar structures.  This  



120

Figure 3.15    (a) XRD of annealed multilayer LB films of Pc 1 on Si (100), with 
a 50:50 mixture of M- and P-silane modification.  a) 1 bilayer; 
b) 2 bilayer; c) 3 bilayer; d) 4 bilayer.  (b)  Schematics of  a hexagonal
close packing and the correlation between the superlattice periodicity
d and intercolumn spacing D. 
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Figure 3.16    (a) Powder XRD of Pc 1 with both low and high angle regions
highlighted and fitted with multiple peaks, shown in the insets. 
(b) Schematics of intercolumn ordering at a spacing d and 
intracolumn ordering at a spacing d”. 
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is the preferred orientation for Pc 1 in the bulk phase.  Reflections were also observed in 

the large angle regime (ca. 26° in 2θ) corresponding to a characteristic spacing d” of ca. 

3.5 Å.42  The d” spacing was close to the van der Waals distance of the intracolumn or 

inter-molecular spacing, depicted in schematic (b) as well.  Both intercolumn and intra-

column reflections were highlighted and fitted with multiple peaks (inset, Figure 3.16 

(a)). These broad Bragg reflections are expected in these LC materials since 

imperfections are present and the ordering may only be sustained in one or two 

dimensions over distances of less than ca. 100 nm.  While the width of a Bragg reflection 

usually indicates the correlation/coherence in the corresponding order, the actual 

correlation length can be estimated with the Scherer formula (L = 0.9λ /FWHM cosθ).38

A correlation length up to ca. 400 Å was found in the dominant reflection at a d spacing 

of ca. 23 Å, considered the lower end of this ordering.  Correlation with regard to the 

inter-column ordering is expected to be infinite in an ideal case when multilayer Pc films 

are built through a bilayer-by-bilayer deposition procedure.  The intracolumn ordering 

(d”) seemed to invovle coherence up to ca. 250 Å in the powder phase.  Much larger 

coherence in d” has been observed in AFM studies of these columnar aggregates of Pc 

1.15,16  Correlation lengths as large as ca. 2500 Å have been seen in LB films of these Pc 

materials with further optimization likely through additional substrate modifications 

and/or reduction of vibrations during horizontal film transfer from the LB trough. 
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3.5     XRR Characterization of Monolayers of Pc 2 on Hydrophobized Si

3.5.1  XRR of As-Deposited Monolayers of Pc 2

          2,3,9,10,16,17,23,34-octakis(2-cinnamyloxyethoxy) copper (II) phthalocyanine (Pc 

2), self-organizes into columnar aggregates and forms rigid monolayers on a Langmuir-

Blodgett trough as indicated by the pressure-area isotherm in Figure 3.17.  The 

monolayer transition occurs at ca. 97 Å2/molecule beyond which the film collapses and is 

eventually compressed into fibers.  The monolayer transition of Pc 2 occurs at a much 

lower pressure compared with that of Pc 1 and the fibers of Pc 2 were not as robust as 

those of Pc 1.  Thin LB monolayers and multilayers of Pc 2 have been horizontally 

transferred to Si (100) substrates which were hydrophobized with a 50:50 mixture of M-

and P-silanes, for XRR studies.  Coherent aggregates were seen in the as-deposited 

bilayers at a column-column spacing (lateral periodicity) of ca. 21 •, , inferred from 2D 

Fast Fourier Transform  analysis of the AFM image (Figure 3.18).  Reflectivity curves of 

single monolayers of Pc 2 on hydrophobized Si (100) are shown in Figure 3.19. 

3.5.2  Three-Layer Sample Model and Fitting

          For modeling purposes, the Pc 2 monolayer was divided into three separate layers 

(inset, Figure 3.19), utilizing the strong density contrast at the copper/organic interfaces.  

The row of central copper atoms was treated as a copper layer with the Pc cores and 

surrounding side chains treated as top and bottom organic layers.  The hydrophobized 

substrates were treated with the two-layers model as in 3.2.4, i.e. an oxide and a silane 

modification layer built upon silicon substrates.  This three-layer sample model allowed 
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Figure 3.17    Pressure-area isotherm of Pc 2 compressed into rigid monolayers on a 
  Langmuir-Blodgett trough, compared with that of Pc 1.  There is only
  one transition, labelled with π, at ca. 98 Å2/molecule during which 
  rigid monolayer is formed with  Pc column axis running parallel to 
  the air/water interface. The transition occurrs at a much lower pressure
  than the first transition of Pc 1. Beyond the monolayer transition, the
  film collapses and eventually folds into robust fibers.16,18
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Figure 3.18    Contact mode AFM images of as-deposited bilayers of Pc 2 on Si (100),
hydrophobized with a 50:50 mixture of M- and P-silanes.  Both (a) and
(b) are friction images taken in liquid.  Pc 2 molecular columns are 
clearly seen in both images with column axis indicated by the arrows. 
Intercolumnar spacing  of ca. 21 Å is suggested by 2D Fast Fourier 
Transform analysis (FFT).  
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Figure 3.19 XRR of a monolayer LB film of Pc 2, as-deposited, on Si (100),  
modified with a 50:50 mixture of M- and P-silane. (a) is the 
experimental reflectivity curve and (b) is the simulated curve 
based on a three-layer sample model of Pc 2 and a  two-layer 
sample model of the hydrophobized Si substrate. 
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Table 3.8    XRR fitting parameters of as-deposited monolayers of Pc 2 on a 50:50 
                    mixture of M- and P- silanes modified Si (100) substrates.   
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for a good fit between experimental and simulated curves as shown in Figure 3.19 and 

fitted parameters are listed in Table 3.8.  The thickness of a monolayer film would be ca. 

42 Å if the Pc molecules stand edge-on to the substrate with fully extended side chains.  

A total thickness of ca. 23 Å was derived instead, suggesting significant tilt in the as-

deposited film. The best fit copper layer density was ca. 2.5 g/cm3, even smaller than that 

for the bilayer of Pc 1 (3.5 - 4.5 g/cm3). This is an indication of having lateral 

microstructure in the monolayer.  The roughest interface was the bottom organic/Cu 

interface; most likely due to a wide range of tilt in the bottom side chains throughout the 

monolayer. This heterogeneous tilt in the bottom side chains can also explain the 

decrease in the effective copper layer density considering the perturbation it introduces to 

the copper layer alignment, i.e. widening of the copper layer along the normal axis.   

3.5.3  Impact of Annealing and Polymerization 

          Vacuum annealing at the liquid crytalline phase transition is expected to facilitate 

ordering in thin films of phthalocyanines in general.  The annealing effect on the ultrathin 

monolayer of Pc 2, together with the effect of photopolymerization (contribution from the 

styrene functionalities in the side chains when properly aligned) is discussed here.  A 

comparison of the XRR data for monolayer films of Pc 2 on hydrophobized Si (100) was 

made for as-deposited, vacuum annealed, and polymerized cases (Figure 3.20 (I) with 

model schematics for this data shown in (II)).  No obvious change in monolayer thickness 

was observed because spacings between the first two fringes did not show significant 

difference between these curves. 
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Figure 3.20    (I) XRR of monolayer films of Pc 2 on a 50:50 mixture of M- and P-
silane modified Si (100): (a) is the as-deposited film, (b) is the vacuum
annealed film, and (c) is the polymerized film.  The inset schematic 
represents a still model of Pc 2 with a diameter of  42 Å.   (II) shows  
orientation models for monolayers of Pc 2, corresponding to the results 
from (I). 
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Table 3.9    XRR fitting parameters of annealed and polymerized monolayers of Pc 2
                    on a 50:50 mixture of M- and P- silane modified Si (100) substrates.   
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          Layer-by- layer thickness analysis (Table 3.9) was again conducted to derive 

orientational/tilt information about monolayers of Pc 2.  Slight modification in the length 

of side chains when fully extended was done to the still model of Pc 1 to construct the 

model of Pc 2 (inset schematic, Figure 3.20 (I)).  Unfortunately, neither the “top-down” 

nor the “bottom-up” approach led to unique combinations of the thickness profile.  Based 

on the knowledge gained from bilayers of Pc 1, a cofacial/upright core configuration was 

assumed to simplify the thickness analysis.  This is a reasonable analogy considering the 

similarity in their molecular structures.  The cofacial core orientation has proved to be the 

most rational choice for alkoxy side chain modified Pcs as discussed later in Chapter 4.  

This approach was used to generate the models of Pc 2 shown in Figure 3.20 (II) with 

dramatic effective tilt in side chains, independent of their pretreatment. Annealing 

introduced more tilt in the bottom side chain (67° away from the normal vs. 52-55°) and 

resulted in the thinnest film.  This is an indication of densification of the monolayer upon 

annealing.  The impact of polymerization was not as obvious since as-deposited and 

polymerized films did not show any significant difference along the normal axis, which 

supports the lateral photolysis/crosslinking speculation. 
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3.6     XRR Characterization of Multilayers of Pc 2 on Hydrophobized Si

3.6.1  XRR of Bilayer Flms of Pc 2 (As-Deposit, Annealed, and Polymerized)

AFM studies on annealed and polymerized bilayer films of Pc 2 demonstrated an 

increase in the lateral periodicity (intercolumn spacing) with respect to that of the as-

deposited film.  Figure 3.21 displays both large and small scale images of the annealed 

bilayer.  Bifurcation in these molecular columns was observed at large scales (300 nm × 

300 nm); however, better coherence was seen at smaller scales (125 nm × 125 nm).  The 

lateral periodicity in the annealed bilayer was ca. 32-36 Å; about 1.5 times that of the as-

deposited film (ca. 21 Å).  The polymerized bilayer became more heterogeneous with 

respect to the intercolumn spacings (ca. 46-66 Å) as shown in Figure 3.22.  The 

polymerized molecular columns were clearly much wider (up to 3X) than the 

unpolymerized ones.  Cross-linking among adjacent columns is speculated to be the 

driving mechanism of polymerization in the thin film phase.  XRR was used here as a 

complimentary technique to probe bilayer structural/orientational change as a function of 

annealing and polymerization.  The experimental and fitted reflectivity curves of bilayers 

of Pc 2 are shown in Figure 3.23 (a).      

3.6.2  Sample Modeling, Fitting, and Orientation Models

          The best fit between experimental and simulated data was found based on a five-

layer sample model, identical with the model used for bilayers of Pc 1.  Even though 

bilayers of Pc 2 were deposited layer-by- layer from monolayers, the organic portion from 

both top and bottom monolayers that was sandwiched between copper central layers was
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Figure 3.21    Contact mode AFM images of annealed bilayers of Pc 2 on Si (100),
hydrophobized with a 50:50 mixture of M- and P-silanes.  Both (a) 
and (b) are friction images taken in liquid. Pc 2 molecular columns 
are indicated by the arrows. Intercolumnar spacing of ca. 32-35 Å 
is suggested by 2D Fast Fourier Transform analysis (FFT).  
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Figure 3.22    Contact mode AFM images of polymerized bilayers of Pc 2 on Si 
(100), hydrophobized with a 50:50 mixture of M- and P-silanes. Both
(a) and (b) are friction images taken in liquid. Pc 2 molecular columns
are indicated by the arrows. Intercolumnar spacing  of ca. 45-60 Å is 
suggested by 2D Fast Fourier Transform analysis (FFT).  
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considered as one layer (identical to Layer 3 in Pc 1) since no significant density 

constrast was present.  Layer-by- layer analysis was conducted based on the fitted 

thickness parameters in Table 3.10 to derive orientation/tilt models of these bilayers.    

          The as-deposited bilayer demonstrated the biggest overall thickness (63.2 Å) but 

was thinner than bilayer of Pc 1 (67.2 Å).  This is likely due to significant tilting and/or 

interdigitation in the sandwiched side chains (Layer 3).  Assuming cofacial configuration 

of the Pc cores, the styrene-modified side chains of Pc 2 are longer than the styrene-free 

side chains of Pc 1.  The thickness profile of the as-deposited bilayer Pc 2 was best fit 

with fully extended top side chains, a tilt of ca. 76º (away from the normal axis) in the 

sandwiched side chains, and a tilt of ca. 57º in the bottom side chains (Figure 3.23 (b)).  

This orientation model, however, can be deceiving since the sandwiched side chains from 

both top and bottom monolayers may not necessarily be tilted in a symmetric fashion.  

An effective thickness of ca. 6.8 Å (>> Cu2+ dimater of 1-2 Å) and density of 0.9 g/cm3

(< denisty of organics at ca. 1 g/cm3) for the top copper layer (Table 3.10) seemed 

unrealistic.  This is probably a reflection of having various degree of tilt in the interfaced 

side chains.  In other words, the alignment of the top copper row was disturbed by the 

heterogeneous tilt in the side chains underneath; the effective copper layer width was 

therefore broadened, causing a decrease in the effective density.  Annealing produced a 

bilayer of total thickness of 41.6 Å and introduced much more tilt to the side chains.  The 

top side chains have gone from upright to tilted at ca. 58º away from the normal; both the 

bottom side chains (83º vs. 57º) and the sandwiched side chains (81º vs. 76º) have seen 

more tilt upon being annealed.  Higher tilt in the sandwiched side chains, i.e. shorter
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Figure 3.23    (a) XRR of bilayer films of Pc 2 on a 50:50 mixture of M- and P-
silanes modified Si (100): set a is the as-deposited film, set b is the 
vacuum annealed film, and set c is the polymerized film.  In every
set, the solid line refers to the experimental data and the dashed line 
refers to the fitted data. (b) are schematics of orientation models for
bilayers of Pc 2, corresponding to the results from (a). 
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Table 3.10    XRR fitting parameters of as-deposited, annealed and polymerized 
bilayers of Pc 2 on a 50:50 mixture of M- and P- silane modified Si 
(100) substrates.   
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effective thickness of Layer 3, is likely caused by a greater degree of interdigitation.  

Lateral interdigitation can lead to broadening of the molecular columns, consistent with 

the larger intercolumn spacing seen in AFM studies.  More tilt in the bottom side chains 

is likely due to the reorganization of the phenyl-terminated side chains to minimize the 

steric interaction with the phenyl moities at the hydrophobized surface.  A certain degree 

of interdigitation of the benzyl-terminated side chains with the phenyl groups on the 

modified surface is a possibility as discussed previously for the annealed bilayers of Pc 1.

          The polymerized  bilayer of Pc 2 can be described with a model very similar to that 

of the as-deposited bilayer.  The thickness profile required that the top side chains be 

upright, the sandwiched side chains be tilted ca. 75º away from the normal, and the 

bottom side chains be tilted ca. 66º  away from the normal.  There was less tilt in the 

polymerized side chains compared with the annealed side chains and the overall thickness 

of the bilayer increased by ca. 15 Å (57.7 Å vs. 41.6 Å) upon photopolymerization.  

Crosslinking, both vertical (along the normal axis between interdigitated side chains from 

both top and bottom monolayers) and lateral (among the neighboring side chains from 

different columns in either top or bottom or both monolayers) is very likely as long as 

styrene functionalities were appropriately aligned.43  The vertical crosslinking can add 

constrains to the sandwiched side chains, supported by the decreased amount of tilt.  The 

lateral crosslinking would make differentiating neighboring columns more challenging, 

via AFM, consistent with the broadening of intercolumn spacing seen in this technique.  

Photopolymerization along the column axis (in-plane/linear) among adjacent molecules is 
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also possible but not observed in the current study due to the resolution limit of AFM and 

the directional information, probed by XRR only along the normal axis.    

3.6.4  14-Monolayer Film of Pc 2: Comparison with 14-Bilayer Pc 1

          Multilayer films of Pc 2 were constructed through a layer-by-layer deposition 

approach that also resulted in a copper-copper “superlattice” as indicated by the 1st and 2nd

order Bragg reflections in Figures 3.24 a through c.  Table 3.11 includes a summary of 

the Bragg reflections (primarily the first order reflections) and their corresponding 

copper-copper superlattice spacing d and the lateral intercolumn spacing D, assuming a 

hexagoal close packing of these molecular columns as described previously in 3.4.3.  The 

primary Bragg peak for as-deposited films of Pc 2 occurs at ca. 3.38° in 2θ, suggesting a 

larger Pc column-column separation (30.2 Å) versus that seen for films of Pc 1 (27.5 Å).44

Annealing and polymerization of thin films of Pc 2 shift the Bragg peak back toward 

higher angles, suggesting a decrease in the separation distance between Pc columns to ca. 

27.7 Å, which is closer to that seen for the annealed films of Pc 1.  Kiessig fringes are 

seen in all of the X-ray reflection data and are an indication of films with a uniform 

thickness (sharp air/film interface) on a smooth substrate.34  Annealing films of Pc 1 and 

2 clearly enhanced uniformity, while polymerization of Pc 2 increased the surface and/or 

interface roughness and reduced the relative intensity of the fringes.  The width of the 

Bragg peak is inversely related to the coherence of these assemblies in the z-direction.

Increases in this width, especially for the polymerized thin films, suggest less uniform 

copper-copper superlattice spacing in the z-direction for thin films of Pc 2, 
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Figure 3.24 XRR multilayer films of Pc 1 and 2 on a 50:50 mixture of M- and P-
silanes modified Si (100): (a) is the as-deposited 14 layer film of Pc 2; 
(b) is the annealed 14 layer film of Pc 2; (c) is the polymerized 14 layer
film of Pc 2.  (P) is the annealed 14 bilayer film of Pc 1. 
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Table 3.11    Bragg reflection (1st order) and its corresponding lattice spacing (d) 
                      and the estimated intercolumn spacing D 
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versus the annealed films of Pc 2.  The decreasing superlattice spacing in the z-direction 

observed in the multilayer film XRR studies and the increasing in-plane x-y lateral 

column-column spacing in the bilayers measured by AFM discussed in the presvious 

section are not necessarily in conflict.  It is possible that multiple pseudo-hexagonal 

lattices with alternative lattice terminations and/or distored rectangular lattices dominate 

the packing in multilayers of Pc 2, leading to similar or slightly smaller lattice spacing d 

as measured with Bragg reflections, but quite different lateral periodicities in AFM 

studies.  Another possiblity is that the multilayer packing is different from that of the 

initially deposited monolayers: substrate chemical modification may have a larger impact 

on the initially deposited material than on the layer-by-layer deposited bulk material. 

3.7     Potential Application of XRR in Orientation Studies

3.7.1  Ultra Thin SAMs on Smooth Substrates

          XRR has a wide range of application in thin film studies due to its high sensitivity 

in probing small electron number/mass density constrast and its unique capbility in suface 

and interface studies.  It can be used to probe ultra thin self assembled monolayers 

(SAMs), such as thiol SAMs on smooth Au substrates.  The strong density contrast at the 

Au/thiol interface would facilitate accurate determination of thickness of the ultra thin 

layer, the interfacial roughness, and the packing density of SAMs with this technique.  

Even for extremely short thiol chain lengths, orientational (mainly tilt aways from the 

normal axis) information about the SAM layer can be derived.  Compared with the 

conventional RAIRS technique used in characterizing SAMs layers,45-49 XRR provides an 

alternative approach that allows for fast and accurate orientation estimation. 
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3.7.2  Layer-by-Layer Deposited Organic Films on Smooth Substrates

          Vacuum deposited organic thin films such as pentacene have been widely used in 

device fabrication.  XRR can be used to characterize these thin films esepecially when 

they are deposited through a layer-by- layer approach. Beside accurate thickness 

determination, XRR provides information on the packing density of these organic layers 

which facilitates the understanding of the ordering in a layer-by- layer constructed system; 

and the ordering as a function of film pretreatment, such as annealing and chemical 

modification. 25, 50-56

3.8     Conclusion 

          The organization of an organic semiconductor thin film at the oxide/organic 

interface in an organic field-effect transistor (OFET) is predicted to play a critical role in 

the transport of charge and the determination of device characteristics, especially in the 

saturation region, where majority carriers accumulate at this interface and provide the 

conductive pathway.12,13,41  It is clear that there can be substantial variability in the 

coherence and thickness of a single monolayer or bilayer of LB films of a discotic 

mesophase material like Pc 1, and it is expected that this variability extends to other thin 

film discotic mesophase materials regardless of the deposition method.1-11,14-18  We have 

shown here that if there is sufficient electron number density contrast in the material, 

XRR with conventional X-ray sources can provide adequate signal-to-noise, in 

reasonable data acquisition times to allow for structural characterization of the first-

deposited monolayer or bilayer of materials.  It is further clear that, for our liquid 
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crystalline Pcs with benzyl-terminated side chains, that the interaction between the 

termini of these side chains and the substrate modifiers can be critical, determining not 

only the total thickness of the Pc film, which is related to the packing of the side chains, 

but also to some extent the orientation of the Pc disks within the bilayer film.  The studies 

presented here confirm earlier micron-scale AFM studies of these same materials which 

showed that a silicon-oxide surface modified with a 50:50 mixture of methyl- and 

phenyl-terminated silanes provided the optimum interaction with single bilayers of these 

Pc films, and the most coherent films (in x,y, and z).15,16,18,19  In those earlier studies it was 

suggested that the spacing of the phenyl groups in the surface modifier (ca. 7.1 • average 

separation distance in the 50M50P modified surface) would accommodate the 

interdigitation of the terminal benzyl groups in the side chains of the Pc with these phenyl 

surface modifiers, in an orientation which favors “edge-to-cofacial” interactions, which 

are believed to be a preferred type of interaction between phenyl rings.42,43  These 

interactions, if reinforced for sufficient coherence lengths in an organic film, can lead to a 

type of “commensurate epitaxy,” proposed by Ulman and Scaringe,44 which reinforces the 

coherence in a thin film of molecular aggregates held together by purely weak (van der 

Waals) forces.  The XRR studies here suggest that the 100P modified surface does not 

allow for that type of interaction and creates an as-deposited thin film which is thicker, 

with more extended side chains, and less coherence than the 50M50P surface.  The 100M 

surface provides for better packing of the side chains in the as-deposited films, but still 

does not result in the type of interdigitation, and the coherence seen in the thin films 

deposited on the 50M50P modified surfaces.
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          These studies also show that horizontally transferred Langmir-Blodgett multilayer 

films are not in their most stable packing architectures, but are closest to that point for 

films deposited on the 50M50P surfaces.  Prolonged annealing at temperatures above the 

liquid crystal (LC) transition of these discotic materials produces Pc 1 multilayers with a 

true copper superlattice and side chains packed to an optimal extent.  The derived 

hexagonal close-packed (hcp) packing models showed agreement between XRD and 

AFM studies on the lateral periodicity in these films.  Powder XRD studies indicated the 

dominance of Pc columnar aggregates even in the bulk phase material.  Correlation 

lengths, estimated from the widths of Bragg reflections, were essentially the lower limits 

to their corresponding order in thin films.  Extended coherence was observed in LB films 

of this material with further optimization to be achieved in films deposited on properly 

modified substrates. 

          These studies are now being extended to further thin film processing conditions 

which can extend the coherence of these aggregates to greater length scales, and to new 

discotic mesophase systems which form both hexagonal, and distorted rectangular 

columnar assembles.45  There is also substantial interest in determining how the electrical 

properties of these assemblies are influenced by the coherence lengths in these 

aggregates, especially where the electrical properties are measured primarily on sub-

micron length scales.
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Chapter 4

Structural Characterization of Alkoxy vs. Thioether 

Side chain Modified Phthalocyanines

4.1     Introduction

The microscopic structure of discotic mesophase materials, primarily columnar 

aggregates, is believed to be critical in determining charge mobilities along the column 

axis, which in turn will govern their utility in device applications such as organic field 

effect transistors (OFET)  and organic photovoltaics (OPV).1-13  Solution-processability is 

a desirable feature of these materials, and several strategies have been developed to create 

thin films of columnar aggregates of these molecules with columns lying parallel to the 

substrate plane so that charge mobilities can be optimized between source and drain 

electrodes.13  Creating columnar aggregates whose long axes are perpendicular to the 

substrate plane, a requirement for efficient OPVs, has been more problematic, typically 

producing thin films of mixed aggregate orientations.14

          The structure and growth properties of two related benzyl terminated, octa-alkoxy-

substituted phthalocyanines (Pcs) -- 2,3,9,10,16,17,23,34-octakis (2-benzyloxyethoxy) 

copper(II) phthalocyanine (Pc 1), and 2,3,9,10,16,17,23,34-octakis (2-

cinnamyloxyethoxy) copper(II) phthalocyanine (Pc 2) were studies in Chapter 3.  More 

recently thioether versions of Pc 1 and 2: 2,3,9,10,16,17,23,34-octakis (2-

benzyloxyethylsulfanyl) copper(II) phthalocyanine (Pc 3), and 2,3,9,10,16,17,23,34-

octakis (2-cinnamyloxyethylsulfanyl) copper(II) phthalocyanine (Pc 4) have been 
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developed.15-17 Previous studies of Pc 1 - 4 have shown that the alkoxy and thioether-

based side chains lessen the solution aggregation of these molecules, versus other side 

chains that are alkane-, carboxylate-, or amide-linked.18  The terminal benzyl groups add a 

critical additional point of interaction in the molecular assembly, leading to easily 

transferred and highly coherent columnar aggregates in Langmuir-Blodgett thin films, as 

revealed by both Atomic Force Microscopy and X-ray reflectometry studies.11, 12, 19, 20 The 

thioether analogues of discotic mesophase materials have shown stronger intermolecular 

interactions (higher temperatures to achieve the crystalline-to-liquid crystalline transition) 

and higher charge mobilities in their aggregated states, apparently as a result of the 

sulfur-sulfur contacts in adjacent Pc rings.  Each sulfur-sulfur interaction can contribute 

to aggregation with approximately the same interaction strength as a hydrogen bond, and 

provide an additional through-space pathway for charge migration.21-23

          This chapter focuses on the structural characterization of both the room 

temperature and the liquid crystalline phases of Pc 1 through 4, using temperature 

dependent X-ray diffraction.  The ordering in aggregates of Pc 1 and 3, is compared first.  

Pc 2 and 4 are compared next; the styrene functionality in their side chains allows for 

photoinitiated (2+2) cyclo-addition to occur when styrene groups in adjacent Pcs are 

properly aligned.24  Previous studies have shown that LB multilayer films of Pc 2 could 

be rendered insoluble in common solvents and micron-scale lithography was possible to 

achieve patterned films containing aligned Pc columns.12  The impact that these styrene 

groups have on ordering in both the room temperature and the liquid crystalline phases 

was shown in addition to the first example of the stabilization of the LC-mesophases of 
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both Pc 2 and 4 by photolysis of these styrene groups at temperatures sufficient to 

maintain the LC-mesophase was demonstrated.   

4.2     Self-Organization 

          Alkoxy-based liquid crystalline copper phthalocyanines (Pc 1 and 2) and their 

thioether-based analogues (Pc 3 and 4 ) are shown in Figure 4.1.  The two classes of 

molecules are distinguished both by the alkoxy vs. thioether linkers of the benzyl-

terminated side chains, and by the styrene functionalities incorporated into the side chains 

of Pc 2 and 4.  Pc 1, 2, and 3 self-organize into columnar structures on a Langmuir-

Blodgett (LB) trough, which is a behavior observed for most of the benzyl terminated 

side chain modified Pcs examined to date.11, 26 The tendency toward self-organization also 

manifests itself on a macroscopic scale, and differences between the alkoxy side chain 

modified Pcs and the thioether side chain modified Pcs are most apparent in comparing 

the behavior of solutions of Pc 1 and 3 during solvent evaporation (Figure 4.2 (I)).  As 

the solution concentration of Pc 1 increases, as seen during the evaporation of a drop of a 

chloroform solution at the air/water interface, columnar aggregates form spontaneously, 

assembling in “cable-like” macroscopic structures, which polarized light microscopy 

arises mainly from a hexagonal mesophase.27, 28  Pc 3, in contrast, forms more crystalline, 

“fractal-like” films in such experiments.  Moderate sized single crystals can be harvested 

from dimethylacetamide (DMAC) solution as demonstrated in the polarized microscopy 

image in Figure 4.2 (II).17  Self-organization of Pc 2 at the air/water
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Figure 4.1    Structures of the phthalocyanine molecules (Pcs) focused in this chapter. 
                     Copper centered phthalocyanine core (Pc) is demonstrated to the top;
                     side chain modification R is shown in details to the bottom.  1 and 2 are 
                     oxygen- linked benzyloxyethoxy and cinnamyloxyethoxy side chain
                     modifications;  3 and 4 are sulfur-linked benzyloxyethylsulfunyl and
                     cinnamyloxyethylsulfunyl side chain modifications.   
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Figure 4.2    (I) Self-organizing phenomena of Pc 1 through 4 shown in polarized
microscopy images. All the Pcs are drop-cast from solution (chloroform
unless specified otherwise) onto the air/water interface and self-organize
into structures seen in these images upon solvent evaporation. Pc 1: 
fiber-like structure; Pc 3: fractal-like features; Pc 2: large intact film;
and Pc 4: ring network with fractal like structures from chlorobenzene.
(II) Single crystal images of Pc 3 (POM, plate-like) and Pc 4
(2um × 2um AFM, needle-like). 
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interface took a slightly different route with faster solvent evaporation than that of Pc 1

and generated large separated islands with fiber-like structures at the periphery.  Pc 4

generated a ring-shape network with “fractal-like” features that were birefringent.  These 

features are similar to those seen in Pc 3 except that they were products of chlorobenzene 

evaporation instead of chloroform.  A closer look at these “fractal-like” features was 

taken with AFM (Figure 4.3 a) on films transferred from the air/water interface to freshly 

cleaved HOPG.  Well-organized networks were observed for both Pc 3 and 4 at a lateral 

scale of 100 um.  Thin needle-like crystals of Pc 4 could be harvested from DMAC.  

These crystals were much smaller than the plate-like crystals of Pc 3 and tended to 

overlap on the surface as seen in the AFM image (Figure 4.2 (II)). 

  Self-organization also manifests itself in different ways as a function of solvents.   

The strength of solvent-Pc interaction is probably critical in determing the self-organizing 

behavior of these Pcs.  Pc 3 self-organizes into gel-like structures on HOPG upon being 

cast from chlorobenzene but forms sheet-like layered structures on the same surface when 

cast from trichlorobenzene (Figure 4.3 b and 4.3 c).  The layered stucture resembles 

features of the plate-like crystals of Pc 3 when cast onto smooth substrates from DMAC.  

The phenyl moity in the solvent is speculated to interact with the benzyl-terminated side 

chain, causing a weakening of the Pc-Pc core aggregation.  A larger impact on the degree 

of aggregation may be expected from trichlorobenzene since the phenyl groups are more 

electron-deficient than those in chlorobenzene.  Pc 4 self-organizes into large areas of 

fan-shaped features on HOPG upon being cast from trichlorobenzene (Figure 4.3 d).  The 

result is an extrememly well-ordered surface phase not seen in any other Pcs, nor
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Figure 4.3a    Tapping mode AFM images of Pc 3 and 4 films, transferred from the
air/water interface to freshly cleaved HOPG. Both films demonstrate 
the “fractal-like” features which are replication of the self-organizing 
phenomena observed through the solvent evaportation processes at the
air/water interfaces. 
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Figure 4.3b    Tapping mode AFM images of Pc 3 films, drop-cast onto freshly
                        cleaved HOPG from chlorobenzene.  Pc 3  has self-organized into 
                        gel-like structures on HOPG surface. The large height constrast is 
                        a reflection of having deep pinholes (dark features on the image) 
                        throughout the film. 
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Figure 4.3c    Tapping mode AFM images of Pc 3 films, drop-cast onto freshly
cleaved HOPG from trichlorobenzene.  Pc 3  has self-organized into 
layered structures on HOPG surfaces.  The feature in the top image 
may be a bundle of layers aligned along the normal axis in a ring shape
as the height contrast is significantly larger than the bottom image at a
similar lateral scale; layered structures are self-explanatory in the 
bottom image and reminiscent of one of the plate-like crystal of Pc 3.    
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Figure 4.3d    Tapping mode AFM images of Pc 4 films, drop-cast onto freshly
 cleaved HOPG from trichlorobenzene.  Pc 4  has self-organized 
 into fan-shaped structures on HOPG surfaces.   



156

with any other solvents.  Fine fiber-like structures were observed within these fan 

features, possibly an indication of Pc 4 attemping a local columnar aggregation.  

Understanding the ordering/molecular structure of these discotic Pc materials is cricital in 

further exploraion of  the nature of self-organization and for utilizing these self-orgnizing 

behaviors in device applications. 

4.3 A Summary of Findings

          Figure 4.4 is a tabular summary to this structure characterization chapter where X-

ray diffraction (XRD) and temperature-dependent XRD are the major tools of 

investigation.  The ordering in bulk materials of Pc 1 through Pc 4 at both room 

temperature (polycrystalline or crystalline) phase and liquid crystalline phase is 

investigated and compared. Oxygen-linked Pcs (Pc 1 and 2) demonstrate hexagonal and 

rectangular ordering respectively, with regard to the packing of the Pc molecular columns.  

Cofacial alignment among Pc molecular disks dominates the intracolumn ordering and is 

primarily short–range.29-36  Sulfur-linked Pcs (Pc 3 and 4), however, are much better 

ordered into monoclinic cells with Pc cores/disks tilted and aligned along the column axis 

(b axis) in the cell.36-39  It is speculated that sulfur-sulfur interaction is the driving force 

for this 3D ordering.17, 40, 41  At the liquid crystalline (LC) phase, oxygen-linked Pcs (Pc 1

and 2) are characterized by hexagonal packing of the molecular columns and have a 

significant decrease in coherence with respect to the intracolumn ordering.  Sulfur-linked 

Pcs (Pc 3 and 4) transit into 2D oblique phases and completely lose their long-range order 

along the column axis.  
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Figure 4.4    Roadmap of XRD and temperature-dependent XRD studies of Pc 1
through 4. Oxygen-linked Pc 1 and 2 demonstrate dominant cofacial 
packing of the disks along the column axis with either hexagonal or
rectangular packing of molecular columns at room temp. and dominant
hexagonal packing at the LC phases.  Sulfur-linked Pc 3 and 4 are much 
more ordered in 3D monoclinic cells with Pc disks tilted and aligned
along the column/b axis at room temp.17  At LC phases, sulfur-linked 
Pcs went into a 2D oblique phase, completely losing the long-range 
order along the column axis. Pc 2 and 4, with styrene functionalities
in their side chains, saw little change in ordering upon photolysis at r.t.,
but drastic change in ordering upon being photolyzed at their LC phases. 
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          Pcs 2 and 4, with styrene functionalities in their side chains, show little change in 

ordering upon photolysis at room temperature, but show drastic changes in ordering upon 

photolysis in their LC phases.  At room temperature, cross-linking is most likely the 

dominant mechanism of photolysis where (2+2) cycloaddition occurs among molecules 

of Pc 2 from the neighboring columns.  Linear polymerization, however, is probably the 

driving mechanism for Pc 4 considering the variation in the intracolumn spacing upon 

photolysis.  The sulfur-sulfur interaction, as speculated, can hold molecules at certain 

position and/or orientation, making polymerization of Pc 4 along the column axis a 

favorable route to take.  The original 3D ordering is therefore sustained in the photolyzed

materials.  At elevated temperaures, photolysis of the oxygen-linked Pc 2 generates a 

hexagonal phase, a higher symmetry phase relative to the original rectangular phase.  

This supports the proposed cross-linking mechanism and suggests that an optimal 

ordering, often achieved at the LC mesophase of discotic materials, can be obtained 

utilizing external forces such as photolysis/crosslinking.  Photolysis of the sulfur-linked 

Pc 4 at its LC phase leads to a 2D oblique cell.32, 38, 39  The loss of intracolumn ordering 

could be a replication of the original material at the LC phase or due to the constraints 

brought by polymerization among adjacent molecules along the column axis.  The 

intracolumn spacing here indicates the presence of Pc 4 dimers and suggests dimerziation 

as the leading mechanism of photolysis at the LC phase. 
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4.4     XRD Characterization of Alkoxy Side Chain Modified Pc 1

4.4.1  Powder XRD Full Pattern Analysis, Indexing, and Phase Identification

          The room temperature powder XRD pattern of Pc 1 (Figure 4.5 (II)) has only a few 

reflections which is typical for discotic mesophase/liquid crystalline materials.42  Most of 

the reflections ( labeled with asterisks in the zoomed portion of Figure 4.5 (II)) in the low 

angle regime (up to 12 º in 2θ) can be indexed into a hexagonal phase.38, 40  The dominant 

reflection (100) at 3.84 º in 2θ corresponds to a d-spacing of ca. 23.0 Å, from which the 

hexagonal dimension a is derived (a = d / (sin 60°)).11, 12, 43 Ordering along the column 

axis is suggested by the highlighted reflection in the high angle regime (23 º and above in 

2θ) that corresponds to a d-spacing of ca. 3.5 Å.  This spacing is at the Pc-Pc van der 

Waals packing distance, indicating a good cofacial alignment of Pc 1 along the column 

axis.33, 36, 41 Three additional well-defined reflections are present at low angles (as 

indicated by arrows in Figure 4.5 (II)) which suggest the presence of low concentration of 

an additional phase.  A 2D oblique cell is proposed to explain these additional reflections 

with little ordering along the column axis c.  The full pattern phase identification 

schematics are shown in Figure 4.5 (I) where the dominant phase is the columnar 

hexagonal (a = b = 28.1 Å; c = 3.5 Å; α = β = 90 º;    γ = 120 º; V = 2400.74 Å3) and the 

secondary phase is the 2D oblique (a = 23.0 Å; b = 21.3 Å).  Intracolumn ordering may 

be present for the oblique cell even though all the high angle reflections have been 

indexed with the hexagonal phase.  The rationale for this lies in the broad nature of these 

reflections which might have allowed overlapping of other weak reflections with 

extremely short coherence (Scherer formula:L = 0.9λ /FWHM cosθ).44, 45
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Figure 4.5     Powder XRD of Pc 1 (II) with schematics (I) of the ordering.  Most
                      reflections (highlighted by *) in the highlighted low angle regime fit 
                      in a hexagonal phase; the rest, as pointed by arrows, fit into a 2D oblique
                      phase. The hexagonal phase is dominated by cofacial alignment of the

          Pc disks as indicated by the reflection at 3.5 Å (001); the oblique phase, 
                      however, is possibly disordered when it comes to the intracolumn disk 
                      alignments. 
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These overlapped weak reflections might have been attributed to the intracolumn 

ordering of the secondary oblique phase since their corresponding spacings are in the Van 

der Waal window as well.  Full pattern indexing and comparison between the observed 

and calculated angular positions of all reflections can be found in Table 4.1.   

4.4.2  Temperature Dependent XRD and Reversibility in Phase Transition

          Figure 4.6 summarizes the temperature dependent XRD data as Pc 1 was warmed 

above its crystalline-to-liquid crystalline transition (K→LC, T = 75°C, Figure 4.6) and 

slowly cooled back to room temperature.  A single sharp reflection is seen at 3.624 ° in 

2θ at the LC phase, indicating a hexagonal phase with a dominant spacing d of ca. 24.4 Å 

and a corresponding hexagonal dimension a of 28.2 Å.  The correlation length to the (100) 

reflection is approximately twice (ca.15 Å) that seen at room temperature (ca. 8.5 Å),36, 39

which is indicative of a better intercolumn packing at the LC phase.  The single broad 

reflection at 26.0 ° in 2θ (h = 3.42 Å) suggests the presence of intracolumn ordering, 

primarily cofacial alignment among adjacent Pcs.  The correlation length to the (001) 

reflection, however, is much shorter than that seen at room temperature.  This 

degradation in coherence is most likely due to the behavior of fluid-like side chains upon 

heating which brought perturbation to the Pc cores.  The broad halo around 18–24° in 2θ
(H = 4.36 Å) is an indication of the liquid (disordered) nature in the side chains.38, 46, 47

The single intercolumn reflection (100) and the exclusive cofacial intracolumn alignment 

suggest a pure hexagonal structure at the LC phase of Pc 1.  The secondary phase has 

been completely converted from oblique to hexagonal packing at the LC phase.  In 
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Table 4.1   Indexing of powder XRD pattern of Pc 1.  Phase I has been indexed to a
                   columnar hexagonal cell with the following dimensions ( a =  b = 28.1 Å;
                   c = 3.50 Å; α = β = 90º;  γ = 120º; V = 2400.74 Å3).  Phase II is manually
                   indexed to a 2D oblique cell (a =  23.03 Å; b = 21.26 Å), therefore no 
                   calculated 2theta values are shown.  It is possible that phase II involves 
                   ordering along the 3rd dimension considering the broad reflections at the 

               high angle regime. 
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Figure 4.6 Temperature dependent XRD of Pc 1. At the LC phase, the single
reflection at the low angle regime is due to a hexagonal phase; 
the single yet wide reflection at ca. 3.4 Å suggests the cofacial 
intracolumn ordering.  The phase transition is fully reversible 
which is in agreement with the DSC study.   
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general, this is a reversible transition as the full powder pattern was recovered after 

slowly cooling back to room temperature, in good agreement with DSC studies of this 

material (Figure 4.7 top).   

4.5     XRD Characterization of Alkoxy Side Chain Modified Pc 2

4.5.1  Powder XRD Full Pattern Analysis and Indexing

          The room temperature powder XRD data for Pc 2 is shown in Figure 4.8.  The 

limited number of reflections and their relatively broad widths suggest a 2D ordering 

initially.  The reflections in the low angle regime (up to 13.5 º in 2θ) are indexed into a 

columnar rectangular phase, possibly a (P21/a)14, 32, 33, 38, 39 with dimensions of a = 53.1 Å 

and b = 23.3 Å.  The schematics of the rectangular phase are shown in the inset of Figure 

4.8, where each ellipse represents an individual column of Pc 2 with the colum axis 

perpendicular to the plane of the graph.  The proposed P21/a symmetry operation requires 

odd h00 and 0k0 reflections to be systematically absent.  However, the reflection at ca. 

8.6 º in 2θ has been successfully indexed as (500), suggesting a lower symmetry 

operation than P21/a in these materials.  A pseudo-hexagonal phase was also considered 

for this pattern but did not fit the indexing results since a ≠ b√3, which is an additional 

supporting evidence for the rectangular cell classification.41  The broad feature at ca 5 º in 

2θ, indicated by the arrow, is due to the capillary furnace hood and is present throughout 

the following temperature-dependent XRD studies.  Ordering along the column axis is 

present as suggested by the dominant reflection at 24.6° in 2θ (c = 3.63 Å; (001)). 

Assuming a perfect cofacial alignment at an inter plane spacing of ca. 3.5 Å, the spacing 
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Figure 4.7    DSC of Pc 1 (top) and Pc 2 (bottom).  Pc 1 demonstrated a reversible 
                     transition and the LC transition occurs at 75 ºC; Pc 2  demonstrated 
                     an irreversible transition and the LC transition occurs at  68 ºC. 
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Figure 4.8    Powder XRD of Pc 2.  Most of the reflections at the low angle regime 
                     fit in a rectangular phase; the broad reflection indicated by the arrow at 

ca. 5° is due to the furnace hood around the capillary setup. Dominant 
reflections at the high angles suggest the presence of ordering along the 
column axis. The full pattern can be indexed into a monoclinic cell with

                   dimensions shown in the inset schematic.
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of 3.63 Å indicates a tilt of ca.15º (θ = cos-1 (3.5 Å /3.63 Å)) in disks of Pc 2 with respect 

to their cofacial positions (Pc disks perpendicular to the column axis).34, 48-50  The slightly 

tilted alignment is considered as pseudo-cofacial intracolumn ordering.  This reflection, 

together with other weak and broad reflections in the large angle regime (18° and up in 

2θ), however, is superimposed upon a diffuse background that is presumably due to a 

liquid-like disordered packing in the side chains.29, 35, 36, 43  In summary, the full powder 

pattern can be indexed into a columnar rectangular cell at a = 53.1 Å, b = 23.3 Å, and c = 

3.63 Å.  The corresponding schematics are shown in the inset of Figure 4.8.  Indexing 

information and a detailed comparison between the observed and calculated angular 

positions of all reflections can be found in Table 4.2.  

          The rectangular phase of Pc 2 is a lower symmetry phase compared with the 

dominant hexagonal phase of Pc 1 and appears to be meta-stable as revealed in the 

temperature dependent XRD study in the next section.  This drastic change in ordering is 

solely due to the difference in side chains of these alkoxy based Pcs.  Pc 2, with styrene 

functionalities incorporated, has longer side chains and therefore has more flexibility in 

packing of these side chains upon compared with its styrene-free analogue Pc 1.  The 

packing of the side chains can have a significant impact on the packing of Pc molecular 

columns, but not as much on the intracolumn ordering since both systems tend to adopt a 

pseudo-cofacial if not cofacial alignment of Pc disks along the column axis.   
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Table 4.2    Indexing of powder XRD pattern of Pc 2.  Full pattern has been indexed
                   to a columnar rectangular cell with the following dimensions (a = 53.1Å;

 b = 23.3 Å; c = 3.60 Å; α = β = 90 º;  γ = 100 º; V = 4388.47 Å3).   
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4.5.2  Temperature Dependent XRD and Irreversibility in Phase Transition

          The temperature dependent XRD study of Pc 2 is summarized in Figure 4.9 (II).  

Pc 2 was taken up to its liquid crystalline phase by raising the temperature to 120 °C 

(K→LC, T = 68 °C, Figure 4.9 bottom) and then slowly cooled back to room temperature.  

At the LC phase, Pc 2 assumed a hexagonal packing as suggested by the only reflection 

(100)/(010) in the low angle regime.  The single reflection at 3.396° in 2θ (d = ca. 26.0 Å) 

corresponds to a columnar hexagonal dimension a of ca. 30 Å.  The high angle regime is 

dominated by a broad diffuse peak around 26° in 2θ (3.4 - 3.5 Å).  This is an indication 

of the presence of cofacial intracolumn ordering.  The cofacial intracolumn alignment of 

Pc 2 at its LC phase is much less coherent, however, than the pseudo-cofacial alignment 

from the room temparature phase.  The broad halo around 19 - 24° in 2θ (H = ca. 4.4 Å) 

is believed to be due to the liquid-like nature of the side chains.  Schematics of the K →
LC phase transition are shown in Figure 4.9 (I).  Pc 2 demonstrated irreversibility in its 

phase transition in temperature-dependent XRD studies. Upon cooling back to room 

temperature, Pc 2  retained its LC hexagonal phase with the cofacial intracolumn ordering.  

The only difference from the LC phase is the angular position of the dominant ordering 

(100/010) that has been slightly shifted to the right (3.429° in 2θ; d = 25.7 Å).  The 

irreversible phase transition agrees with the DSC study of Pc 2 (Figure 4.7 bottom).  It is 

likely that hexagonal is the preferred packing geometry for alkoxy-linked discotic Pc 

molecular columns.  This ordering can always be realized at the LC phase of these 

discotic materials, if not already present at the ambient phase. 
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Figure 4.9    Temperature dependent XRD of Pc 2 (II), an irreversible system that is
                     in agreement with the DSC study.  Dramatic change in reflection pattern

was observed in the highlighted low angle regime.  At the LC phase, the
system takes upon a hexagonal phase as indicateced by the single
reflection (100)/(010); cofacial intracolumn ordering is achieved with
short coherence as indicated by the broad reflections at ca. 3.4 Å
(schematic (I)). The halo H around 4.4 Å is due to the liquid-like nature
of the side chains.  Upon cooling back to r.t.: the LC phase sustained,
 indicating the tendency of hexagonal packing among Pc 2 columns and
of cofacial alignment among Pc 2  disks. a: r.t.; b:120ºC; c: cooled to r.t.. 
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4.5.3  XRD of Room Temperature Photolyzed Material 

          The styrene functionalities in the side chains of Pc 2 allow for a (2+2) 

cycloaddition (photolysis) reaction to occur when properly aligned.25  A 

photopolymerization study on thin Langmuir-Blodgett (LB) films of  Pc 2 was conducted 

and  a maximum conversion of 75 % was observed over an extended exposure time.  

Photolithography on thin LB multilayers of Pc 2 was successfully conducted with feature 

sizes down to the micron range as the photolyzed material became insoluble in its 

original solvent.12  Figure 4.10 (I) shows the temperature dependent XRD study of Pc 2, 

polymerized at room temperature for ca. 6 hrs.  The room temperature diffraction pattern 

of the photolyzed Pc 2 powder is identical to that of the original powder.  Photolysis, 

therefore, is less likely to occur along the column axis through adjacent molecules since 

changes in the intracolumn spacing are not observed.  Photolysis is more likely to happen 

among adjacent molecules from the neighboring columns in a cross-linking fashion.  It is 

speculated that room temperature rectangular/herribone packing of molecular columns of 

Pc 2 has allowed for pre-alignment of styrene functionalities in side chains, therefore 

cross-linking does not add much perturbation to the general order in the system.  Previous 

AFM studies (Figure 4.11) on thin Langmuir-Blodgett films of Pc 2 have demonstrated a 

significant increase in the lateral periodicity of these molecular aggregates (ca. 23 Å in 

the as-deposited films vs. ca. 50 Å in the photolyzed films) upon photolysis, which 

supports the cross-linking hypothesis. Cross-linking can explain the insolubility observed 

in the photolyzed materials, therefore providing the foundation for the photolithographic 

patterning of Pc 2.  
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Figure 4.10  Temperature-dependent XRD of Pc 2, photolyzed at room temp. for ca.
6 hrs. At room temp., polymerized material sustained pattern of the
original material. At the LC phase (no DSC was taken due to the limited
amount of material available), a hexagonal phase dominates along with a
cofacial alignment among adjacent Pc disks. Similar to the original
material, the photolyzed material tends to adopt the ordering from its LC
phase upon cooling back to room temp..
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Figure 4.11    Contact mode AFM images of bilayers of Pc 2 on Si (100), modified 
                       with a 50:50 mixture of M- and P-silanes. Both (a) as- deposited and (b)

polymerized are friction images taken in liquid. Pc 2 molecular columns
are indicated by the arrows. An intercolumn spacing of ca. 20Å is seen 
in (a) and that of ca. 45-60 Å is seen in (b) as suggested by the 2D Fast 
Fourier Transform analysis (FFT).  
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4.5.4  Temperature Dependent XRD of Room Temperature Photolyzed Material

          The temperature dependent XRD study of photolyzed Pc 2 is summarized in Figure 

4.10 (I) and (II).  At the elevated temperature, photolyzed Pc 2 converted to a hexagonal 

dominated mixture phase.  The dominant reflection at ca. 3.397° in 2θ (d = ca. 26.0 Å) is 

most likely the (100)/(010) reflection from the hexagonal phase; the weak reflection at ca. 

4.235 ° in 2θ (d = ca. 20.8Å) matches the (110) reflection from the room temperature 

phase.  The secondary phase is probably a result of incomplete photopolymerization, 

which agrees with a maximum 75 % conversion ratio observed in the UV-vis study.12

The unpolymerized portion was kept at its crystalline phase since the “phase” transition 

temperature for the polymerized material is lower than that for the original material.  The 

(001) reflection due to the tilted intracolumn alignment among photolyzed molecules of 

Pc 2, lost its intensity at elevated temperatures.  Instead, the broad halo centered around 

22° in 2θ (H = ca. 4.4 Å) and the weak and diffuse reflections centered around 26° in 2θ
(h = ca. 3.4 Å) dominated.  The diffuse nature of the reflections around ca. 3.4 Å suggests 

the presence of disorder and/or poor coherence in the intracolumn ordering, which is 

attributed to the cofacial alignments in the “LC mesophase” of the photolyzed material.  

Therefore, the high temperature phase of photolyzed Pc 2 is characterized by a columnar 

hexagonal phase with cofacial intracolumn ordering, while containing a small portion of 

the unpolymerized material at its room temperature phase.  Schematics of the phase 

transition are shown in Figure 4.10 (II).  It is speculated that the transition from columnar 

rectangular structure to columnar hexagonal structure is dominated by the Pc cores and 

the cofacial aggregation tendency in the alkoxy side chain modified Pcs.41, 51, 52
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Crosslinking among molecules of Pc 2 from different columns must have brought little 

perturbation to the Pc cores therefore allowing a true cofacial intracolumn alignment to 

occur at elevated temperatures.  Upon cooling back to room temperature, the full pattern 

of the high temperature phase remained with a small shift in the angular position of the 

(100)/(010) reflection, most likely due to the temperature gradient in the capillary and/or 

the change in the material packing density upon changes in temperature.  The dominant 

low angle reflection shifted to 3.431° in 2θ (d = ca. 25.7 Å), indicating a dominant 

hexagonal phase with a slightly smaller dimension.  In general, ordering in the 

photolyzed Pc 2 was similar to that in the original material and the “phase” transition for 

the photolyzed materials was irreversible. 

4.5.5  XRD of Pc 2  Photolyzed in Its LC Phase

          Photolysis was also conducted at elevated temperatures while Pc 2 was in its LC 

phase.  The goal was to preserve the optimal order of the LC phase (columnar hexagonal) 

through photolysis.  As shown in Figure 4.12, the alkoxy side chain modified Pc 2, 

polymerized at 120 ºC (well above the K→LC transition at 68 ºC) for ca. 4 hrs, is 

dominated by a columnar hexagonal phase as suggested by both the (100)* reflection at 

3.45° in 2θ (25.6 Å) and the (110)* reflection at 5.94° in 2θ (14.9 Å).  The other two 

reflections (at 3.32° in 2θ (26.6 Å) and at 4.20° in 2θ (21.1 Å)) in the low angle regime 

match the (200) and (110) reflections from the original columnar rectangular material.  

The presence of this secondary phase is due to the incomplete photolysis of Pc 2 in the 

capillary.  A broad halo around 20° in 2θ and a sharp reflection at 26.2° in 2θ (h = 3.4 Å) 
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Figure 4.12    Powder XRD of Pc 2, photolyzed at its LC mesophase.  The reflections
               at 2θ = 3.451° (25.6 Å) and 5.937° (14.9 Å) are proposed to be due to a 

                       hexagonal phase. The sharp reflection at 2θ = 26.2°  (3.4 Å) indicates a
                       nearly perfect dominant cofacial alignment of the Pc rings along the
                       column axis;47, 49 the broader reflection at 2θ = 20.4° (4.3 Å) is a halo 
                       due to the “liquid-like” side chains. Reflections not indexable with the 
                       hexagonal phase are indexed into a rectangular phase with 2θ = 3.32° 
                       (26.6 Å) and 2θ = 4.195° (21.0 Å) matching the <200> and <110> 
                       reflections from the unpolymerized material respectively, suggesting an 

  incomplete photolysis in the LC mesophase.  
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dominate the high angle regime.  The halo reflects the liquid-like nature of the side chains 

and the reflection at 3.4 Å suggests a cofacial intracolumn alignment among the 

molecules of Pc 2.  In comparison with Pc 2 polymerized at room temperature, photolysis 

in the LC phase facilitated the adoption of a higher symmetry phase (columnar hexagonal 

vs. columnar rectangular).  However, both the crystalline to liquid crystalline phase 

transition and the photolysis may have contributed to the realization of the columnar 

hexagonal phase since unpolymerized materials tend to assume a cofacial/hexagonal 

packing at their LC phase.  Therefore the proposed crosslinking mechanism may not hold 

valid at elevated temperatures.  To further derive the mechanism of photolysis at elevated 

temperatures, it is necessary to take materials of Pc 2 through their LC phase before  

photopolymerizing them at room temperature.    

4.6     XRD Characterization of Thioether Side Chain Modified Pc 3

4.6.1  Powder XRD Full Pattern Analysis and Indexing

          The room temperature powder pattern of the thioether linked Pc 3 is much more 

complex than that of its alkoxy linked analogue Pc 1, shown in Figure 4.13.  The full 

pattern has been indexed into a monoclinic cell with the following dimensions: a = 24.7 

Å, b = 9.57 Å, c = 19.2 Å, α = 90°, β = 100.5°, γ = 90°, and V = 4472 Å3, see Table 4.3.).  

The proposed cell structure is depicted in the inset schematic of Figure 4.13 where each 

tilted ellipse represents an individual molecule of Pc 3.  Molecules of Pc 3 are aligned in 

columns along the b axis in an alternating fashion as indicated by the colors.  This 

orientation is most likely due to an in-plane rotation of ca. 45° in every other Pc molecule
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Figure 4.13    Powder XRD pattern for Pc 3, as-harvested from chloroform after 
synthesis and purification. Reflections are indexed to a monoclinic cell
with cell dimensions and a cell structure shown in the inset. Molecules
of Pc 3 are tilted and aligned in columns along the b axis with an 
alternating orientation, i.e. in-plane rotation of 45° along b, indicated 
by the alternating color in Pc disks.  These columns are related by
translational symmetry along both a and c axes.  
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Table 4.3     Indexing of powder XRD pattern of Pc 3.  Full pattern has been indexed
to a monoclinic cell with the following dimensions ( a = 24.7Å;
b = 9.57 Å; c = 19.2 Å; α = γ  = 90º; β = 100.5º; V = 4472 Å3).   
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(depicted as the sandwiched Pc molecule in pink).  The columns are related by 

translational symmetry both along the a and the c axes.  The powder cell structure, 

however, could not have been derived if not for the single crystal diffraction study, 

discussed in the following section.  

4.6.2  Single Crystal XRD and AFM Characterization

          Reflections from a platelike single crystal of Pc 3 harvested from 

dimethylacetamide (polarized microscopy image, Figure 4.14 (I)) are indexed into a 

monoclinic cell with dimensions of a = 23.9 Å, b = 5.27 Å, c = 39.2 Å, α = 90°, β = 

97.0°, γ = 90°, and V = 4903 Å3.  The proposed single crystal structure is depicted in 

Figure 4.14.  The molecules of Pc 3 are arranged in columns along the b axis.  Within a 

column, the copper atoms are 5.27 Å (b dimension) apart and the molecules are parallel 

to one another as shown in Figure 4.14.  The distance between the planes of Pc 3

molecules is 3.43 Å and  the tilt away from the cofacial/upright position is therefore ca. 

49.4 º (θ = cos-1 (3.43/b)).17  Sulfur atoms on adjacent molecules are 3.53 Å apart as 

indicated in Figure 4.15 (I).  Considering the van der Waals radius of S (1.8 Å), sulfur-

sulfur interactions could likely stabilize the structure. The columns are related by 

translational symmetry along the a axis and glide symmetry along the c axis.  The 

orientation of molecules in adjacent columns alternates by 98° as indicated in Figure 4.15 

(II).  Therefore, the columns are packed in a herringbone fashion along the c dimension.

This packing of the Pc cores leaves large voids in the structure, which are presumably 

filled by the long side chains.  These could adopt a wide range of orientations and any
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Figure 4.14 Partial single crystal structure for Pc 3 grown from DMAC solutions 
with dimensions labeled to the left. (I) is a polarized microscopy image
of a plate-like single crystal with approximate dimensions of ca. 500um
x 250um. (II) is a 2.5um x 2.5um AFM image taken on such a crystal
dropcast onto mica from DMAC. The average interplane distance, 
highlighted by the box inside the image, is half of the c dimension (ca.
18 Å), suggesting the crystal growth plane of <001> on mica surfaces. 
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Figure 4.15    (I) Packing of molecules of Pc 3 into columns parallel to the b axis. 
                        The dashed lines indicate S…S contacts of 3.52 Å.  (II) Relative 
                       orientation of molecules in two adjacent columns (along the c axis). 
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disorder of these side chains could be a major cause of the weak diffraction seen for these 

crystals.  The cell structure determination, primarily the position and orientation of the Pc 

cores, was assisted by fitting the diffraction data with models from other phthalocyanine 

derivatives seen in the Cambridge Structural Database such as magnesium 

phthalocyanine, metal-free phthalocyanine, and copper/zinc naphthalocyanine.53-56

          Plate-like single crystals of Pc 3 have been dropcast from dimethylacetamide 

(DMAC) onto freshly cleaved atomically flat mica.  AFM images were taken in both 

phase (Figure 4.16) and height channels (Figure 4.17) and showed crystalline layered 

growth.  Phase images helped to identify the surface composition as shown in Figure 4.16 

(a) where the upper left corner demonstrated large phase contrast to the rest of the image 

and different texture due to the sampling of the mica substrate.  Various crystalline 

planes/faces were exposed as revealed in Figure 4.17.  The average step height of image 

4.17 (a) was around 18 Å, almost half of the c-dimension (ca. 39.2 Å) of the crystal, 

which suggested a crystal growth plane of <001> on mica.  The average inter-plane 

spacing along the normal axis of image 4.17 (b), however, was around 23 Å, close to the 

a dimension (ca. 23.9 Å) of the crystal, which indicated another crystal growth plane of 

<100> on mica.  Both (a) and (b) images of Figure 4.17 were taken on the same sample, 

indicating that single crystals of Pc 3 can assume multiple growth planes on these 

surfaces.     
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Figure 4.16    Tapping mode AFM images of single crystals of Pc 3, dropcast onto
freshly cleaved mica from DMAC.  (a) and (b) are both 5um × 5um 
phase images taken in air. Layered features are seen in both images 
and are the dominant structure of such platelike crystals on surfaces.
The top left corner of image (a) demonstrated different texture from 
the rest of the image, due to the exposion of the mica substrate. 
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Figure 4.17   Tapping mode AFM images of single crystals of Pc 3, dropcast onto
freshly cleaved mica from DMAC.  (a): 2.5um × 2.5um and (b): 2um ×
2um are both height images taken in air. Layered features are seen in 
both images with a step height among layers of ca. 18 in (a) and ca. 
23 Å in (b) .
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4.6.3  Comparison between Powder and Single Crystal Cells

          The unit cell obtained for the single crystals of Pc 3 is related to that seen for 

the powder.  The b-axis length from the powder diffraction data in Figure 4.13 is ca. 2x 

that observed from the single crystal diffraction data and the c-axis length in the single 

crystal unit cell (Figure 4.14) is ca. 2x the value seen in the powder diffraction data, 

suggesting a simple interconversion between these two structures.  The single crystal data 

is consistent with there being only one Pc orientation along the b-axis; and the tilt of the 

Pcs within each column provides for sulfur atoms on adjacent molecules to be as close as 

ca. 3.5 Å (ca. twice the van der Waals radius of sulfur), consistent with strong S-S 

interactions.41, 57, 58  The powder diffraction data suggest an alternating Pc orientation 

along the b axis – each Pc along this axis is rotated in-plane by ca. 45º with respect to its 

nearest neighbor.  The b-axis is centrally a pseudo-screw axis which could explain the 

extinction of the <010> reflection in the XRD data.44  This rotation allows for the close 

packing of adjacent Pc disks, accommodating the increased (out-of-plane) size of the side 

chain sulfur links.  Similar helical twists have been observed in other discotic mesophase 

materials, particularly where sulfur is incorporated into the disk as a side chain linker.35, 

36  Although the schematic views in both Figure 4.13 and 4.14 suggest side chains that are 

in the plane of the Pc ring, their exact positions are unknown, and are likely substantially 

out-of-plane in order to accommodate the most efficient packing of adjacent disks.  The 

single crystal data suggest a herringbone packing of the Pc columns with a glide 

symmetry along the c axis.  The powder diffraction data, showing a halving in the c 
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direction, suggest that the packing of Pc 3 columns is determined by purely translational 

symmetry. 

          The single crystal cell and the powder cell of Pc 3 are essentially two polymorphs 

of this material, produced from DMAC and chloroform respectively.  It is speculated that  

the nature of the solvent has a dramatic impact on the ordering in these polymorphs.  It is 

possible that the electron-deficient carbon center of chloroform interacts strongly with the 

electron-rich sulfur groups at the pheriphery of the Pc cores, thereby introducing 

perturbation to the sulfur-sulfur interaction.  This argument is in agreement with the 

alternating orientation/helical packing of Pc 3 molecules in the powder phase along the 

column/b axis since the in-plane rotation of 45 º in every other Pc molecule could 

minimize the sulfur-sulfur interaction by offseting the side chain positions.  In DMAC, it 

is likely that the electron-donating nature of the amide group has a screening impact on 

the electron-deficient carbonyl center, making the solvent-sulfur interaction less intense.  

Therefore, upon solvent evaporation, the Pc cores are more likely to align to favor sulfur-

sulfur interactions. 

4.6.4  Temperature Dependent Powder XRD 

          The results of the temperature-dependent XRD study of Pc 3 are shown in Figure 

4.18 (I).  At the LC phase (184 ºC > Tk→Dr 134 °C, Figure 4.18 (I)), two reflections 

dominate the low angle regime and are most likely due to an oblique phase.  Dimensions 

of the oblique phase (a = 22.7 Å and b = 21.1 Å) are very close to the a (24.7 Å) and c 

(19.2 Å) dimensions of the powder cell whose ac plane is oblique at β = 100.5°.17 The 
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Figure 4.18    (I) Temperature dependent XRD of Pc 3, reversible as in agreement 
with the DSC study. At the LC phase,reflections in the low angle 
regime are indexed into an oblique phase; the broad halo at the high 
angle regime is due to the liquid-like side chains. Intracolumn ordering
is lost upon heating. Schematics of the LC phase are shown in (II). 
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intracolumn ordering appeared to be lost as no distinct reflection was observed at the high 

angle regime.  Schematics of the LC phase ordering are shown in Figure 4.18 (II).  The 

degree of ordering in the system was dramatically decreased, going from a monoclinic 

cell that is ordered along three dimensions at room temperature to an oblique cell that is 

ordered only along two dimensions at the LC phase.  This decrease is most likely due to a 

“melting” of the side chains at elevated temperatures with the added perturbation to the 

packing of the Pc cores, causing the complete loss of long-range order along the 

b/column axis.  The Pc 3 molecular columns have also migrated along both a and c axes 

in the LC phase.  The system is reversible as the full room temperature pattern was 

resumed after cooling, which agrees with the reversible transitions in the DSC study 

(Figure 4.19 top). 

.

4.6.5  Thin Film XRD: Impact of Phase Transition on Ordering 

          Thin film XRD was also used to acquire additional insight as to the nature of the 

packing of Pc 3 in as-deposited and annealed LB multilayer films.  Figure 4.20 (I) shows 

the XRD data for an as-deposited 9 bilayer film of Pc 3.  The only Bragg refleciton at 2θ

= 3.86°, suggested a hexagonal close packed array of Pc columns, with a d-spacing of

23.4 Å and a hexagonal dimension of 27.0 Å.  This hexagonal packing seems to be in 

conflict with the tendency of tilted alignment among molecules of Pc 3 (indicated in the 

powder XRD).  It is speculated that the hexagonal packing is a meta-stable phase, 

possibly assisted by water molecules on trough.  The hydrogen bonds formed between 

water and the oxygen atom at the side chains are proposed to be the driving force for the 
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Figure 4.19    DSC of Pc 3 (top) and Pc 4 (bottom).  Pc 3 and 4 both demonstrated 
                       reversible transitions. The LC transition occurs at 134 ºC for Pc 3 and 

         at 157 ºC for Pc 4. 
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Figure 4.20    (I) XRD of an as-deposited 9 bilayer LB film of Pc 3.  The single 
reflection at 2θ = ca. 3.9° suggested a dominant hexagonal phase with
the dimension of 27.0 Å. (b) XRD of an annealed 9 bilayer film. Full 
pattern can be indexed into a rectangular phase with dimensions of  
a = 23.0Å and b = 18.0Å, close to the a and c dimensions of the unit cell
determined from the powder XRD of this material. Three faces of the
lattice exposed <10> <01> <11> are shown in schematics (III). The 
reflection at 2θ = ca. 22.4° (ca. 4Å) cannot be indexed as part of the
2D lattice, and is most likely due to the intracolumn ordering <001> 
when a small fraction of Pc 3 molecules are stacked and tilted upright 
with respect to the substrate. 
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hexagonal phase. After annealing this multilayer film (K→LC→K), the XRD data of 

Figure 4.20 (II) was observed which showed a much more complex reflection pattern. 

The annealed pattern could be fully indexed to a rectangular phase with dimensions of a 

= 23.0 Å and b = 18.0 Å (the inset schematics of 4.20 (II)). These rectangular dimensions 

are very close to the a (24.7 Å) and c (19.2 Å) dimensions of the unit cell determined 

from powder XRD data (Figure 4.13).  The Bragg peaks at 2θ = 3.86° and 4.93° represent 

the <10> and <01> faces of this 2D lattice respectively.  The Bragg peak at 2θ = 18.6° 

appears to represent a <33> reflection, suggesting the exposure of the <11> face of this 

lattice.  The reflection at 2θ = ca. 22.4° (d spacing of ca. 4 Å) could not be indexed and is 

most likely due to the intracolumn ordering within regions of the LB film where 

molecules of Pc 3 are tilted (4Å > 3.5Å )and aligned in columns with the column axis 

perpendicular to the substrate.  The ordering along the column axis is represented by the 

inset schematic in Figure 4.20 (II) where the Pc disks are tilted at ca. 29 º (θ = acos 

(3.5/4.0)) away from their cofacial positions.  The schematics in Figure 4.20 (III) show 

the possible columnar packing geometries (<10> <01> <11> and <001> planes) adopted 

by the annealed LB films.   

         Changes in lateral periodicity upon annealing were also observed in AFM studies 

conducted on single bilayers of Pc 3 on hydrophobized Si (100) substrates as shown in 

Figure 4.21. The as-deposited film demonstrated one lateral periodicity (D) at an 

intercolumn spacing of ca. 23 Å as suggested by the pair of spots in the 2D fast fourier 

transform (FFT) graph. Two lateral periodicities (D1 and D2) were observed upon 

annealing as there were two sets of spots in the FFT graph at spacings of 20 Å and 26 Å.
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Figure 4.21    Contact mode AFM images of 1 bilayer Pc 3 on hydrophobized Si .  
Both as-deposited and annealed are friction images taken in liquid. Pc 
columns are clearly seen in both images with column axis indicated by 
the arrows.  Intercolumnar spacing of ca. 23 Å is suggested by two 
spots in the 2D Fourier Transform analysis in the as-deposited film.
Two periodicities at 26 Å and 20 Å are observed in the annealed films
as suggested by two sets of spots in the 2D FFT analysis. 
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individually.  When compared with the results of the XRD study on multilayers of Pc 3, it 

can be speculated that the initially deposited bilayer adopted a slightly different packing 

from that in the bulk.  The discrepancy between the intercolumn spacing (D = 23 Å) 

derived from the AFM study done on a single bilayer of Pc 3 and that (D = 27 Å) derived 

from the XRD study done on 9 bilayers of Pc 3 suggests that the packing at the 

film/organic interface may not be consistent with the packing in the bulk.  Upon 

annealing, the bilayer converted from the pseudo-hexagonal phase to a rectangular phase 

at slightly modified dimensions (a = 26 Å; b = 20 Å) from those seen in the multilayers.  

Both <10> and <01> faces of the surface rectangular cell dominated the lateral spacings 

seen in AFM (Figure 4.21 bottom).  The ordering of bilayer and multilayer films of Pc 3

into this rectangular lattice is in sharp contrast to LB films of Pc 1, which generally show 

only one packing architecture after annealing, consistent with their greater tendency to 

adopt a hexagonal close-packed arrangement of parallel Pc columns.30, 59, 60  Significant 

optical and electrical anisotropies occur with annealed films of Pc 1.  LB-deposited, spin-

cast, drop-cast, and annealed films of Pc 3, however, show a much greater tendency to 

form up to four different column packing architectures, and are therefore expected to 

show a much greater heterogeneity in their optical and electrical properties, probed on 

sub-micron length scales.
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4.7     XRD Characterization of Thioether Side Chain Modified Pc 4

4.7.1  Powder XRD Full Pattern Analysis and Indexing

          The powder XRD results of the styrene-functionality side chain modified Pc 4 are 

presented in Figure 4.22.  The room temperature powder pattern resembles that of Pc 3.  

The full pattern has been indexed into a monoclinic cell (a = 24.5 Å, b = 10.2 Å, c = 19.1 

Å, α = 90°, β = 100.4°, γ = 90°, and V = 4656 Å3).  Detailed indexing information and 

comparison between calculated and observed reflections can be found in Table 4.4.  The 

proposed cell structure, shown in the inset schematic, is derived from that of Pc 3.  Pc 4

molecules are tilted and aligned in columns along the b axis with an alternating 

orientation (i.e. in plane rotation of ca. 45 º in every other Pc) among adjacent molecules.  

Columns are related by translational symmetry along both a and c axis.  The resemblance 

of the powder phase data for Pc 3 and Pc 4 suggests that Pc cores dominate the ordering 

and/or orientation of these molecules for the thioether side chain modified Pcs.  The 

bulky sulfur atom at the substitution positions may allow enough freedom in the side 

chains to compromise the Pc core configuration and/or achieve an out-of-plane packing.  

This side chain configuration, together with the appropriate tilt in the Pc disks, facilitates 

the sulfur-sulfur interaction whose impact may be as significant as that of the π-π
interaction through the conjugated cores.  The sulfur-sulfur interaction is speculated to be 

the driving force to form the rigid three dimensional order in the thioether side chain 

modified systems.  The slightly longer side chains of Pc 4 (one carbon longer than Pc 3) 

with the incorporated styrene functionality, explain the relatively larger cell volume 

indexed.
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Figure 4.22    Powder XRD of Pc 4.  Reflections are indexed to a monoclinic cell 
                       with a proposed cell structure and cell dimensions shown in the inset.
                       The XRD pattern and the proposed cell structure were very similar to
                       those of Pc 3 .
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Table 4.4    Indexing of powder XRD pattern of Pc 4.  Full pattern has been indexed
                 to a monoclinic cell with the following dimensions ( a = 24.47Å;

                    b = 10.15 Å; c = 19.06 Å; α = γ  = 90º; β = 100.44º; V = 4655.9 Å3).   
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4.7.2  Temperature Dependent XRD 

          The temperature-dependent XRD of Pc 4 (Figure 4.23) was similar to that seen for 

Pc 3.  Above the LC phase transition temperature (157 ºC, Figure 4.19 bottom), the 

dominant low angle reflections at 3.565 º and 3.849 º in 2θ are due to an oblique phase 

with cell dimensions (a = 24.7 Å; b = 22.9 Å) slightly modified from both the a (24.5 Å) 

and c (19.1 Å) dimensions of the powder cell (Figure 4.22).  The intracolumn ordering is 

completely lost in the LC phase since no distinct reflections at the expected spacings 

were observed and a broad halo due to the liquid-like side chains dominated the high 

angle regime, reminiscent of Pc 3.17, 38  Schematics of the oblique phase and the disordered 

intracolumn molecular packing are illustrated in Figure 4.23 (II). It is hypothesized that 

the significant decrease in the degree of ordering vs. the room temperature crystalline 

phase is mostly caused by the “melting” of the side chains at elevated temperatures.  

Long-range order in the packing of adjacent molecules of Pc 4 along the column axis b  is 

completely lost which is most likely due to the rotation of various degrees in the plane of 

Pc disks upon heating.  This is another reversible system with the full pattern recovered

upon cooling back to room temperature, consistent with the reversible transitions shown 

in the DSC study (Figure 4.19 bottom). 
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Figure 4.23    Temperature dependent XRD of Pc 4 (I). At the LC phase, the
dominant double reflections are proposed to be due to an oblique
phase, reminiscent of that of Pc 3; intercolumn ordering is completely
lost as a result of heating.  (II) demonstrates schematics of the LC
mesophase. 
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4.7.3  Single Crystal Growth Attempt and Characterization

          The growth of Pc 4 single crystals was attempted from dimethylacetamide 

(DMAC) with only limited success.  Needle-like crystals were harvested that were too 

small for X-ray diffraction studies.  These needle-like crystals were subsequently cast 

onto freshly cleaved HOPG substrates and characterized with AFM.  Topographic images 

were taken with tapping mode AFM and are shown in Figure 4.24.  A significant amount 

of overlapping was observed in these needles on surfaces as indicated by the large height 

constrast in both large (50um × 50um) and small (5um × 5um) scale images. This 

overlapping makes it difficult to explore the growth plane of such a crystal on surfaces.  

No layered features were exposed therefore no step heights were probed.  We speculate 

that needles of Pc 4 take an edge-on configuration on surfaces based on the knowledge 

from the crystal growth planes of Pc 3 on surfaces.  

4.7.4  XRD of  Photolyzed Material: Comparison with Original Material 

          Powder XRD patterns of Pc 4, polymerized in capillaries at room temperature for 

ca. 6 hrs (Figure 4.25) are extremely close to that of the original material.  The full 

pattern has been indexed to a monoclinic cell (a = 25.9 Å, b = 8.5 Å, c = 21.3 Å, α = 90°, 

β = 101.3°, γ = 90°, and V = 4590 Å3) whose dimensions are close to those of the original 

cell with small modifications.  The proposed cell structure is depicted in the inset 

schematics of Figure 4.25 and the detailed indexing information is shown in Table 4.5.  

Considering the hypothesis of intracolumn/linear polymerization and the amount of tilt 

involved in the rigidity of the 3D ordering imposed by sulfur-sulfur interactions, it is 
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Figure 4.24    Tapping mode AFM images of single crystals of Pc 4, dropcast onto
freshly cleaved HOPG from DMAC.  (a) and (b) are both height images
taken in air. Needle-like crystals of Pc 4 were observed on surfaces and
they are much thinner than the plate-like crystals of Pc 3 on surfaces. 
(a) is a 50 um × 50 um image of long needle crystals that are
overlapped among themselves; (b) is a zoomed image at 5um × 5um. 
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Figure 4.25    XRD of Pc 4, polymerized at room temp.. Full pattern can be indexed to
a monoclinic cell with the proposed structure and parameters shown in
the inset. The structure is derived from that of the original material 
considering the great similarity between their patterns. The b axis saw
a significant change (10.2 Å in the original phase vs. 8.5 Å upon 
polymerization). 
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Table 4.5    Indexing of powder XRD pattern of Pc 4, polymerized at room
temperature for ca. 6 hrs.  Full pattern has been indexed to a mono-
clinic cell with the following dimensions (a = 25.9 Å; b = 8.5 Å;
c = 21.3 Å; α = γ  = 90º; β = 101.3º; V = 4589.9 Å3).   
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speculated that photolysis occurrs along the column axis/b axis among adjacent 

molecules. Change in the intracolumn spacing upon photolysis is such that the b 

dimension in the photolyzed cell (8.51 Å) becomes shorter than that in the original cell 

(10.15 Å), supporting the hypothesis of intracolumn/linear polymerization.  The amount 

of tilt involved in the molecules of Pc 4 is significantly decreased from ca. 46.4 º (θ = 

cos-1 [3.5 Å /(10.15 Å /2)]) away from the cofacial position before photolysis to ca. 34.7º 

(θ = cos-1  [3.5/(8.51/2)]) upon photolysis as estimated from the Pc core-core spacing 

(b/2) along the column axis.  This change in the tilt angle upon photolysis is very likely 

driven by a fine realignment of Pc cores and side chains, required to initiate and/or 

facilitate the linear polymerization.  It seems that there is a finite window of tilting, away 

from the cofacial position, in disks of Pc 4 within which sulfur atoms from adjacent 

molecules along the column axis are at appropriate distances allowing the sulfur-sulfur 

interaction to take place.21, 57, 61  Cross-linking through adjacent molecules from 

neighboring columns, the proposed leading mechanism of photolysis for Pc 2, however, 

is not absolutely impossible and can be a secondary mechanism that would lead to 

modifications to both a and c dimensions.  
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4.7.6  Temperature Dependent XRD of  Photolyzed Material

          The temperature-dependent XRD of polymerized Pc 4 (Figure 4.26) demonstrates a 

partial reversibility, in agreement with the DSC study of the polymerized material (Figure 

4.27).  At 176 ºC, two dominant reflections at 2θ = 3.469º and 3.753º in the low angle 

regime suggest an oblique phase with dimensions of a = 25.4 Å and b = 23.5 Å.  The 

oblique phase dimensions are close to both the a (25.9 Å) and c (21.3 Å) dimensions of 

the room temperature monoclinic cell (Figure 4.25). At elevated temperatures, the 

polymerized Pc 4 completely lost the intracolumn ordering as indicated by the broad halo 

dominating the high angle regime.  This loss of the long-range order in the Pc core-core 

packing along the column axis, even though seen in Pc 3 and unphotolyzed Pc 4 and 

attributed to the perturbations brought by the “melting” of side chains, can be facilitated 

by a linear photolysis.  Polymerization along the column/b axis among adjacent 

molecules required tilting of the Pc 4 disks away from their original positions (tilt of  ca. 

46.4 º before photolysis and ca. 34.7 º after photolysis), therefore adding constrains to the 

system. However, once the constrains are released at elevated temperatures, photolyzed 

materials may be more vulnerable to collapse along the column axis than the original 

material and its styrene-free analogue Pc 3.  The ordering at the elevated tempearture is 

represented by the schematics in Figure 4.26 (II). Upon cooling back to room temperature, 

both low index reflections of the initial pattern and the double reflections from the high 

temperature phase were sustained as indicated by the dotted lines in the graph (Figure 

4.26 (I)), suggesting a mixture of two phases of these photolyzed molecular aggregates.  

No intracolumn ordering, however, was observed. 
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Figure 4.26   (I) Temperature dependent XRD of Pc 4, polymerized at room temp..
The high temp. phase is dominated by a columnar oblique packing of 
Pc columns, reminiscent of temperature dependent XRD of the original 
material. No distinct reflection at the high angle regime was observed, 
suggesting disorder along the column axis. (II) Schematics of ordering
of the high temp. phase.  
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Figure 4.27    DSC of Pc 4, polymerized at room temperature for 4 hrs. This is an 
                       inreversible system with the phase transition occurring at 168 °C. 
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4.7.7  XRD of  LC Phase Photolyzed Material

          The XRD of the thioether linked Pc 4, polymerized at 180 ºC for ca. 6 hrs, is 

shown in Figure 4.28.  The double reflections at 2θ = 3.464º and 3.749º in the low angle 

regime are most likely due to an oblique phase at dimensions of a = 25.5 Å and b = 23.6 

Å (same as those in the LC phase of the original material (Figure 4.23)).  This olique 

phase is closely associated with the high temperature (176 ºC) phase of the material 

photolyzed at room temperature (Figure 4.26) in that both a and b dimensions are small 

modifications of the a and c dimensions from the monoclinic cell of photolyized Pc 4.  

The relatively weak reflection at 14.6 º in 2θ (h = 6.2 Å) is superimposed on a broad halo 

around 20 ~25° in 2θ.  This spacing would suggest a tilt of ca. 56 º in these polymerized 

molecules away from their cofacial positions if the spacing were truly an intracolumn Pc-

Pc spacing.  This tilt, however, is not likely considering the tendency toward a minimized 

tilt from the cofacial configuration demonstrated in the photolyzed material at room 

temperature.  Therefore, the reflection at ca. 6.2 Å is most likely due to a dimerization 

among Pc molecules along the column axis, in which case the oblique phase is favored.

With the linear photolysis mechanisms proposed, particularly the dimerization 

mechanism at the LC phase, disorder and/or poor coherence along the column axis are 

expected in the photolyzed material as this is demonstrated by the broadness of the 

corresponding reflections.  
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Figure 4.28    Powder diffraction pattern of Pc 4, photolyzed at its LC mesophase. 
The double reflections at 2θ = 3.456° and 3.742°  (25.5 Å and 
23.6 Å) are proposed to be due to an oblique phase. The dominant
halo around 17.3° to 27.4° in 2θ is due to the liquid-like nature of the 
side chains. The sharp yet weak peak at 2θ = 14.86° (6.2 Å) is proposed
to arise from the dimerization among Pc disks along the column axis.
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4.8     Conclusion

Exploring the ordering in discotic materials both under ambient conditions and at 

their LC phases is critical to understanding the nature of self-organization in these 

molecular materials, and to our attempts to optimize their orientation and enhance charge 

transport properties in specific geometries pertaining to device applications.  It was 

shown that alkoxy side chain modified Pcs (Pc 1 and 2) are dominated by columnar 

hexagonal or rectangular ordering with respect to the packing of these Pc molecular 

columns and by a cofacial or pseudo-cofacial alignment in the packing of Pc molecules 

along the column axis at room temperature.  Their LC phases are dominated by a true 

hexagonal phase with cofacial intracolumn ordering.  The thioether side chain modified 

Pcs (Pc 3 and 4), however, are dominated by a monoclinic ordering at room temperature.  

The higher degree of ordering in the sulfur-linked Pcs is most likely driven by the sulfur-

sulfur interaction that is present when Pc molecules are properly tilted and aligned.  The 

long-rang order along the column axis is lost at the LC phase and the oblique phase 

which resembles the a-c plane of the room temperature cell dominates.  The cofacial 

alignment in molecules of oxygen-linked Pc 1 is dominant not only in bulk but also in 

thin Langmuir-Blodgett films of this material, shown in the previous XRR study.19  The 

tilted and alternating orientation of  Pc 3 along the column axis may explain the 

coexistance of both red and blue-shifted transitions in the previous UV-vis studies done 

on LB thin films of Pc 3.17, 20 The exciton splitting phenomenon indicated an oblique 

orientation in adjacent molecules which agrees with the helical packing/in-plane rotation 

of ca. 45 º in every other Pc observed in powder of this material.62, 63
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          The incorporation of a styrene functionality allows for slightly more freedom in the 

side chains of Pc 2 and 4 and enables the (2+2) cycloaddition reaction to occur when 

properly aligned.  The room temperature ordering is sustained upon photolysis for both 

polymerizable Pcs, suggesting a cross-linking mechanism of photolysis for the oxygen-

linked Pc 2 and a linear polymerization mechanism for the sulfur-linked Pc 4.  Cross-

linking among adjacent molecules of Pc 2 from neighboring columns agrees with the 

doubled lateral periodicity upon photolysis observed in previous AFM studies done on 

single bilayer LB films of Pc 2 on hydrophobized Si.12  Linear photolysis among adjacent 

molecules of Pc 4 along the column axis seems to be the likely choice considering the  

rigidity in the ordering in the powder phase brought by sulfur-sulfur interactions.  The 

proposed mechanisms of photolysis are supported with further study conducted at 

elevated temperatures with both Pcs.  It was shown that oxygen-linked Pc 2 achieved a 

higher symmetry (hexagonal vs. rectangular) phase only upon photolysis in the LC phase.  

This observation validates the conjecture that an optimal ordering at the LC phase can be 

sustained with applied external forces such as crosslinking.  The transition from columnar 

rectangular to hexagonal with respect to the packing of these photolyzed molecular 

columns of Pc 2 makes cross-linking nearly a necessity.  Photolysis at the LC phase of Pc

4 led to the dimerization among adjacent molecules along the column axis.  It is possible 

that linear polymerization favors a pseudo-cofacial aligment with minimized tilt away 

from the cofacial/upright positions of  Pc 4 molecules.  This alignment  is not feasible at 

room temperature due to the limited freedom in the tilt of Pc 4 disks imposed by the 
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sulfur-sulfur interactions, but reasonable at the LC phase where long-range order along 

the column axis is lost and the impact of sulfur-sulfur interactions is primarily local.  

          Subtle variation in molecular structure can lead to drastic change in ordering and 

the self-organizing behavior of these discotic mesophase materials.  The structural 

characterization study will be extended to a family of sulfur-linked side chain modified 

phthalocyanines (Pcs) that have shown diverse and intriguing self-organizing 

characteristics.  The possibility of achieving an optimal ordering with applied external 

means at LC phases of discotic mesophase materials may inspire new molecular designs 

and new processing strategies in “manipulating” these materials to the desired 

orientation/ordering. 
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Chapter 5

Electrical Characterization of Langmuir-Blodgett

Thin Films of Phthalocyanines with Tunneling AFM

5.1     Introduction

          Tunneling AFM (TUNA), also known as conductive probe AFM or C-AFM, is a 

contact technique that has been recently used to characterize molecular junctions and 

their electrical properties down to nanometer size scales.1-13 The major advantage of 

TUNA over STM lies in that TUNA does not necessarily require conductive samples and 

allows for not only vertical conduction along the normal axis but also lateral conduction 

within the plane of the sample.  The versatility in testing geometries makes TUNA a 

powerful tool in the investigation of electrical properties of various systems.  To date, 

most TUNA or C-AFM work has been done on materials/systems of the following 

categories:  1) Transparent electrodes, such as indium tin oxide (ITO), that are heavily 

involved in the fabrication of organic electronic devices.  TUNA measurements allow for 

the investigation of electrode topography and the mapping of surface conductivity 

simultaneously.  The presence of electrically “hot” vs. “dead” spots as revealed by 

TUNA explains the nature of the electrical heterogeneity observed in many devices.1, 7, 14

2) Vacuum deposited organic semiconductor materials.  TUNA not only allows for the 

visualization of grains and grain boundaries but also permits point I-V measurements to 

be taken precisely at the spots of interest.  The investigation of I-V characteristics at both 

grains and grain boundaries is critical in exploring the nature of contact resistance at the 
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metal/organic interfaces.10-12  The microscopic structural-electrical property correlation is 

the key information to the organic electronic device community as it facilitates the design 

of new materials and/or new processing strategies.  3) Self-assembled monolayers 

(SAMs), primarily alkane thiols on Au.  Much effort has been focused on understanding 

the tranport mechanism in these well ordered ultrathin films.2, 3, 5, 8, 9  Tunneling has been 

reported as the predominant mechanism and the key importance of this system is the 

realization of Ohmic contact at both electrodes through chemical bonding at the SAM/Au 

interface and through the selection of Au as the conductive probe material.  

          Little C-AFM or TUNA work, however, has been directed to the study of organic 

semicondutor materials, particularly those processed into thin films from solution based 

techniques.4  The challenge in investigating these thin films with TUNA mainly comes 

from the lack of ordering as opposed to the vacuum processed films.  Another major 

concern is the organic-metal electrical contact: Ohmic contact is extremely hard to 

achieve due to the heterogenous nature of the physical contact.  There is a need to 

develop a protocol for TUNA measurements of solution processed organic films.  This is 

critical in expanding our capabilities in the investigation of electrical properties of 

organic thin films at a microscopic level.  The understanding of these electrical properties 

and their correlation with the ordering at nanoscales will ultimately contribute to the 

understanding of device characteristics at a macroscopic level. 
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          This chapter focuses on the electrical characterization of Langmuir-Blodgett thin 

films of phthalocyanines with TUNA.  The goals achieved are the following: 

          1) Estabilished an experimental protocol to probe local electrical properties with 

TUNA.  The self-organizing phthalocyanine (Pc) materials represented a large family of 

discotic mesophase materials that were being studied as active ingredients in organic 

electronic devices.15-21 The LB thin films were chosen as they had been well 

characterized structurally and allowed for processing in a controlled fashion.22-24  Charge 

transport was preferably within the plane of the film along the molecular column axis, 

which served as a reference throughout the data analysis and conduction path speculation.  

          2) Understanded the charge injection mechanism at the metal/Pc interfaces and 

correlated the I-V characteristics with the microscopic ordering/orientation in the Pc 

films. Two dominant injection mechanisms observed were thermionic emission, 

primarily in the low bias regions, and field emission (tunneling) primarily in the high bias 

regime.  The characteristics of each process were presented and discussed in the content 

of experimental data.  The probe-Pc-electrode junction “devices” demonstrated mostly 

injection limited I-V characteristics.25-28  Space charge limited I-V characteristics were 

present mainly in the high bias regime and are believed to be mostly the result of oxygen 

doping of these Pc materials in ambient environment.29, 30  Ideal thermionic emission and 

Fowler-Nordheim tunneling processes are briefly discussed here as background 

information to facilitate the understanding of injection and transport processes in these 

molecular aggregates.  
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          Figure 5.1 shows schematics of a metal-semiconductor (p-type) Schottky junction 

with rectification capabilities that is dominated by a thermionic emission injection 

process.  Schematic 5.1(I) is the energy band diagram of the junction when the metal and 

the semiconductor are not in direct contact (the metal work function φm is smaller than 

the semiconductor work function φs).  The intimate contact between the metal and the 

semiconductor causes band bending to reach the Fermi level alignment at thermal 

equilibrium (Figure 5.1(II)).  Band bending, as well as local vacuum level shift, occurs 

primarily at the surface region.  The Schottky barrier height ΦB is defined as the energy 

difference between the metal Fermi level and the valence band of the semiconductor at 

the interface.  This is the barrier height that majority charge carrier holes need to 

overcome when flowing from the metal to the semiconductor.  The energy difference 

between the valence band at the interface and in the bulk is defined as the junction built-

in potential Φi .  This is the barrier height that holes need to overcome flowing from the 

semiconductor to the metal.  At forward bias condition (VA negative, semiconductor 

grounded) shown in Figure 5.1 (III), the Fermi level will be separated by the applied bias 

VA and the semiconductor Fermi level EFS will be pushed down below that of the metal 

EFM.  This will lead to a decrease in the injection barrier (Φi >Φi + VA) and make it easier 

for the holes to flow from the semiconductor to the metal.  The reverse bias condition (VA

positive, semiconductor grounded) shown in Figure 5.1 (IV), however, causes significant 

increase in the injection barrier (Φi <Φi + VA) as the Fermi level of the semiconductor 

EFS is lifted up and above that of the metal EFM, therfore making it 
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Figure 5.1  Schematics of thermionic emission at a metal-semiconductor interface.
(I) Energy band diagram of a metal and a p-type semiconductor before 

    brought into contact. (II) Band bending situation at thermal equilibrium.   
   (III) Change in the amount of band bending at forward bias and the 
   decrease in the effective built in potential Φin.  (IV) The reverse bias 
   conditions where the effective built in potential Φin. increases while 
   the Schottky barrier height ΦB remains unchanged. (V) Ideal I-V 
   characteristics of a Schottky contact as well as an Ohmic contact. 

(V) Ideal I-V characteristics
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extremely difficult for the holes to flow across the junction. The overall I-V 

characteristics of an ideal Schottky junction are shown in Figure 5.1 (V) along with those 

of an Ohmic contact.  The current flow at this ideal Schottky junction is governed by a 

thermionic emission process and the current vs. the applied bias relationship is best 

described by a modified Shockley equation which will be discussed in details in the 

following section.      

The Fowler-Nordheim tunneling theory was developed to describe the metal-oxide-

semiconductor junctions.  Here we introduce the Fowler-Nordheim tunneling process 

(Figure 5.2) using the HOPG-Pc- Pt/Ir probe junctions as an example.  When no bias is 

applied, no tunneling behavior is observed (Figure 5.2 (I)).  The band bending in the 

organic layer is a result of the Fermi level alignment at both Pc/electrode interfaces.  The 

onset bias situation is described in Figure 5.2 (II) and this is the bias regime where the 

flat band situation is present and the charge carrier tunneling starts to occur.  At the 

forward bias condition, tunneling junctions are formed at one or both electrodes with a 

triangular shaped barrier with a barrier height of ΦTB.  The electrons will tunnel through 

the HOPG/Pc barrier at a distance of dFN and the holes may be tunneling through the 

Pt/Ir-Pc barrier simultaneously.  The current flowing through the junction is governed by 

the tunneling mechanism (field emission) and the I-V characteristics are best described 

by a Fowler-Nordheim model which is discussed in details in the follwing section.  An 

ideal I-V behavior in the forward bias direction is shown in the inset of Figure 5.2 (IV). 

The current density is dependent upon the field strength across the junction. A linear 

relationship between ln (I/V2) and (1/V) is observed as shown in the Fowler-Nordheim 
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Figure 5.2   Schematics for Fowler-Nordheim tunneling processes.(I) Zero bias where
the Fermi level alignment causes band bending in the sandwiched Pc 
material. (II) Onset bias applied causes the flat band condition in the Pc 
material and tunneling process starts occurring. (III) Forward bias with a
strong electric field across the thin Pc layer. In extreme cases, both 
electrons and holes can tunnel through the triangluar barriers. (IV) A 
sample Fowler-Nordheim plot with an ideal tunneling I-V characteristics
shown in the inset.  
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plot and this signature characteristics have been used to identify the presence of tunneling 

processes.  

         3) Comparisons were made between the alkoxy side chain modified Pc 1 and its 

thioether side chain modified analogue Pc 3 as well as between Au and HOPG substrates.  

Speculations on the conduction path in every type of I-V characteristics were made and 

the role of energetics in both the Pcs and the electrode materials was discussed.  

5.2     TUNA Characterization of Thin Films of Pc 1 on HOPG

5.2.1  TUNA Current Mapping of Single Bilayers of Pc 1

          Previous studies on annealed LB films of Pc 1 on HOPG had shown that the 

molecular columns are orientated such that the aggregated column axis is parallel with 

the plane of the substrate.22-24, 31  The single bilayer film tends to overfold on top of itself 

during transfer as shown in the topography image (Figure 5.3).  There are overfolded 

domains (fiberlike features seen in the image) within a 10-15 micron scale that are about 

3-4 bilayer thick, sitting in between regions which are only one bilayer thick.  The inter-

plane spacing between the overlapped islands (indicated by the arrows in this figure) is ca. 

7-9 nm, about 1-2 bilayers of Pc 1 when aligned upright along the normal axis.  A surface 

conductivity map was acquired simultaneously with the topography at an applied bias of 

500 mV between the HOPG substrate and the conductive probe.  The observed TUNA 

current constrast matches, in some cases, directly with the topography features.  The 

thickest fiberlike domains allowed for the least amount of current and the thinnest island 

to the bottom right produced the highest current density.  The absolute current contrast is 
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Figure 5.3  AFM images (15um × 15um) of a single bilayer film of Pc 1 on HOPG
                   at an applied tip bias of 500 mV. The top is the topography image with
                   stripes indicating the film overfolding on top of itself; the bottom is the
                   TUNA current image with matching pattern to that seen above.   
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5 pA, mostly due to the surface thickness and/or conductive pathway modulation of Pc 1 .  

5.2.2  Point I-V Characteristics of Single Bilayers of Pc 1

          Point I-V measurements were taken at various spots of the thin film and significant 

variation in I-V characteristics was observed.  Considering the assemble of probe-Pc-

HOPG junctions as a nanometer sized device, the current here is most likely injection

limited as the intrinsic barrier height between HOPG and Pc 1 (Figure 5.31 (I)) is larger 

than 0.3 eV.25, 28, 32  Charge injection from the HOPG electrode into the Pc material 

depends upon the nature of the contact at the Pc/HOPG interface.  Three typical contacts 

encountered in organic devices are Ohmic, Fowler-Nordheim, and Schottky and each 

contact has its signature I-V and/or J-V characteristics.27  The approach used here was to  

fit the experimental I-V data with these signature patterns to model the injection 

mechanism at the Pc/HOPG interface at nanometer scale and to explore the correlation 

between the physical ordering/microstructure and the electrical characteristics in these Pc 

molecular aggregates.  

5.2.2a  Shockley Model and Thermionic Emission Mechanism

          Most of the experimental I/V characteristics can be fitted with a modified Shockley 

model, indicating that thermionic emission is the dominant injection mechanism, 

primarily at low bias voltages.33-36  Figure 5.4 (I) shows a typical I-V curve taken on the 

high current density portion of a Pc 1 film with the condutive probe postively biased with 

respect to HOPG.  The modified Shockley relationship dominates the J-V characteristics 
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Figure 5.4  (I) Point I-V characteristics of a single bilayer Pc 1 on HOPG: Diamond 
                   data points are simulated ones from the modified Shockley equation with 
                   parameters shown in the inset and square data points are experimental.  
                   (II) Semilog plot of current density vs. tip bias.  The linear fit signatures 
                   the dominant thermionic emission injection characteristic.  
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(2)
(1)

at the interface: where js is the saturation current density, VA is the applied bias, T is 

temperature, and n is the ideality factor.  Deviation of the ideality factor from unity 

indicates the presence of non-thermionic emission injection processes at the interface.  

The larger the ideality factor is, the more hetergeneous the injection process is.  The 

saturation current density js is determined by the Schottky barrier height ΦB at a given 

temperature;  A* is the Richardson’s constant and is typically 120 amp.cm-2.K-2 for free 

electrons thermionic emission into vacuum.37 A natural log conversion simplifies the 

modified Shockley equation to a linear relationship between the current density lnj and 

the applied bias VA:    

lnJ = lnJs + (q/nkT) V                                           (3)

where the slope is inversely proportional to the ideality factor n and the intercept is 

directly related to the saturation current density js and therefore to the Schottky barrier 

height ΦB.  Figure 5.4 (II) is the semilog plot of 5.4 (I) where a good linear relationship is 

present between 0.1-0.8 V.  The ideality factor derived was ca. 7, far from the ideal 

thermionic emission value (n =1), suggesting that thermionic emission, although 

dominant, was not the only injection mechanism.  Other processes such as tunneling may 

be present at the interface as well.  The saturation current density derived from the 

intercept can be used to estimate the size of the Schottky barrier height using the free 
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electron Richardson’s constant in vacuum.  This has been proved to be a valid 

assumption as the impact of Richardson’s constant on the saturation current density is 

much less significant than that of the Schottky barrier height.  The estimated barrier 

height for a single bilayer Pc 1 on HOPG is ca. 0.43 eV.  Figure 5.4 (I) also shows 

simulated I-V points generated with the modified Shockley equation using the ideality 

factor and the saturation current density derived from the semilog plot 5.4 (II).  There is 

apparently a good match between the experimental and simulated data.      

5.2.2b Tunneling Model and Fowler-Nordheim Plot

          At high biases, charge injection can be dominated by a tunneling process.  The bias 

at which tunneling exceeds thermionic emission is determined by the size of the Schottky 

energy barrier.25-28, 32  The tunneling current through a metal-insulator-metal junction  can 

be described by the Fowler-Nordheim field emission model:

(3)

where Aeff. is the effective emission area, V is the applied bias, s is the insulating layer 

thickness, m is the electron mass, and φ is the tunneling barrier height.1, 14  The natural 

log version of this equation

(4)
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leads to a linear relationship between ln (I/V2) and the reciprocal bias (-1/V) (the Fowler-

Nordheim plot).  Information about the tunneling barrier height φ and the insulating layer 

thickness s, can be derived from both the slope and the intercept of this linear plot.  A 

linear fit in the semilog plot Figure 5.5 (II) in the low bias region (0.1 - 0.55V) indicates a 

dominant thermionic emission injection mechanism with an ideality factor of 4.7 and a 

Schottky barrier height of ca. 0.43 eV.  The size of the barrier height agrees with that 

derived from Figure 5.4, suggesting the validity of the barrier height estimation and the 

consistency in the injection mechanism at low bias voltages. The I-V data points 

generated by the modified Shockley equation are shown in 5.5 (I) and they fit the 

experimental data well only up to 0.55 V.  At high biases, the I-V charactersitics are best 

described with a tunneling model as most of the data points follow a linear pattern in the 

Fowler-Nordheim plot (inset, Figure 5.5 (II)).  However, it is extremely challenging to 

derive the tunneling barrier height as well as the insulating layer thickness since the 

conductive pathway is not neccesarily along the normal axis and the point contact likely 

encountered significant deviation to the ideal I-V characteristics.  For this reason, 

comparisons are made only in a qualitative fashion in the following discussion.   

5.2.2c Space Charge Limited Current Model

          A space charge limited current model has been found to fit some of the 

experimental I-V behaviors at high biases as shown in Figure 5.6.  Since the thin film of 

Pc 1 is likely doped with oxygen in ambient conditions, there may be free charge carriers 

flowing through the film, causing a high current density and a subsequent field gradient 
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Figure 5.5  (I) Point I-V characteristics of a single bilayer of Pc 1 on HOPG: triangle
                    data points are simulated ones from the modified Shockley equation with
                    parameters shown in the inset and square data points are experimental.  
                   (II) Semilog plot of current density vs. tip bias. The linear fit signatures a 
                    dominant thermionic emission injection characteristic at low bias regime.
                    The inset Fowler-Nordheim plot suggests a dominant tunneling process     
                    at high bias voltages.   
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Figure 5.6  (I) Point I-V characteristics of a single bilayer of Pc 1 on HOPG: triangle
                   data points are simulated ones from the modified Shockley equation with
                   parameters shown in the inset and diamond data points are experimental.  
                   (II) Semilog plot of current density vs. tip bias.  The linear fit signatures a 
                   dominant thermionic emission injection characteristic at low bias regime.
                   The inset plot shows a good linear fit between the current density and the 
                   bias square, suggesting a dominant space charge limited current model at 
                   high bias voltages.    
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limiting the current flow.  The space charge limited current density is given by

J = 9/8 ε0εµV2d-3                              (5)

where µ is the charge mobility, d is the layer thickness, ε0 is the vacuum permittivity, and 

ε is the material permittivity assumed to be 2 for most organic materials.29, 30, 36  The 

current density J is directly proportional to the bias squared (V2) and the charge mobility 

can be derived from the slope of the linear plot at a given insulating layer thickness.  The 

low bias region of the I-V plot indicates likely thermionic emission with an ideality factor 

of 8.7 and a Schottky barrier height of ca. 0.46 eV.  The high bias region fits into a space 

charge limited current model since the current density at biases above 0.8 V demonstrates 

a linear fit over V2.  If the conductive pathway is along the normal axis through the single 

bilayer (ca. 6 nm thick), the charge mobility estimated would be ca.1E-5 cm2V-1s-1.      

5.2.3  Discussion of Conductive Path and Junction Electrical Heterogeneity

          The three scenarios discussed above describe the I-V characteristics observed in a 

thin bilayer of Pc 1 on HOPG.  The points where the measurements were taken were ca. 

500 nm apart from one another laterally, suggesting significant electrical heterogeneity at 

the microscopic level.  It is shown that thermionic emission dominates the charge 

injection at the Pc/HOPG interface at low biases.  It is speculated that the condutive 

pathway is most likely along the column axis, i.e. in parallel to the HOPG plane since 

charge transport is favored along the column axis for this material.29, 30, 38  At high biases, 

however, tunneling behavior took over and the conductive pathway likely shifted to along 

the normal axis.  Since the TUNA measurements were done in air, the Pc film is most
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likely doped with oxygen.29  A high doping level may allow for enough free charge 

carriers along the conductive path and can be the cause of the observed space charge 

limited current characteristics at high bias voltages.  

5.2.4  TUNA Current Mapping of 2 Bilayers of Pc 1

          Both the topograph image and the surface conductivity map of a 2 bilayer film of 

Pc 1 on HOPG are shown in Figure 5.7.  The film has a fine fiberlike texture with one 

intact island superimposed upon the other.  The interlayer spacing between the top and 

the bottom layer to the bottom right of the image is ca.7 nm, about one bilayer thick 

(along the normal axis).  The tallest features in the image are the overfolded edges of the 

film that are ca. 16-20 nm above the rest of the film.  This overfolding during film 

transfer causes both significant topography contrast and subsequent current constrast at 

an applied bias of 500 mV between the conductive probe and the HOPG contact.  Most of 

the measurable current is concentrated at the thin underneath layer to the upper and 

bottom right of the image.  The top layer carries a smaller amount of current and the least 

amount of current is observed coincident with the tallest features throughout the image.  

The absolute current constrast in the 2 bilayer film (1.5 pA) is smaller than that in the 

single bilayer (5 pA) at the same applied bias, which is mostly a result of film thickness 

modulation.  Even within the high current region, there are fine current contrasts due to 

the structural features at microscopic level.  Stuctural heterogeneity in these thin films is 

the ultimate cause for electrical heterogeneity as the local structure impacts on the 

conductive pathway. 
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Figure 5.7   AFM images (10um × 10um) of a 2 bilayer film of Pc 1 on HOPG at an
                    applied tip bias of 500mV. The top is the topography image with an island 

surperimposed onto the bottom layer (bottom right corner); the bottom is 
the TUNA current image with matching pattern to that seen above. 
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5.2.5  Point I-V Characteristics of 2 Bilayers of Pc 1

          Point measurements were taken at various spots on the film and the I-V 

characteristics can be classsified in the following four categories:  1) Thermionic 

emission and modified Shockley model as shown in Figure 5.8.  The full I-V 

characteristics can be simulated with the modified Shockley model with an ideality factor 

of 9.3 and a Schottky barrier height of ca. 0.45 eV.  A semilog plot of the current density 

as a function of the applied bias is shown in 5.8 (II) where there is a good linear fit for the 

entire bias range.  The large deviation (n = 9.3) from an ideal thermionic emission (n = 1) 

suggests the presence of other injection processes at the Pc/HOPG interface.  The 

estimated barrier height agrees with that derived from the single bilayers of Pc 1, 

consistent with a dominant Schottky contact.  2) Thermionic emission at low bias region 

and space charge limited current model at high bias regions as shown in Figure 5.9.  The 

I-V characteristics fit well with the modified Shockley equation at biases smaller than 

0.55V where thermionic emission dominates the injection process.  Higher bias behavior 

(0.55 – 1V) is best described with a space charge limited current model where the current 

density is linearly proportional to the V2 (inset 5.9 (II)).  The charge mobility derived 

from the slope of this relationship is ca. 2E-4 cm2V-1s-1.  This estimation is on the 

conservative side as the conductive pathway was assumed along the normal axis at a 

thickness of 2 bilayers.  Conduction along the colum axis within the plane of the Pc film 

can significantly increase the effective device thickness therefore bringing up the charge 

mobility by an order of magnitude or more.  3)  Tunneling dominated injection as shown 

in Figure 5.10.  The full I-V characteristics are best fitted with a tunneling model.  The 



233

Figure 5.8  (I) Point I-V characteristics from a 2 bilayer film of Pc 1 on HOPG: 
                   Diamond data points are simulated ones from the modified Shockley 
                   equation with parameters shown in the inset and square data points are
                   experimental. (II) Semilog plot of current density vs. tip bias. The linear
                   fit signatures a dominant thermionic emission injection characteristic

            throughout the entire bias window. 
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Figure 5.9  (I) Point I-V characteristics from a 2 bilayer of Pc 1 on HOPG: Diamond
                   data points are simulated ones from the modified Shockley equation with
                   parameters shown in the inset and square data points are experimental.  
                   (II) Semilog plot of current density vs. tip bias. The linear fit signatures a 
                   dominant thermionic emission injection characteristic at low bias regime.

               The inset plot shows a good linear fit between the current density and the 
                   bias square, suggesting a dominant space charge limited current model at 
                   high bias regime.   
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Fowler-Nordheim plots for both forward and reverse biases are shown in Figure 5.10 (II) 

where both the slope and the intercept to the forward bias region are slightly smaller than 

those of the reverse bias region, indicating finite variations in the tunneling barrier height 

φ and/or the length of the conductive pathway s.  The semilog plot of the current density 

versus the applied bias is shown in the inset of 5.10 (I) with a rectification ratio of ca. 2.  

This is most likely due to the energy difference at both the Pt/Ir probe and the HOPG 

electrodes.  I-V characteristics in Figure 5.10 and Figure 5.9 were collected on the same 

spot in the 2 bilayer film of Pc 1.  Figure 5.9 was taken initially at forward biases (tip 

positively biased with repsect to the HOPG) only; Figure 5.10 was subsequently taken 

with a full bias sweep.  The drastic difference in their injection mechanisms (thermionic 

emission + space charge limited current model vs. tunneling/field emission) suggests that 

application of a large bias/electrical field may cause irreversible changes in the Pc film.  

Subtle changes in the packing/ordering of these molecular columns may lead to changes 

in the conductive pathway, thereby impacting on the dominant injection and/or transport 

mechanism. 4) Space charge limited current (SCLC) model dominates the entire I-V 

characteristics as shown in Figure 5.11.  Linear relationships between the current density 

and V2 are observed in both forward and reverse bias regions (5.11 (II)) and the space 

charge limited current model best describes the experimental I-V characteristics. A 

semilog plot of the current density against the applied bias is shown in the inset of 5.11 (I) 

where the rectification ratio is ca. an order of magnitude.  This is consistent with the 

different slopes to the linear relationship at forward and reverse bias voltages.  The higher 

slope for the forward bias indicates an easier conductive pathway (insulating layer 
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Figure 5.10  (I) Point I-V characteristics from a 2 bilayer of Pc 1 on HOPG. Inset is
                      the semilog plot of current density vs. applied bias. It is a rectifying
                      junction with a rectification ratio of ca. 2. (II) Fowler-Nordheim plot

             demonstrates good linear fits for both forward and reverse bias regimes
                      and suggests the dominance of tunneling mechanism. 
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Figure 5.11  (I) Point I-V characteristics from a 2 bilayer Pc 1 on HOPG. Inset is
         the semilog plot of current density vs. applied bias. It is a rectifying 

                      junction with a rectification ratio of ca. 10. (II) Linear relationships
                      between the current density and the bias square are shown in the plot
                      for both forward and reverse bias regions and suggest the dominance 
                      of space charge limited current model. 



238

thickness d) assuming that the charge mobility is independent of the polarity of the 

applied bias.  Charge mobility would be in the 1E-5 cm2V-1s-1 range in both cases if the 

conductive pathway is assumed along the normal axis at a thickness of 2 bilayers.   

5.2.6  Comparison and Discussion between Single and 2 Bilayers of Pc 1

          The nanosized junction (Conductive probe-Pc- HOPG) with two bilayers of Pc 1

has demonstrated more electrical heterogeneity through point I-V measurements than that 

seen in junctions constructed with single bilayers. Thermionic emission and its 

dominance at low bias voltages indicate that the perferred conductive pathway is parallel 

to the HOPG plane and along the Pc molecular columns. Therefore, the effective 

conductive pathway is much longer than the thickness of the film.  At high bias voltages, 

the behavior of 2 bilayer films is mostly dominated by the space charge limited current 

model.  The fact that SCLC is favored over tunneling suggests that the conductive 

pathway is within the plane of the film and primarily along the Pc molecular column axis.  

Since charge transport across the column axis is prohibited, condution along the normal 

axis should be primarily via tunneling.  The presence of pure tunneling junctions is a 

reflection of surface heterogeneity in the ordering of these Pc molecular columns.  

Overfolding in the thin films and/or defects along the column axis may prevent charge 

carriers from taking the energetically favorable pathway (along the column axis in plane) 

and ultimately cause tunneling along the normal axis under large electrical fields.  

Likewise, the dominance of space charge limited current model is a manifistation of high 
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oxygen doping levels in these Pc thin films.  With the right conduction geometry, I-V 

characteristics can be space charge limited, instead of being injection limited.   

5.3    TUNA Characterization of Thin Films of Pc 3 on HOPG

5.3.1  TUNA Current Mapping of 2 Bilayers of Pc 3

          Thin films of Pc 3 tend to overfold onto itself upon transfer from the LB trough to 

the HOPG substrates.  The topography image in Figure 5.12 shows fine fiberlike features 

throughout the image with stripes corresponding to the overfolded regions in the film.  

The inter-layer spacing is ca. 8 nm as the island to the bottom left of the image is 

superimposed on top of the rest of the film.  The TUNA current image shows a matching 

pattern to that of the topography at an applied bias of 800 mV.  Most of the measurable 

current density is associated with the bottom layer with visible current contrast 

corresponding to the fine structural features.  The superimposed island passes less current 

with the most significant contrast observed at the overfolded stripes/island interfaces.  

Current flow was observed at a larger bias (800 mV) than the bias (500 mV) applied for 2 

bilayers of Pc 1, which is associated with the intrinsic energetic difference between the 

alkoxy side chain modified Pc 1 and the thioether side chain modified Pc 3. 

5.3.2  Point I-V Characteristics of 2 Bilayers of Pc 3

          Most of the point I-V characteristics are best described by the thermionic emission 

model, particularly at the low bias voltages.  Figure 5.13 (I) is best fit with the modified 

Shockley equation with an ideality factor of 3.2 and a Schottky barrier height of 0.6 eV.  
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Figure 5.12  AFM images (15um × 15um) of 2 bilayer film of Pc 3 on HOPG at
           an applied tip bias of 800mV.  Top is the topography image with stripes 

indicating the film overfolding on top of itself; bottom is the TUNA   
current image with matching pattern to that seen above.
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Figure 5.13  (I) Point I-V characteristics from a 2 bilayer Pc 3 on HOPG: diamond
                     data points are simulated ones from the modified Shockley equation with
                     parameters shown in the inset and square data points are experimental.  
                     (II) Semilog plot of current density vs. tip bias. The linear fit signatures a 
                     dominant thermionic emission injection characteristic throughout the 
                     entire bias window. 
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The linearity in the semilog plot 5.13 (II) is good throughout the applied bias range which 

supports the dominance of a thermionic emission mechanism.  Figure 5.14 shows another 

example of thermionic emission dominated I-V characteristics at extended bias range.  

The I-V points generated with a modified Shockley equation match closely with the 

experimental data (5.14 (I)) and the ideality factor derived is 7.3 with a Schottky barrier 

height of 0.53 eV.  The deviation in the ideality factor from unity is likely due to the 

presence of multiple injection processes at the Pc/HOPG interface.  The estimated 

Schottky barrier height is larger for Pc 3 than that for Pc 1, mostly caused by the 

difference in the HOMO level in these materials.  The energy difference in these Pcs will 

be further addressed in the summary section.  Besides thermionic emission dominated I-

V characteristics, there are regions of the film where the point I-V measurements are best 

fit with a space charge limited current model at large bias voltages as shown in Figure 

5.15.  The semilog plot of the current density against applied bias 5.15 (II) shows a linear 

region at small biases (<1.2V), suggesting the dominance of thermionic emission in this 

bias range.  The I-V points generated by the modified Shockley equation with an ideality 

factor of 4.5 and a Schottky barrier height of 0.54 eV agree well with the experimental 

data 5.15 (I).  The large bias voltage data can be described effectively with a space charge 

limited current model as shown in the inset of 5.15 (II).  The charge mobility derived 

from the slope of the linear relationship is in the 1E-3 cm2 V-1s-1 range with a conductive 

pathway assumed along the normal axis at a 2 bilayer thickness of ca. 12 nm. The 

dominance of the thermionic emission controlled I-V characteristics in thin films of thio-

ether side chain modified Pc 3 suggests that conduction within the plane of the thin film 
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Figure 5.14  (I) Point I-V characteristics from a 2 bilayer film of Pc 1 on HOPG: 
                      triangle data points are simulated ones from the modified Shockley 
                      equation with parameters shown in the inset and square data points are
                      experimental. (II) Semilog plot of current density vs. tip bias. The linear
                      fit signatures dominant thermionic emission characteristics throughout
                      the entire bias window. 
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Figure 5.15  (I) Point I-V characteristics from a 2 bilayer film of Pc 3 on HOPG: 
                      Diamond data points are simulated ones from the modified Shockley 
                      equation with parameters shown in the inset and square data points are
                      experimental. (II) Semilog plot of current density vs. tip bias. The linear
                      fit signatures dominant thermionic emission characteristic at low bias
                      regime. The inset plot shows a good linear fit between the current 

 density and the bias square, suggesting a dominant space charge limited 
                      current model at high bias voltages.   
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along the molecular column axis is preferred in this junction “device”.  Conduction along 

the normal axis across the molecular columns is much less likely to occur as no tunneling 

characteristics have been observed in these thin films, not even at high bias/electrical 

field.  The heterogeneity in the packing of the Pc 3 molecular columns upon annealing39

is the likely cause for the observed I-V characteristics since it makes conduction along 

the preferred column axis a more viable choice for the pathway between the condudtive 

probe and the HOPG electrode.  The dominance of the space charge limited current 

behavior at high bias supports the lateral conductive pathway hypothesis as the preferred 

transport route for free charge carriers is along the molecular column axis and primarily 

within the plane of the thin films.     

5.3.3  TUNA Current Mapping of 4 Bilayers of Pc 3

          The topography of a four bilayer film of Pc 3 on HOPG is extremely textured as 

shown in Figure 5.16.  The TUNA current image taken simultaneously at an applied bias 

of 800 mV does not show much contrast, mostly due to the increase in total film 

thickness.  The absolute current constrast is only 0.5 pA, an order of magnitude lower 

than that seen in the 2 bilayer films at the same applied bias.  The line features running in 

parallel in the current image are background noise that typically becomes visible only 

when the sample current is low.  
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Figure 5.16  AFM images (20um × 20um) of a 4 bilayer film of Pc 3 on HOPG at 
an applied tip bias of 800mV. The top is the topography image with 
lots of texture and/or overfolding in the film; the bottom is the TUNA 
current image with little constrast and small current density in general. 
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5.3.4  Point I-V Characteristics of 4 Bilayers of Pc 3

          Most of the I-V characteristics of these films are best described by the thermionic 

emission injection model as shown in Figure 5.17.  The full I-V characteristics (Figure 

5.17 (I)) are fitted by the modified Shockley equation with an ideality factor of 7.9 and a 

Schottky barrier height of 0.52 eV.  The fact that the linear fit in the semilog plot extends 

up to an applied bias of 2V suggests that this may be the ideal I-V characteristics when 

the conductive pathway is along the favorable charge transport axis even though there are 

multiple injection processes occurring at the Pc/HOPG interface.  A tunneling mechanism 

takes over at high bias voltages in selected regions of the film as shown in Figure 5.18.  

The I-V behavior below an applied bias of 1.4 V can be best characterized with the 

thermionic emission injection model with an ideality factor of 5.7 and a Schottky barrier 

height of 0.53 eV.  However, the tunneling model best fits the I-V characteristics beyond 

1.4 V as shown in the inset of Figure 5.18 (II). This change in the dominant injection 

mechanism as a function of the applied bias is most likely a reflection of changes in the 

conductive pathway.  

5.3.5   Comarision between Pc 1 and Pc 3:  Conductive Path and Junction Electrical 

           Heterogeneity           

          A consideration of the ordering and packing of the molecular columns in the LB 

thin films is critical in exploring the condutive pathways and understanding the origin of 

the electrical heterogeneity observed in these point I-V measurements.  Multilayers of Pc 

1 are dominated by a hexagonal packing of the columns with the column axis running in 
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Figure 5.17  (I) Point I-V characteristics from a 4 bilayer film of Pc 3 on HOPG: 
                      Cross data points are simulated ones from the modified Shockley 
                      equation with parameters shown in the inset and square data points 
                      are experimental. (II) Semilog plot of current density vs. tip bias. The 
                      linear fit signatures dominant thermionic emission characteristics
                      throughout the entire bias window. 
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Figure 5.18  (I) Point I-V characteristics from a 4 bilayer film of Pc 3 on HOPG: 
                     diamond data points are simulated ones from the modified Shockley
                      equation with parameters shown in the inset and square data points are
                      experimental. (II) Semilog plot of current density vs. tip bias. The linear 
                      fit signatures dominant thermionic emission injection characteristics at 
                      low bias regime. The inset Fowler-Nordheim plot suggests a dominant 
                      tunneling mechanism at high bias voltages.
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parallel to the plane of the substrate (HOPG) as shown in Figure 5.19 (I).  When a 

conductive probe penetrates through the top layer or contacts the film at a given force 

load, the most favorable conductive path is along the column axis till the column breaks 

at defect sites and/or interfaces with the HOPG.  This is most likely the conductive path 

for thermionic emission dominated I-V characteristics.  Conduction along the normal axis 

occurs at large electrical fields through tunneling since the Pc material appears insulating 

if charge transport is across the column axis.  Multilayer LB films of Pc 3 are described 

by a surface rectangular cell where Pc columns are packed in three orientations with the 

column axis running in parallel to the plane of the substrate and the Pc molecules tilted 

away from their cofacial positions.  The hetergenous packing of these molecular columns 

makes it much easier to construct a conductive pathway between the probe and the 

HOPG along the Pc column axis especially considering the presence of interdigitation, 

bifurcation, and/or overlapping among adjacent columns.  Therefore most of the I-V 

characteristics are dominated by thermionic emission injection.  The likelihood of seeing 

tunneling characteristics is significantly decreased in thin films of Pc 3 as the lateral 

conductive pathway is favored over the vertical pathway even at large electrical fields.  

The presence of the (001) reflection in the XRD pattern is extremely important as it 

shows the presence of stacking of these molecular disks in columns on the substrate. 

These stacking sites with the colum axis in parallel with the normal axis can facilitate 

conduction as they will bridge Pc 3 columns from different layers.  This can explain the 

dominance of thermionic emission controlled I-V charactersitics in junction “devices” of 

Pc 3.  The space charge limited current model is proposed in both Pc 1 and Pc 3 at high 
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Figure 5.19  (I) XRD of an as-deposited multilayer LB film of Pc 3.  The single 
reflection suggests a dominant hexagonal phase. (II) XRD of annealed 
film. Full pattern can be indexed into a rectangular cell. Three faces of 

               the rectangular lattice exposed <10> <01> <11> are shown in (III). 
The reflection at ca. 4Å is most likely due to the intracolumn ordering
<001>, indicating some fraction of the film adopted the stacking 
orientation with the column axis running in parallel with the normal axis. 
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biases.  It is speculated that the preferred conductive pathway in the SCLC regime is 

within the plane of the substrate and along the column axis as this would facilitate 

transport of free charge carriers in the doped films.

5.4     TUNA Characterization of Thin Films of Pc 1 on Au

5.4.1  TUNA Current Mapping of 2 Bilayers of Pc 1 on Au

          Figure 5.20 shows images of a 2 bilayer film of Pc 1 deposited via a bilayer-by-

bilayer fashion from the LB trough onto Au substrates.  The gap in the center of the 

height image is a result of film breaking into islands upon being transferred and the inter-

layer spacing across the gap is ca. 8 nm, close to a bilayer thickness.  The TUNA current 

image taken at an applied bias of 500 mV shows a coincident pattern to that seen in the 

topography image.  Most current flow is concentrated in the gap region where the film is 

at least one bilayer thinner than the rest.  The absolute current constrast is ca. 5 pA, 

higher than that seen on HOPG (1.5 pA, Figure 5.7) at the same applied bias.  The higher 

current density observed with the Pc/Au junction is likely due to the higher work function 

of Au vs. HOPG.       



253

Figure 5.20  AFM images (20um × 20um) of a 2 bilayer film of Pc 1 on Au at an 
applied tip bias of 500mV. The top is the topography image with a gap
feature corresponding to the thin layer underneath; the bottom is the
TUNAcurrent image with matching pattern to that seen above. 
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5.4.2  Point I-V Characteristics of 2 Bilayers of Pc 1 on Au

          Three typical I-V behaviors are observed through sampling of spots both in the 

high current density and the low current density regions of the film:  1) The thermionic 

emission injection mechanism dominates the low bias voltage data and tunneling 

mechanism dominates the higher bias results as shown in Figure 5.21.  The Pc/Au 

junction is mostly a rectifying junction as suggested by the semilog plot of current 

density vs. applied bias 5.21 (II).  The forward bias region is best fit with a linear 

relationship up to 0.3 V, suggesting a dominant thermionic emission injection mechanism 

with an ideality factor of 3.8 and a Schottky barrier height of 0.42 eV.  The I-V points 

generated with the corresponding modified Shockley equation fit the experimental data 

well as seen in 5.21 (I).  At forward biases beyond 0.3 V, the I-V characteristics are best 

interpreted by a tunneling mechanism as the Fowler-Nordheim plot shows a linear fit for

this voltage range as shown in the inset of 5.21 (II).  2) A thermionic emission injection 

mechanism dominates at low biases and a space charge limited current model dominates 

at high biases as shown in Figure 5.22.  The low bias voltage data in the forward 

direction is best described by a thermionic emission model with an ideality factor of 3.5 

and a Schottky barrier height of 0.42 eV.  The estimated barrier height agrees with that 

from the previous spot (Figure 5.21), which supports the validty of the thermionic 

emission model.  The I-V points generated with the corresponding Shockley equation fit 

the experimental data up to 0.4 V.  At biases beyond 0.4 V, the I-V characteristics are 

best described with the space charge limited current model as suggested by the linear fit 

between the current density and V2, shown in the inset of 5.22 (II).  The charge mobility 
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Figure 5.21  (I) Point I-V characteristics from a 2 bilayer film of Pc 1 on Au: 
                      Diamond data points are simulated ones from the modified Shockley 

     equation with parameters shown in the inset and square data points are
                      experimental. (II) Semilog plot of current density vs. tip bias. The linear
                      fit signatures dominant thermionic emission injection characteristics at
                      low bias regime. The inset Fowler-Nordheim plot suggests a dominant 
                      tunneling mechanism at high bias voltages.   
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Figure 5.22  (I) Point I-V characteristics from a 2 bilayer film of Pc 1 on Au: 
                      Diamond data points are simulated ones from the modified Shockley 
                      equation with parameters shown in the inset and square data points are 
                      experimental. (II) Semilog plot of current density vs. tip bias. The linear
                      fit signatures dominant thermionic emission injection characteristics at 
                      low bias voltages. The inset plot shows a good linear fit between the 
                      current density and the bias square, suggesting a dominant space charge
                      limited current model at high bias voltages.   
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estimated from the slope of this linear relationship is in the 1E-3 cm2V-1s-1 range. This is 

the lower limit of the mobility as the conductive pathway (d, equation (5)) is assumed as 

the shortest with a 2 bilayer thickness along the normal axis.  Conduction within the 

plane of the film along the Pc column axis will increase the mobility value significantly 

as this is the favorable transport direction in these molecular aggregates.  3) A tunneling 

mechanism dominates the I-V characteristics through the entire bias window as shown in 

Figure 5.23.  The thermionic emission model does not fit the observed I-V characteristics 

at this spot.  This is consistent with a non-typical rectifying Pc/Au junction as seen in the 

semilog plot of current density against applied bias in the inset of 5.23 (I).  A good linear 

fit, however, is present in the Fowler-Nordheim plots for both forward and reverse biases.  

The tunneling barrier height is probably smaller to the forward bias than that to the 

reverse bias as the slope to the Fowler-Nordheim plot is smaller at forward bias voltages.  

This is based on the assumption that the insulating layer thickness s (length of the 

conductive pathway) stays constant regardless of the polarity of the applied bias.  No 

quantitative information with regard to the tunneling barrier height or insulating layer 

thickness s is derived, however, due to the lack of accurate information on the film 

thickness as the film tends to overfold on top of itself and/or the complex nature of the 

conductive pathway in this pobe-Pc- Au junction “device”.  The ultra small contact area 

(ca. 28 nm2, estimated based on a nominal tip radius of 10 nm and an applied force load 

of 1-2 nN, can add significant uncertainty to the I-V behaviors as well.40-42



258

Figure 5.23  (I) Point I-V characteristics from a 2 bilayer film of Pc 1 on Au. Inset is
                      the semilog plot of current density vs. applied bias. 
                     (II) Fowler-Nordheim plot demonstrates linear fit from both forward and
                     reverse bias regions, suggesting the dominance of tunneling mechanism. 
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          It is likely that the conductive pathway at low bias voltages is mostly within the 

plane of the film along the Pc column axis as this is the logical choice for the 

construction of a Schottky contact and a rectifying junction.  The fact that most of the 

observed point I-V behaviors agree with a thermionic emission model supports this 

hypothesis.  Application of high bias voltages can change the conductive pathway as it 

changes the dominant injection mechanism to tunneling.  Conduction along the normal 

axis through the plane of these molecular disks is least favorable which makes the Pc 

material insulating.  This is, however, most likely the conductive pathway for tunneling. 

The fact that pure tunneling dominated I-V behaviors (Figure 5.23) are seen suggests that 

there are defects in these films which prevent conduction along the column axis from 

occurring, thereby making tunneling the only feasible mechanism for charge injection 

and/or transport. 

5.4.3  TUNA Current Mapping of 4 Bilayers of Pc 1 on Au

The AFM of the 4 bilayerm films of Pc 1 on Au shows fiberlike texture in the 

height image (Figure 5.24). The island to the image right is superimposed into the rest of 

the film and the inter-layer spacing is ca. 6-8 nm (about one bilayer thick).  The TUNA 

current image taken at an applied bias of 500 mV, however, shows little contrast and the 

absolute current contrast is very small (1.2 pA).  The current density in the right portion 

of the image is slightly higher than the rest which matches with the topography pattern.  

The small island to the center of the image with low current density agrees with the island 

that stands out in the topography image as well.
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Figure 5.24  AFM images (20um × 20um) of a 4 bilayer film of Pc 1 on Au at an 
applied tip bias of 500mV. The top is the topography image with an
island to the right superimposed onto the rest of the film; the bottom is
the TUNA current image with little constrast and small current density. 
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5.4.4  Point I-V Characteristics of 4 Bilayers of Pc 1 on Au

          Most point I-V behaviors can be modeled by a dominant thermionic emission 

mechanism at low biases and a space charge limited current model at high biases as 

shown in Figure 5.25 and 5.26.  The I-V points generated with a modified Shockley 

equation match with the experimental data up to 0.6V in Figure 5.25 and the 

corresponding ideality factor is 5.5 with a Schottky barrier height of 0.42 eV.  At biases 

higher than 0.6V, a space charge limited current model best describes the I-V data as 

suggested by the linear relationship in the inset plot of current density against V2.  Figure 

5.26 shows similar features to those in Figure 5.25.  The low bias region of the I-V plot is 

best fit with a thermionic emission model where the ideality factor is 5 and the Schottky 

barrier height is 0.42 eV.  The ideality factors in both figures are far from being ideal, 

indicating the presence of multiple injection processes at the Pc/Au interface.  The high 

bias region is fit satisfactorily with a space charge limited current model as suggested by 

the linear fit between the current density and V2 in the inset of 5.26 (II).  The charge 

mobility for both tested spots is in the 1E-3 cm2V-1s-1 range as estimated from the slopes 

to these linear relationships.  The mobility at the space charge limited current region can 

be much higher as the estimations were made with the thinnest condution path possible 

(equation 5).

          The dominance of space charge limited current flow at high bias voltages suggests 

that these thin films are likely doped in ambient conditions.  The favorable conduction 

path in the SCLC regime is logically within the plane of the film along the Pc column 

axis.  Tunneling characteristics are not seen among the sampled spots, indicating that it is
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Figure 5.25  (I) Point I-V characteristics from a 4 bilayer film of Pc 1 on Au: diamond
                      data points are simulated ones from the modified Shockley equation with
                      parameters shown in the inset and square data points are experimental.  
                      (II) Semilog plot of current density vs. tip bias. The linear fit signatures 
                      dominant thermionic emission injection characteristics at low biases.  
                      The inset plot shows a good linear fib between the current density and 
                      the bias square, suggesting a dominant space charge limited current 
                      model at high bias voltages.   
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Figure 5.26  (I) Point I-V characteristics from a 4 bilayer film of Pc 1 on Au: 
                      Diamond data points are simulated ones from the modified Shockley
                      equation with parameters shown in the inset and square data points are 
                      experimental. (II) Semilog plot of current density vs. tip bias. The linear
                      fit signatures dominant thermionic emission injection characteristics at 
                      low biases. The inset plot shows a good linear fit between the current
                      density and the bias square, suggesting a dominant space charge limited 
                      current model at high bias voltages.   
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possibly easier to construct favorable conductive pathways (primarily along the Pc 

column axis) in the thicker film than it is in the thinner film.  The observed conduction 

between the probe and the Au electrode through a multilayer film is probably a combined 

effect of both the lateral conduction within these molecular columns and the vertical 

transition through fine structural hetergeneity.

5.5     TUNA Characterization of Thin Films of Pc 3 on Au

5.5.1  TUNA Current Mapping of 2 Bilayers of Pc 3 on Au

          Both the height and TUNA current images (Figure 5.27), taken at an applied bias 

of 800 mV, show coincident patterns.  The bottom island is surperimposed onto the rest 

of the film and the inter-plane spacing is ca. 6 nm, close to a single bilayer thickness.  

The film is heavily textured as shown by the fiberlike features in the topography image.  

Overfolding is also present as indicated by the stripes to the edge of the top island.  The 

TUNA current image contains a large range of values as well as fine “electrical 

structures” in the bottom high current density region.  The absolute current contrast (10 

pA) is larger than that seen in the 2 bilayer films of Pc 1 on Au (Figure 5.20) and  about 

twice as large as that seen in the same film (Figure 5.12) on HOPG.  The difference 

between Pc 1 and Pc 3 lies in the enegetics of these materials; the variation between Au 

and HOPG electrodes lies mainly in the difference in their work functions. 
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Figure 5.27  AFM images (15um × 15um) of a 2 bilayer film of Pc 3 on Au at an 
applied tip bias of 800mV. The top is the topography image with lots of 
texture; the bottom is the TUNA current image with matching patterns to
those seen above. Fine current constrast is present in the high current 
density region corresponding to the fine structural/topagraphical features.   
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5.5.2  Point I-V characteristics of 2 Bilayers of Pc 3 on Au

          Two typical point I-V behaviors were observed throughout the sampled spots:  1) 

A thermionic emission dominated  injection mechanism as shown in Figure 5.28.  The I-

V points generated with the modified Shockley equation fit the entire bias window 

(Figure 5.28 (I)) at an ideality factor of 7.3 and a Schottky barrier height of 0.49 eV.  The 

semilog plot of current density vs. applied bias demonstrates the rectifying nature of the 

Pc/Au junction and the rectification ratio is beyond an order of magnitude.  The large 

deviation in the ideality factor from unity indicates the presence of heterogenous injection 

processes at this interface.  2) A thermionic emission mechanism dominates the low bias 

region and tunneling mechanism dominates for high bias values as shown in Figure 5.29.

The thermionic emission injection model fits the experimental I-V data up to 0.75 V.  An 

ideality factor of 3.1 and a Schottky barrier height of 0.55 eV were derived from the 

semilog plot 5.29 (II) and used to generate the simulated I-V points in 5.29 (I).  At biases 

beyond 0.75V, the I-V behavior is best described with a tunneling injection model as 

suggested by the linear fit of the Fowler-Nordheim plot in the inset of 5.29 (II).  The 

dominance of the thermionic emission injection mechanism, primarily at low bias 

voltages, suggests that lateral conduction along the Pc column axis is easier to achieve in 

thin films of Pc 3 vs. Pc 1 which is a result of the heterogeneous packing/microstructure 

of these molecular columns as discussed previously (Figure 5.19). The presence of  

tunneling mechanism at high bias values supports the change in conductive pathway upon 

the change in the electrical field along the normal axis.  Thermionic emission and field 

emission are most likely two competing processes at the Pc/Au interface. The 
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Figure 5.28   (I) Point I-V characteristics from a bilayer film of Pc 3 on Au: diamond 
                      data points are simulated ones from the modified Shockley equation with
                      parameters shown in the inset and triangle data points are experimental.  
                      (II) Semilog plot of current density vs. tip bias. The linear fit in the 
                      forward bias regime signatures dominant thermionic emission injection
                      characteristics. 



268

Figure 5.29  (I) Point I-V characteristics from a 2 bilayer film of Pc 3 on Au: triangle 
                     data points are simulated ones from the modified Shockley equation with
                     parameters shown in the inset and diamond data points are experimental.  
                     (II) Semilog plot of current density vs. tip bias. The linear fit signatures  
                     dominant thermionic emission injection characteristics at low biases.  
                     The inset Fowler-Nordheim plot suggests a dominant tunneling process 
                     at high bias voltages.   
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microscopic structure of the film, primarily the packing of these Pc molecular columns 

determines which dominates the I-V characteristics and/or the threshold bias at which the 

dominant mechanism switches from one to the other. 

5.6     Summary and Conclusion 

5.6.1  Speculation on Conduction Path

          Most of the point I-V behaviors are best characterized by a thermionic emission 

injection mechanism at low bias voltages and a tunneling or a space charge limited 

current model at high bias voltages.  It is speculated that the predominance of the 

thermionic emission mechanism is a reflection of the main conduction path being within 

the plane of the film along the Pc column axis which is the favorite charge transport 

direction (Figure 5.30 (I)).  The Pc/HOPG or Pc/Au junction is a Schottky junction, the 

characteristics of which are best described with the modified Shockley equation.  The 

estimated ideality factors (3< n <7) are far from unity and reflect the presence of 

hetergeneous injection processes at the interface.  The change from thermionic emission 

to tunneling is caused by the change of the conduction path in these films at high bias 

values.  Tunneling is speculated to occur along the normal axis across the Pc colums 

(Figure 5.30 (II)).  In summary, thermionic emission and tunneling are two competing 

processes at the Pc/HOPG or Pc/Au junctions.  The threshold bias at which the change in 

the conductive mechanism occurs is determined by both the size of the barrier height and 

the ordering in these films.  The space charge limited characteristics observed at high bias 

voltages reflect the likely high doping level in these Pc films under ambient environment.  
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Figure 5.30  Proposed conduction path in tested Pc LB thin films. (I) Conduction
within the plane of the film along the Pc column axis.  This pertains 
mostly to the thermionic emission dominated injection/transport 
characteristics at low bias regime.  (II) Conduction along the normal 
axis across the Pc column axis.  This pertains mostly to the tunneling 
mechanism dominating the high bias regime.  

Conduction is most likely within the plane of the film as transport of free charge carriers 

is favored along the Pc column axis. 

          The most significant difference between the tested films of Pc 1 and Pc 3 is the 

types of injection and/or transport mechanisms and their frequency of occurrence. 

Heterogeneous mechanisms (thermionic emission, tunneling, thermionic + tunneling, and 

thermionic + SCLC) are observed for Pc 1 and they are present equally.  Mechanisms for 

Pc 3 are less diverse as thermionic emission and space charge limited I-V characteristics 

are both frequently observed.  The overall dominance of thermionic emission is a direct 

indication of having easy access to the favorable conduction path along the column axis

in thin films of Pc 3.  The microscopic structure of these LB films ultimately determines 



271

the I-V behaviors observed at these individual points.  Pc 3, with a heterogeneous 

packing of these molecular columns and a unique portion of columnar stacking on the 

substrate ( Figure 5.19), allowes for better interaction among these columns both in-plane 

via lateral interdigitation and across-plane via the stacked molecular wires, therefore 

making conduction along the favorite column axis much easier to achieve.  Molecular 

columns of Pc 1, on the other hand, are uniformly packed in a hexagonal fashion, which 

permits intracolumn conduction as a possible but not necessarily a dominant process. 

5.6.2  Impact of Electrode Material on Electrical Characteristics 

    Figure 5.31 (I) shows the energetics of both electrodes and Pc materials with 

respect to one another prior to making the contact and 5.31 (II) summarizes the Schottky 

barrier heights estimated throughout the study.  The work functions of both HOPG and 

Au, as well as the HOMO levels of Pc materials were derived from UPS studies and 

shown in Figure 5.32.  The trend in the energetics is such that Schottky barrier heights for 

both Pcs are larger on HOPG than on Au, which is a result of the work function 

difference in these materials. Comparison on the same electrode reveals that the barrier 

heights are larger for Pc 3 than those for Pc 1, which is a reflection of the difference in 

intrisic energetics of these Pc materials and/or the variation in doping levels and/or the 

difference in their microstructures.  The energy difference (as a function of both Pc 

materials and electrode materials), together with the microscopic structure of the films, 

serves as a basis in understanding the I-V behaviors in these figures.         
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Figure 5.31  (I) Energy diagram showing every component in the probe-Pc- substrate
                      junction device.  The values represent initial energetics prior to the 

             juction formation and thermoequilibrium.  (II) Table summarizing the 
                      estimated Schottky barrier heights from the thermiomic emission
                      dominated low bias region.   
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Figure 5.32  UPS study results:
                   (I)  Energy diagram for Pc 1 on HOPG 

                     (II) Energy diagram for Pc 3 on Au
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The impact of the electrode material (HOPG vs. Au) on the I-V behaviors of both 

Pc 1 and Pc 3 is shown in Figure 5.33.  Sampling points were taken from 2 bilayer Pc 

films, but these points don’t necessarily contribute to a direct comparsion as the 

conduction properties at each spot might be controlled by different mechanisms.  5.33 (I) 

is the semilog plot of current density in Pc 3 against the applied bias in the forward 

direction.  There is similarity between the I-V characteristics on Au and HOPG.  This is a 

reflection of the thermionic emission process and the tendency to achieve the favorite 

intracolumn conduction in Pc 3, regardless of the substrate material.  However, the 

semilog plot of current density in Pc 1 against applied bias (5.33 (II)) shows difference 

between films on Au and HOPG.  The slope to the linear portion of the semilog plot is 

steeper for Au than that for HOPG, indicating less heterogeneous injection processes at 

the Pc/Au interface.  At a given bias, the current density in the film on Au is significantly 

higher than that on HOPG.  This is described by the prefactor/saturation current density js

in the Shockley relationship.  The saturation current density is inversely related to the 

Schottky barrier height and the observed higher current density on Au agrees well with 

the smaller estimated barrier height (Figure 5.31 (II)).  This comparison supports the 

validity of the thermionic emission/modified Shockley model at low bias voltages.   
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Figure 5.33  (I) Semilog plot of  of current density in 2 bilayers of Pc 3 vs. tip bias. 
                     (II) Semilog plot of current density in 2 bilayers of Pc 1 vs. tip bias. 
                     Most of the data points in both plots agree with a thermionic emission 
                     model as suggested by the good linear trends. 

(I)

(II)
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5.6.3  Impact of Pc Side Chain Modification on Electrical Characteristics

The impact of Pc material (Pc 1 vs. Pc 3) on the I-V behaviors taken on both Au and 

HOPG is shown in Figure 5.34.  The semilog plot of current density in both films on Au 

vs. the applied bias in the forward direction is given in 5.34 (I).  The junction “device” 

constructed with Pc 3  turns on at a much higher bias (0.9 V) than that for the Pc 1 related 

device (0.1 V), which is a direct indication of a much smaller injection barrier (effective 

built-in potential Φin) at the Pc 3/Au interface.  There is no direct comparison in current 

densities as the bias range for Pc 1 and 3 do not overlap.  Since the Pc 3 “device” allows 

for much higher bias input, an order of magnitude higher current densities are not totally 

unexpected.  The injection mechanism at high bias values, however, is not necessarily 

thermionic emission.  Figure 5.34 (II) is the semilog plot of the current density against 

the applied bias for films of both Pc 1 and 3 on HOPG.  The junction “device” with Pc 1

turns on at a lower bias than that with Pc 3 due to a smaller injection barrier height at the 

Pc 1 /HOPG interface.  The current density at a given bias is higher with Pc 1 than that 

with Pc 3, most likely due to a higher saturation current density, i.e. a smaller Schottky 

barrier height at the Pc1 /HOPG junction, consistent with our previous estimation.  Pc 3

demonstrates a total higher maximum current density than Pc 1 because a much larger 

bias is allowed in Pc 3, either in the thermionic region or in the tunneling region.  The 

heterogeneity in the packing of Pc 3 molecular columns also shows its impact here 

because the ideality factor to the Pc 3 associated junction is smaller which reflects the 

presence of a favorable intracolumn conduction and therefore the dominance of 

thermionic emission mechanism.      
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Figure 5.34  (I) Semilog plot of  of current density in 2 bilayers of Pc 1 and 3 on Au.           
                     Data points of Pc1 and part of Pc 3 fall in the thermionic emission regime             
                     as suggested by the good linear trend. High bias regime data points of Pc

3 are mostly in the tunneling regime as they deviate from the linear fit.
(II) Semilog plot of current density in 2 bilayers of Pc 1 and 3 on HOPG. 

                     Most of the data points fall in the thermionic emission regime as
                     suggested by the good linear trend.

(I)

(II)
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5.6.4  Preliminary Study of Spin-Coated Pc Films on ITO

Microscopic electrical characterization underway is focused on spin-coated thin 

films of Pcs on ITO as this pertains to the organic photovoltaic geometry and will provide 

insights to OPV device characteristics from a molecular level.  Some preliminary results 

are presented here as a complimentary testing platform to the LB platform discussed in 

this chapter.  Figure 5.35 (I) shows the experimental I-V data of a spin coated thin film 

(ca. 20nm) of Pc 3 as well as the simulated I-V points using the modified Shockley model.  

The thermionic emission process is most likely dominant as suggested by the good linear 

fitting in the semilog plot (Figure 5.35 (II)). However, the injection process at the Pc/ITO 

interface is extremely heterogeneous as the ideality factor derived is severely deviated 

from unity.  The Schottky barrier height is smaller than that of the Pc/HOPG interface 

which can be a reflection of the chang in general ordering in thin films of Pc 3 as well as 

the work function variation in ITO.  Spin-coated films of Pc 3 are dominated by a 

rectangular packing of Pc columns that are parallel to the plane of ITO substrates with Pc 

molecular disks significantly tilted away from their cofacial orientation.43, 44  These films 

tend to adopt the bulk crystalline ordering of this material upon annealing, similar to the 

layer-by- layer deposited LB films discussed previously.(Figure 5.19).  It is speculated 

that conduction path in the spin-coated film is primarily along the column axis as the 

thermionic emission process dominates the entire bias window.  The proposed conduction 

path may be easier to realize in the spin-coated films vs. the LB films since the molecular 

columns are not necessarily running in parallel with one another and they may be 

interdigitated along the normal axis.  
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Figure 5.35   (I) Point I-V characteristics from a spin-coated film of Pc 3 on ITO:
                       triangle points are simulated from the modified Shockley equation with
                       parameters shown in the inset and square points are experimental. 
                      (II) Semilog plot of current density vs. tip bias. The linear fit in the 
                       forward bias regime signatures a dominant thermionic emission 
                       injection process. 
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Preliminary testing was also conducted on spin-coated thin films of Pc 5 on ITO, 

the result of which is presented in Figure 5.36.  Thermionic emission process dominates 

the I-V characteristics as suggested by the good linear fit in the semilog plot of current 

density against tip bias (Figure 5.36 (II)) and a great match between the simulated I-V 

points and the experimental data (5.36 (I)).  The ideality factor (n = 6.05) derived is 

significantly deviated from unity but falls in a range (3 < n < 7) that is mostly seen in 

these discotic Pc materials discussed in this chapter.  The large Schottky barrier height 

estimated is likely associated with the unique structural and phase properties of this 

material as it forms well ordered layered structures spontaneously upon “melting”. 

(Appendix A) The large coherence of molecular columns of Pc 5 as well as the well 

structured layer network would facilitate efficient charge transport along the column axis 

therefore making the desirable conduction path more accessible for TUNA measurements.  

Exploration of spin-coated films on ITO surfaces, chemically modified with both  

molecular monolayers and conducting polymers, is being pursued.  This type work is 

critical in understanding the impact of the surface engineering on tranport properties of 

these molecular materials at a microscopic level. 
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Figure 5.36   (I) Point I-V characteristics from a spin coated film of Pc 5 on ITO: 
                      square points are simulated ones from the modified Shockley equation
                      with parameters shown in the inset and diamond points are experimental. 
                      (II) Semilog plot of current density vs. tip bias. The linear fit in the 
                      forward bias regime signatures the dominant thermionic emission 
                      injection characteristics. 
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5.7     Challenges and Future Direction  

          Challenges in these TUNA measurements need to be recognized and addressed in 

order to better utilize this techonology in the investigation of microscopic electrical 

properties in organic thin films.  The major difficulty encountered in the Pc LB thin film 

testing lies in the limitation in the imaging resolution.  With typical applied biases, the 

best spacial resolution obtained was at the micron level.  This makes it difficult to track 

the microscopic features of the film at a scale that is compatible to the size of the contact 

area.  Coherence in these molecular aggregates as well as their packing both laterally and 

vertically complicates the TUNA measurements.  With the resolution currently available 

to the system, it is extremely difficult to relate the I-V behaviors to the fine 

morphological structural features directly.  Choosing another molecular system with 

nearly micron sized domains and/or ordering units may help in serving as a model system 

to address the structural-electrical correlation. One reasonable candidate is vacuum 

deposited pentacene films with large, well structured domains.  Another possiblitiy is 

solution deposited hydrocinnamyl Pc 5, as reported in appendix A because it self-

organizes into large layered domains and has demonstrated excellent transport properties 

in its OFET applications.44  Quality variation in the conductive AFM probes is another 

major issue.  The conductivity of these probes is closely related to their composition.  

Any contamination to the contact area of the probe can significantly degradate the tip 

performance, therefore bringing in “tip-dependent” features to the I-V characteristics.  It 

is highly recommendated to use pristine probes and to use only one probe throughout a 

series of sampling spots.  In the long run, it might be beneficial to use blunt tips as they 
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will allow averaged yet localized electrical characterization.  Limited bias range (± 12V) 

hasn’t  been a problem to date because the films investigated were less than 30 nm in 

thickness.  As new systems are explored with TUNA, such as single crytals of Pc 3 (ca. 

100 nm thick on flat substrates), more power will be required.     

          Continuous investigation of Pc molecular aggregates with TUNA is needed 

because this work is at its very rudimentary stage.  Localized I-V measurements need to 

be conducted both in dark and with illumination because most of the Pc materials have 

higher photoconductivity as suggested in previous studies on interdigitated 

microelectrodes.45  TUNA measurements will provide insights to the injection/transport 

mechanisms under both conditions.  Lateral testing geometry needs to be configured 

where Pc molecular columns are deposited onto an insulating substrate such as Si/SiO2

and condution path is confined within the plane of the film along the column axis.  This 

will provide insights to the intrisic tranport properties in these aggregates.  Coupling of a 

third electrode through the highly doped Si/SiO2 substrate will allow the construction of a 

nanometer sized transistor device and ultimately allow for realization of the optimal 

device characteristics via testing with the most coherent material at nanoscale.46
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Chapter 6

Electrical Characterization of ITO with Tunneling AFM

6.1     Introduction

          Indium tin oxide (ITO) has been widely used as the transparent electrode in a wide 

range of organic electronic devices including organic light emitting diodes (OLEDs) and 

organic photovoltaic cells (OPVs).1-10  Indium tin oxide is currently favored over other 

doped transparent conductors because of its high transmissivity for visible light and its 

high electrical conductivity.11 Polycrystalline ITO, however, has shown a wide range of 

effective work functions (overall electroactivity) as a function of surface cleaning and/or 

pretreatment, which results in inconsistency in device performance.  The work function 

variation is closely related to the structural and compositional heterogeneity of ITO.  ITO 

is naturally susceptible to hydrolysis and has a complex hydroxlated surface.  Previous 

XPS studies have demonstratated that ITO surfaces are dominated by indium hydroxide 

and indium oxy-hydroxide species that are electrically inactive.12 The high bulk 

conductivity of ITO is attributed to oxygen vacancies in the In2O3 lattice and the 

incorporation of Sn4+ ions at In3+ sites.13 Our electrochemical studies of adsorbed probe 

molecules show that only about half of the actual surface area of a cleaned ITO surface is 

electrically active.  In addition, the hydroxlated ITO surface is largely incompatible with 

the hydrophobic organic materials deposited on it.  This interface incompatiblity, together 

with the surface electrical heterogeneity, makes ohmic contact with organic films hard to 

achieve.4
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          Various strategies have been employed to modify ITO electrodes in order to fine 

tune or optimize the work function and/or to hydrophobize the surface to enhance 

interface compatibility.  Small molecules with hydrophilic functionalities have been 

adsorbed to the ITO surface ultilizing hydrogen bonding interactions and have shown to 

enhance electron transfer rates at the modified ITO surface.12, 14 Most of the 

characterization on treated ITO is performed with solution electrochemistry and X-ray 

photoelectron spectroscopy.  Both techniques probe the ITO surface at a macroscopic 

level and give an average assessment of the surface chemical or electrical properties.  

Characterization at microscopic levels has been conducted mainly with SPM.  AFM 

studies have shown that grains and subgrains are the dominant surface microstructure; 

their organization, and surface roughness can change as a function of ITO surface 

cleaning procedure.1, 2, 4, 11, 15  When it comes to electrical characterization of ITO, limited 

studies have been done utilizing STM and/or conductive probe AFM (C-AFM).  Scherer 

et al 3 have demonstrated the presence of electrical “hot” vs. “dead” spots on ITO surface 

within a 200 nm × 200 nm scan area and the increase in the percentage of “hot” spots 

upon plasma treatment.  More studies need to be initiated to understand ITO microscopic 

electrical properties and the impact of surface treatments on ITO electrical characteristics. 

          This chapter focuses on using Tunneling AFM (TUNA) in the characterization of 

ITO surfaces that have been cleaned/activated using different procedures.  TUNA is a 

contact mode SPM technique which has high current sensitivity and allows measurement 

of small currents down to the pA range.  A new ITO cleaning protocol has been 

developed16 which uses halogen acids to aggressively etch ITO.17, 18  The impact of this 
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(1)

(2)

chemical etching is investigated with TUNA and compared with that of the conventional 

detergent/solvent/air-plasma treatment.  TUNA current mapping of various ITO surfaces 

is conducted as the preliminary step, which allows a qualitative assessement of the 

percentage of electrically active area and the change of this percentage as a function of 

ITO treatements.  Current mapping is followed by point I/V measurements, taken on both 

high and low conductivity regions of ITO surface, which gives insights to the nature of 

the condutive probe/ITO contact.  A Fowler-Nordheim19-21 tunneling model is proposed 

to explain the I-V characteristics observed in the low conductivity regions at large sample 

biases.  The presence of a thin surface insulating layer is speculated.  Electron tunneling 

current through a metal-insulator-metal junction is governed by the Fowler-Nordheim 

field emission model:

where A is the effective emission area, s is the insulating layer thickness, m is the 

electron mass, and φ is the tunneling barrier height.3  The natural log version of this 

equation leads to a linear relationship between ln (I/V2) and the reciprocal bias (ln I/V2 ∝
-1/V + constant) and information about the barrier height φ and the insulating layer 

thickness s can be drived from the slope and the intercept of this linear plot. 
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6.2     TUNA Characterization of Commercial ITO

          Figure 6.1 shows the topography images of detergent cleaned ITOs where grains 

are the major features of the ITO surface.  Figure 6.2 shows the TUNA images of 

detergent cleaned ITO at 2 um × 2 um; the height image is displayed on the top and the 

current image is on the bottom.  In the height channel, typical ITO topography was 

observed where domains of ca. 180 - 320 nm in diameter dominated the ITO surface with 

well defined grain boundaries. The grains are smaller than those observed in regular 

topography images of Figure 6.1.  No TUNA current, however, was observed untill the 

sample bias was increased to -2.0 V, indicating a large sheet resistance of the detergent 

cleaned ITO.  The current image demonstrates that there is only a small portion (ca. 20 %) 

of the surface that is electrically active (white regions are high in current and brown 

background is close to zero current as indicated in the scale bar).  It was shown 

qualitatively that the detergent cleaned ITO electrode surface was electrically 

heterogeneous and dominated by non-conductive “dead spots”.  Figure 6.3 (scale bar is 

reversed with respect to that of Figure 6.2 due to the nature of the analysis software) is 

the section analysis on the current image of 6.2 and provides a semiquantative view on 

the electrical hetergeneity at a microscopic level.  The analysis line was drawn diagonally 

and large current constrast was observed along the line.  The selected two spots, 

highlighted by the red cursors, were ca. 20 nm apart laterally and demonstrated a current 

difference of ca. 435 pA.  Electrical heterogeneity as dramatic as seen here is most likely 

due to the dominant surface indium hydroxide and oxy-hydroxide species that are not as 

conductive as the bulk ITO lattice.  Detergent cleaning appears to be too weak to get rid 
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Figure 6.1    Tapping mode AFM  image of ITO, detergent cleaned. 
                     Top: 2um × 2um; Bottom: 1um × 1um. 
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Figure 6.2    Height (top) and TUNA current (bottom) images of detergent cleaned 
 ITO (2um × 2um) at a given sample bias of -2V (ITO was negatively 
 biased with respect to the probe at ground potential).  The current 
 sensitivity was set at 10 pA/V. 
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Figure 6.3   Section analysis of the TUNA current image of Figure 6.2 at 2um × 2um.
The analysis line was drawn across the image diagonally and two cursors
were positioned ca. 20 nm apart laterally.  The current contrast between 
these cursors is ca. 435 pA. 
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of these “dead” species and activate the ITO electrode surface.  

          One square micron images of the same ITO sample were taken at sample bias of -

2V and are shown in Figure 6.4.  The correlation between topography and TUNA current 

is such that high current regions seem to overlap with  regions where the grain boundaries 

are at.  Dual section analysis (Figure 6.5 with scale bar reversed with respect to Figure 

6.4) facilitates the visualization of the spatial-current correlation by comparing a pair of 

spots at identical locations in both height and current channels.  The analysis line was 

drawn across the image in parallel with the slow scan axis; one cursor was positioned on 

top of a grain and the other was on top of grain boundary to the selected grain.  Only 

background current (zero current without bias offset) was observed on top of the selected 

grain.  However, increased current (ca. 350 pA) was observed at the grain boundary.  The 

dark regions at both top and bottom ends of the height image (parallel to the fast scan 

axis) were due to the fact the image was not processed/flattened to eliminate the 

recording artifacts.  Sampling spots were chosen inside the window where artifacts were 

minimally evident and were ca. 120 nm apart laterally.  A few spots in the current image 

(Figure 6.4) were tested with point-shoot measurements, however, no I-V curves were 

recorded for the detergent cleaned ITO.  A very few bias values were examined before 

the TUNA current either reached saturation or became extremely unstable and difficult to 

determine.  This instability prohibited the ability to demonstrate any trend of the ITO 

surface I-V characteristics.  Surface heterogeneity of the detergent pretreated ITO was 

likely the major cause of this difficulty.  
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Figure 6.4    Height (top) and TUNA current (bottom) images of detergent cleaned 
ITO 1um × 1um at a given sample bias of -2V (ITO was negatively 
biased with respect to the probe at ground potential.  The current 
sensitivity was at 10 pA/V. 
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Figure 6.5    Dual section analysis of both TUNA current and height images of Figure
6.4 at 1um × 1um.  The analysis line was drawn in parallel to the slow 
scan axis and the cursors were position such that one was on top of a 
grain and the other was on top of the grain boundary to the selected grain. 
They were positioned ca. 120 nm apart laterally.  The current contrast 
between these cursors is ca. 350 pA. 
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6.3     TUNA Characterization of Air-Plasma Treated ITO

6.3.1  TUNA Current Mapping 

Plasma treament has been widely used to activate ITO eletrodes after regular 

detergent cleaning process 4, 12  The topography features of plasma treated ITOs are 

shown in Figure 6.6 and they resemble the features seen in the detergent cleaned ITOs.  

TUNA images of the plasma treated ITO are shown in Figure 6.7 where a  2um × 2um 

area was investigated at an applied bias of -20 mV.  The height image demonstrates 

different topography from that seen in the detergent cleaned ITO.  Oval shaped grains 

with long axis lengths of ca. 200 – 300 nm were observed.  The rms roughness (ca. 1.1 

nm) was slightly smaller than that of the detergent cleaned ITO (ca. 1.2 nm).  At an 

applied sample bias of -20 mV, a significant amount of TUNA current and spatial current 

contrast were observed.  This was a much smaller bias than that applied for detergent 

cleaned ITO at which the system turned on, suggesting approximately an order of 

magnitude smaller sheet resistance in the plasma cleaned ITO.  Initially, plasma 

pretreatment seemed to be effective in reducing some of the surface electrical inactive 

species, and contributing to the decrease in the average sheet resistance.  However, the 

surface electrical characteristics were far from being homogeneous as only ca. 40 % of 

the surface area was electrically active.   Figure 6.8 allows a closer look at the ITO 

surface at 1um × 1um.  No clear correlation was found between topography and TUNA 

current.  The electrically active regions in the current channel appeared to be smaller in 

size and larger in quantity than regions in the current image taken on detergent cleaned 

ITO at the same scale.  Dual section analysis ( Figure 6.9) was conducted on the current 
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Figure 6.6    Tapping mode AFM  image of ITO, plasma cleaned. 
                     Top: 2um × 2um; Bottom: 1um × 1um. 
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Figure 6.7    Height (top) and TUNA current (bottom) images of plasma treated ITO 
2um × 2um at a given sample bias of -20 mV (ITO was negatively biased 
with respect to the probe at ground potential).  The current sensitivity 
was set at 1nA/V. 
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Figure 6.8    Height (top) and TUNA current (bottom) images of plasma treated ITO 
1um × 1um at a given sample bias of -20 mV (ITO was negatively biased 
with respect to the probe at ground potential).  The current sensitivity 
was set at 1nA/V. 
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Figure 6.9    Dual section analysis of both TUNA current and height images of Figure
6.8 at 1um × 1um.  The analysis line was drawn in parallel to the fast
scan axis and the cursors were position such that one was on top of a 
grain and the other was on top of the grain boundary.  They were 
positioned ca. 70 nm apart laterally.  The current contrast between these
cursors is ca. 220 pA. 
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image of Figure 6.8 and suggested that the high current regions were associated with 

regions where the ITO grains were at.  Grain boundaries at the surface were mostly 

electrically inactive.  This is contrary with what was observed in detergent cleaned ITO.  

The analysis line was drawn in parallel with the fast scan axis to the bottom of the image.  

The cursor to the right was on top of the grain boundary and corresponded to the low 

background current (nearly zero); the left cursor on top of the selected grain, however, 

corresponded to a current as high as 220 pA.  Grains were more conductive than grain 

boundaries in this case which was expected only if surface inactive/nonconductive 

species such as indium hydroxide and indium oxy-hydroxide were effectively removed 

with plasma treatment. 12

6.3.2  Surface I/V Characteristics

          Point I-V measurements were taken at various spots on the sample ITO surface. 

Surface I-V characteristics of the plasma treated ITO demonstrated significant 

heterogeneity as suggested by variation in shapes of these I/V curves.  Figure 6.10 (I) 

shows an I-V measurement taken in one of the active high current regions.  The TUNA 

current was plotted against the applied sample bias in both positive and negative 

directions (with respect to the constantly grounded conductive probe).  There was a finite 

bias window (ca. ± 1.5 V) during which a stable TUNA current reading was obtainable.  

A linear region was present between sample bias of ca. ± 0.6 V beyond which TUNA 

current became scattered as the sample was further biased in the negative direction, and 

rose in an exponential fashion as the sample was further biased in the positive direction.  
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Figure 6.10    Surface I/V characteristics of plasma treated ITO.  (I) Point-shoot I/V 
measurments taken at a constant force load of ca. 20 nN over a 
conductive region from previous current mapping.  (II) Fowler-
Nordheim plot of ln I/V2 vs. 1/V on data in the positive bias side of (I): 
the linear region corresponding to the large bias regime suggests the
presence of a surface insulating layer and supports the tunneling model. 
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The linear region at relatively small bias suggested the presence of an Ohmic contact 

between the conductive probe and the ITO micro domains.  The linear I-V relationship 

allowed an effective point contact resistance of ca. 700 MΩ  to be derived from the slope.  

It is speculated that an ultra-high point contact resistance is due to the presence of a 

surface insulating layer such as organic contamination or oxide layer.  A Fowler-

Nordheim field emission (tunneling) mechanism can be proposed assuming that the 

insulating layer is thin enough for the electrons to tunnel through at relatively large 

electric fields.3, 19, 22-25  The tunneling current, if responsible for the observed current, can 

be related to the applied bias in a linear fashion: ln (1/V2)  ∝ 1/V + Constant.13  Figure 

6.10 (II) is the Fowler-Nordheim plot of the absolute I and V values from 6.10 (I).  A 

linear relationship is seen only at large bias voltages which is expected considering the 

barrier created by the non-conductive species.   

6.4     HI Etched ITO

6.4.1  TUNA Current Mapping

          Halogen acids have proven to be most effective for ITO etching.17  It was 

suggested that halogen acids dissolved polycrystalline ITO by attacking surface In-O 

bonds, breaking H-X bonds, and forming In-X and O-H bonds.  The etching reaction 

releases surface hydroxy and/or oxy-hydroxy species in soluble forms (generating InX3), 

thereby exposing stable bulk conductive In2O3.  Topographic features of the HI etched 

ITOs are shown in Figure 6.11.  Both height and TUNA current images of HI etched ITO 

are shown in Figure 6.12 (2um × 2um) and 6.13 (1um × 1um).  A sample bias of -20 mV 
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Figure 6.11  Tapping mode AFM  image of ITO, HI etched. 
                      Top: 2um × 2um; Bottom: 1um × 1um. 
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Figure 6.12    Height (top) and TUNA current (bottom) images of HI etched ITO 2um
× 2um at a given sample bias of –20 mV.  The current sensitivity was 
set at 1nA/V. 
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Figure 6.13    Height (top) and TUNA current (bottom) images of HI etched ITO, 
  1um × 1um at a given sample bias of –20 mV.  The current sensitivity
  was set at 1nA/V. 
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was applied during imaging and the current sensitivity was chosen at 1nA/V.  Grains (ca. 

50 nm in the long axis) observed in the topography channels were much smaller than 

previously seen with detergent or plasma treated ITOs and seem to occur in clusters.  

This is in agreement with previous observations that HI etching exposes the bulk ITO 

lattice.  Even with freshly etched ITO, electrically inactive regions were still present as 

revealed by the TUNA current images.  An important observation, however, is that the 

percentage of active region has significantly increased upon etching with respect to that 

of plasma treated ITO.  The surface conductance was found to be closely related to the 

morphology: grains overlapped with the conductive regions and grain boundaries 

overlapped with the non-conductive regions.  The maximum amount of TUNA current 

flowing through HI etched ITO (ca. 10 nA) was significantly larger than that (ca. 500 pA) 

through plasma treated ITO under the same bias.  A much smaller effective point contact 

resistance is likely expected for the HI etched ITO.  

6.4.2  Point-Shoot and  Suface I-V Characteristics

          Point I-V measurements were not as conclusive on HI etched ITO as they were on 

plasma treated ITO.  Most of the I/V data acquired were within a bias range of ± 0.25V; 

current behavior at higher bias was not interpretable due to the extremely noisy current 

background and/or saturation of the TUNA current at a given sensitivity.  Figure 6.14 (I) 

shows results of an I-V measurement taken within a conductive region.  The full I-V 

pattern would likely be symmetric if more data points had been taken in the positive bias 

region. A finite linear regime was observed between bias –0.03V and 0V.  The point 
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Figure 6.14    Surface I/V characteristics of HI etched ITO.  (I) Point-shoot I/V 
measurments taken at a constant force load of ca. 20 nN over an active 
region from the previous current mapping.  (II) Fowler-Nordheim plot 
of ln I/V2 vs. 1/V on data in the negative bias side of (I): the linear 
region corresponding to the large bias regime suggests presence of a 
surface insulating layer and supports the tunneling model. 
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contact resistance derived from Ohm’s law was ca. 100 MΩ, about an order of magnitude 

smaller than that of the plasma treated ITO.  The decrease in effective contact resistance 

is in agreement with the observation made in the previous section with regard to the 

maximium TUNA current in both plasma and HI pretreated ITOs.  The fast rise in current 

at negative bias region is very likely due to electron tunneling through a thin surface non-

conductive layer.  I-V data points taken in the negative bias region are presented in a plot 

of ln I/V against 1/V, Figure 6.14 (II).  The points at large bias regime fit a linear 

relationship as indicated by the line drawn in the graph, suppporting the Fowler-

Nordheim tunneling model hypothesis.  This strongly suggests the likely presence of a 

surface insulating layer even after chemical etching.   

6.5     HCl/FeCl3 Etched ITO

6.5.1  TUNA Current Mapping: HCl/FeCl3 (6M/0.2M)  

          Hydrochloric acid is another widely used and effective ITO etchant.  The etching 

process is reported to be accelerated by oxidizing agents such as iron chloride FeCl3.  

Significant increase in etching rate has been observed with strong oxidizing agents whose 

electron withdrawing characteristics facilitate the delocalization of surface In-OH 

bonds.17  Topographic features of etched ITOs are shown in Figure 6.15.  Height and

TUNA images of HCl/FeCl3 (<= 6M/0.2M) ethced ITO are shown in Figure 6.16 (2um ×

2um) and 6.17 (1um × 1um) at an applied sample bias of –20 mV.  The topograph of HCl 

etched ITO showed great similarity to that of HI etched ITO.  Grains of ca. 50 nm in 

diamter were organized in much larger elongated domains (ca. 200 nm long axis) 
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Figure 6.15    Tapping mode AFM  image of ITO, HCl/FeCl3 (6M/0.2M) etched. 
         Top: 2um × 2um; Bottom: 1um × 1um. 
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Figure 6.16   Height (top) and TUNA current (bottom) images of HCl/FeCl3

(6M/0.2M) etched ITO, 2um × 2um at a given sample bias of –20mV. 
                       The current sensitivity was at 1nA/V. 
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Figure 6.17    Height (top) and TUNA current (bottom) images of HCl/FeCl3

(6M/0.2M) etched ITO, 1um × 1um at a given sample bias of –20mV. 
                       The current sensitivity was at 1nA/V. 
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throughout the surface.  The fact that the grain features resembled those seen in the HI 

etched ITOs suggests that a surface that is more or less reprentative of bulk ITO lattice 

has been exposed after being chemically etched.  Surface conductance heterogeneity is 

observed in TUNA images where the conductive regions dominate.  The percentage of 

the electrically active region is approximately the same as that in the HI etched system.  

At an applied bias of –20 mV, the maximum amount of TUNA current observed was ca. 

4 nA, approximately half of that ( ca. 10 nA) seen in the HI etched system.  Height and 

TUNA current are related in that grains overlapped mostly with the highly conductive 

regions and grain boundaries overlapped mostly with the non-active regions.  This 

correlation is consistant with the topography-current relationship observed in the HI 

etched ITOs, therefore enforcing the idea that bulk ITO lattice was exposed as a result of 

halogen acid etching.   

6.5.2  Point-Shoot and  Surface I-V Characteristics: HCl/FeCl3 (6M/0.2M)  

          Figure 6.18 (I) shows the results of I-V point measurements performed within a 

grain (conductive region) on the etched surface.  The I-V curve is predominantly linear 

(bias window of ± 0.08V), suggesting an Ohmic contact between the probe and the ITO 

micrograins.  The effective point contact resistance as derived from the slope of the linear 

portion was ca. 300 MΩ.  This point contact resistance is bigger than that seen in the HI 

etched ITO but much smaller than the resistance seen in plasma treated ITO.  It was 

derived over the dominant portion of the I-V curve and likely was more representative 

than the resistance derived from the limited portion recorded in the negative bias region
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Figure 6.18    Surface I/V characteristics of HCl/FeCl3 (6M/0.2M) etched ITO. 
(I)Point-shoot I/V measurments taken at a constant force load of ca. 20 
nN over an active region from the previous current mapping.  (II) Semi-
log I/V plot of data in (I).  The symmetric feature at small bias across 
both positive and negative directions suggests a contact close to Ohmic.
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in the I-V curve from HI etched ITO.  Figure 6.18 (II) is a semi-log plot of TUNA current 

as a function of applied bias.  A typical Ohmic contact usually leads to nearly symmetric 

I/V curves and semi-log plots. 3, 13  The HCl/FeCl3 etched ITO plot demonstrated an 

almost symmetric response at low bias regime.  Figure 6.19 (I) shows the result of I-V 

measurements taken at a point ca. 200 nm laterally from the point investigated in Figure 

6.18.  Surface I-V characteristics were drastically different over the length of 200 nm.  

Within the same bias windown of ± 0.1 V, the spot on top of a grain demonstrated linear 

I/V behavior; the laterally offset spot, most likely taken over a grain boundary, however, 

showed little conductance.  The I-V curve in Figure 6.19 (I) was not linear or Ohmic but 

likely a result of electron tunneling through a thin surface insulating layer.  The ln (I/V2) 

vs. 1/V plot of this data is shown in Figure 6.19 (II).  Data points taken at relatively large 

sample bias (> = -0.4 V) showed a linear relationship, supporting the idea of a tunneling 

model.  Point-shoot type measurements with the conductive-probe AFM allowed 

sampling of extremely small domains (contact area of ca. 20 – 30 nm2) and the ability to 

differentiate surface I-V characteristics semi-quantatively.  Comparison between these 

two spots revealed the microscopic heterogeneity in the surface electrical properties of 

these etched ITO films.  Significant variation in lateral I-V characteristics is expected for 

non-etched ITOs that are either detergent or plasma treated.             
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Figure 6.19    Surface I/V characteristics of HCl/FeCl3 (6M/0.2M) etched ITO.  The 
point is ca. 200 nm away from the point tested in Figure 6.16.  (I) Point-
shoot I/V measurments taken at a constant force load of ca. 20 nN over 
an inactive region from the previous current mapping.  (II) Fowler-
Nordheim plot of ln I/V2 vs. 1/V on data in the negative bias side of (I):
the linear region corresponding to the large bias regime suggests 
presence of a surface insulating layer and supports the tunneling model. 
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6.5.3  TUNA Current Mapping: HCl/FeCl3 (12M/0.2M) 

          Aggressive etching with HCl was tested by doubling the concentration of the acid 

and using the same oxidizing agent FeCl3.  Topographic features of etched ITOs are 

shown in Figure 6.20.  Typical images of etched ITOs are shown in Figure 6.21 (2um ×

2um) and 6.22 (1um × 1um) at an applied bias of –20 mV.  No significant change in grain 

size was observed; however grains in the 12M HCl etched ITO did not show any 

aggregation tendency, differing from the secondary structure of relatively large domains 

seen in the 6M HCl etched ITO.  The maximum amount of TUNA current observed in 

the current channel was ca. 10 nA, the biggest TUNA current achieved at –20 mV among 

the chemically etched ITOs.  This demonstrates the impact of aggressive chemical 

etching on the surface electrical properties of ITOs and will be further discussed in the 

following section with regard to the effective point contact resistance.  Grains on the 

surface were related with the conductive regions on the current map; grain boundaries, 

however, were mostly non-conductive as indicated by the lower conductance in the 

current channel.  This topography-current relationship was consistent throughout the 

TUNA studies done on chemically etched ITOs.  

6.5.4  Point-Shoot and  Surface I-V Characteristics: HCl/FeCl3 (12M/0.2M)  

          The point I-V measurements taken on both conductive and non-conductive regions 

on the etched ITO surface are shown in Figure 6.23 and 6.24.  Conductive regions of the 

surface demonstrated linear I/V characteristics within ± 0.15 V as seen in Figure 6.23 (I).  

The effective point contact resistance was determined to be ca. 10 MΩ, which was ca. 
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Figure 6.20    Tapping mode AFM  image of ITO, HCl/FeCl3 (12M/0.2M)) etched. 
    Top: 2um × 2um; Bottom: 1um × 1um. 
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Figure 6.21    Height (top) and TUNA current (bottom) images of HCl/FeCl3

(12M/0.2M) etched ITO, 2um × 2um at a given sample bias of –20 mV. 
                       The current sensitivity was at 1nA/V. 
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Figure 6.22    Height (top) and TUNA current (bottom) images of HCl/FeCl3

(12M/0.2M) etched ITO, 1um × 1um at a given sample bias of –20 mV. 
                       The current sensitivity was at 1nA/V. 
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Figure 6.23    Surface I/V characteristics of HCl/FeCl3 (12M/0.2M) etched ITO. 
(I)Point-shoot I/V measurments taken at a constant force load of ca. 20 
nN over an active region from the previous current mapping.  (II) Semi-
log I/V plot of data in (I).  The symmetric feature at small bias across 
both positive and negative directions suggests an Ohmic contact.  
Highlighted points are off the linear trend and are most likely due to 
degradation to the conductive probe during measurments.   
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Figure 6.24    Surface I/V characteristics of HCl/FeCl3 (12M/0.2M) etched ITO.  The 
point is ca. 500 nm away from the point tested in Figure 6.23.  (I) Point-
shoot I/V measurments taken at a constant force load of ca. 20 nN over 
an inactive region from the previous current mapping.  (II) Fowler-
Nordheim plot of ln I/V2 vs. 1/V on data in the negative bias side of (I):
the linear region corresponding to the large bias regime suggests the
presence of a surface insulating layer and supports the tunneling model. 
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an order of magnitude smaller than the resistance seen in the other chemically etched 

ITOs discussed previously.  Highlighted in the I/V curve as well as in the semi-log I/V 

curve of Figure 6.23 are data points that did not quite follow the linear trend.  This 

deviation from the expected Ohmic behavior was most likely due to degradation of the 

conductive probe, i.e. organic contamination acquired during the measurement.  The 

semilog I/V plot is close to be symmetric even though there were limited number of data 

points.  The I-V measurement in Figure 6.24 was taken at a point that was mostly non-

conductive as no current was observed till relatively large sample bias was applied.  The 

ln (I/V2) vs. 1/V plot has a linear region at large sample bias, suggesting the presence of a 

surface thin insulating layer that requires large sample biases, to overcome the barrier and 

allow electrons to tunnel through.  The presence of both Ohmic and tunneling junctions 

that were only nanometers apart demonstrates the large electrical heterogeneity of the 

ITO surface, even after aggressive chemical etching.   

6.6     Summary

6.6.1  Qualitative Information from Topography and Current Images

          Various topographs have been observed as a function of ITO surface pretreatment.  

The detergent cleaned ITO had the largest grains that were round-shaped and ca. 200 ~ 

300 nm in diamater.  As the detergent cleaned ITO went through further treatment,  

significant changes in the grain size and/or shape were observed.  Plasma treated ITO 

was comprised of slightly smaller oval shaped grains (ca. 200 nm of the long axis).  The 

halogen acid etched ITOs resulted in much smaller grains (ca. 50 nm in diameter) that  
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mostly aggregated into domains throughout the surface region except for the aggressive 

HCl/FeCl3 (12M/0.2M) etching that led to an ITO surface with randomly distributed 

small grains.  It was speculated that the small grains exposed upon chemical etching were 

representative of the bulk ITO crystalline lattice.  The impact of ITO pretreament is also 

reflected in the various surface rms roughness measurements.  Roughness comparisons of 

the variously pretreated ITOs was conducted with tapping mode AFM to avoid any 

resolution degradation brought by the offset bias in TUNA mode and are listed in Table 

6.1.  It is evident that halogen acid etching has approximately doubled the surface 

roughness with respect to the detergent and plasma treated ITOs.  This demonstrates the 

strength of chemical etching and is in agreement with topographic observations where 

smaller grains created upon etching show to be the major contribution to a rougher 

surface.  Apparently, halogen acids can effectively remove a significant portion of the 

initial ITO surface layer.  Among these acids, the concentrated (12M) HCl with oxidizing 

agent FeCl3 (0.2 M) seems to be the most aggressive etchant and consequently generates 

the roughest surface.

          None of the pretreaments investigated, however, had generated an electrically 

homogeneous ITO surface as revealed in the TUNA current images.  The detergent 

cleaned ITO was mostly non-condutive and had a charge injection barrier that needed 

significant amount of energy to overcome (-2V sample bias applied vs. –20 mV in the 

rest of the ITOs).  Plasma pretreatment significantly decreased the barrier as evidenced 

by a current detection at ca. –20 mV but did not eliminate the dominance of non-

conductive regions.  Halogen acid etching greatly minimized the non-conductive portion 
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Table 6.1   Rms roughness measurements taken with tapping mode AFM at various 
                   scan sizes on variously pretreated ITOs.  The rms roughness value is 
                   reported in nm and compared  as a function of pretreatment protocols in 

 this table. 
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of the ITO surfaces and allowed more current at low bias voltages through the probe/ITO 

junction.  It is believed that halogen acid etching removes surface non-condutive species 

such as indium hydroxide and oxy-hydroxide and exposes the bulk ITO lattice which is 

much more condutive, as the conductivity is mainly attributed to the oxygen vacancy in 

the lattice.11 Topography and TUNA current were found to be related such that grains 

overlapped with the conductive regions in the current image, and grain boundaries 

corresponded to the non-conductive regions. A clearly defined height-current relationship 

was only present in the chemically etched ITOs.          

6.6.2  Ohmic Characteristics in Conductive Regions 

          Current mapping at low biases allowed differentiation of surface conductive and 

non-conductive regions.  The point I-V measurements on the conductive area often led to 

linear I-V relationships, and suggested Ohmic characteristics at the probe/ITO point 

contact.  It is constructive to compare the linear behavior of plasma, HCl (6M) and HCl 

(12M) pretreated ITOs observed in small bias voltages.  The detergent cleaned ITO did 

not lend itself to successful point I-V measurements due to the dramatic electrical 

heterogeneity and the dominance of non-conductive suface regions.  Figure 6.25 

summarizes linear I-V charactersitics  observed in the point-shoot measurements.  When 

the TUNA current is plotted against the applied bias, the slope of the linear fit is 

inversely proportional to the effective point contact resistance.  Plasma treated ITO 

demonstrated the largest point contact resistance (ca. 700 MΩ) as the slope to its I-V 

curve was the least.  HCl (6M) etching reduced the point contact resistance to ca. 300MΩ
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Figure 6.25    Comparison of I-V measurements done on high-conductivity regions of
ITO surfaces, pretreated with plasma, HI, and HCl/FeCl3 at both low 
and high concentrations.  The slope to the linear fit is inversely 
proportional to the effective point contact. 
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as reflected by the increase in the slope.  The most dramatic reduction in effective contact 

resistance came from concentrated HCl (12M) etching as indicated by the steepest slope 

among all the I-V curves plotted.  The contact resistance was decreased to ca. 10 MΩ, 

more than two orders of magnitude smaller than the resistance observed in plasma treated 

ITOs.  

6.6.3  Tunneling Characteristics in Non-Conductive Regions

          Point I-V measurements performed on non-conductive/low-conductivity regions 

demonstrated non-Ohmic characteristics regardless of the ITO surface pretreatment.  A 

Fowler-Nordheim tunneling model was proposed to explain the observed I-V behavior 

and has demonstrated a good fit to the data taken at large sample biases.  The presence of 

a thin surface insulating layer was speculated to cause the observed low-conductivity; and 

electron tunneling through the layer was speculated as the dominant injection mechanism.  

The Fowler-Nordheim field emission model governs the current (I) tunneling through a 

metal-insulator-metal junction:

where Aeff. is the effective emission area, s is the insulating layer thickness, m is the 

electron mass, and φ is the barrier height.3 Taking the natural log of this equation  greatly 

simplifies the expression and modifies it to a linear relationship between ln (I/V2) and the 

reciprocal bias (ln I/V2 ∝ -1/V + constant).  The slope to the linear region is proportional 
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to the product of the barrier height φ, raised to the 3/2 power and the insulating layer 

thickness s (φ3/2s) ; and the intercept is inversely proportional to the square of the 

insulating layer thickness (s2).  A comparison was made among low-conductivity regions 

of halogen acid etched ITOs and is shown in Figure 6.26.  A significant difference in the 

slopes of the linear fits is observed in the large bias regime.  HI etched ITO demonstrated 

the smallest slope and HCl (6M) etched ITO showed the steepest slope and the slope of 

HCl (12M) etched ITO was intermediate between these two.  If the ITO/conductive probe 

barrier height is assumed to be constant among the three etching examples, comparison of 

the slopes should give some qualitative insight on the insulating layer thicknesses.  Since 

the slope to the linear region of a Fowler-Nordheim plot is proportional to the layer 

thickness s, HCl (6M) etching is the least effective in removing and/or reducing the ITO 

surface insulating layer since it appeared to be the thickest as suggested by the steepest 

slope.  HI etching, on the other hand, is most effective in removing surface organic 

contaminations and resulted in the thinnest effective insulating layer thickness.  Highly 

concentrated HCl (12M) seemed to work better in removing surface non-conductive 

species.  The etching efficiency comparison between HCl (6M) and (12M) evaluated in 

the low-conductivity region with a tunneling model agrees well with that evaulated in the 

high-conductivity region with an Ohmic model (Figure 6.25).  This consistency suggestes 

the coexistence of both Ohmic and tunneling junctions between the conductive probe and 

the ITO microdomains. The impact of chemical etching on ITO surface I-V 

characteristics is positive throughout the surface (both condutive and non-conductive 

regions) regardless of the dominant electron transport mechanism.  Both HI etching and
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Figure 6.26   Comparison of I-V measurements done on low-conductivity regions of
ITO surfaces, etched with either HI or HCl/FeCl3 at both low and high
concentrations.  The slope to the linear region of a Folwer-Nordheim 
plot is proportional to the effective thickness of the surface insulating 
layer.  The good linear fit at large bias regime here suggests the validity 
of a tunneling model. 
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concentrated HCl/FeCl3 (12M/0.2M) etching appear to be very aggressive yet effective in 

removing surface non-conductive species.  This observation agrees with the hypothesis 

proposed previously with regard to the exposure of bulk ITO lattice upon halogen acid 

etching. 

6.7     Future Directions

          ITO surface electrical heterogeneity examined at the microscopic level with TUNA 

studies helped in the understanding of the electrode characteristics and facilitated design 

of electrode modification strategies to minimize the non-conductive regions and promote 

Ohmic contact.  Both small molecule modifiers and conductive polymers have been used 

in this regard.4, 12, 14 26, 27  These modifications have been characterized with solution 

electrochemistry and enhanced electron transfer rates have been observed.  Microscopic  

electrical characteristics, however, are not yet understood.  The TUNA current mapping 

and point-shoot protocols developed here can be applied to modified ITO surfaces at 

nanometer scale dimensions to gain insights to the nature of the interface and the 

mechanism of electron transfer.  Initial TUNA studies performed on the PEDOT/PSS 

modified ITO demonstrated a nearly uniform conductive surface at a bias that was much 

larger than that applied to bare ITO.  Therefore, chemical modification strategies can be 

an effective approach to minimize surface conductivity contrast, making ITO substrates 

electrically more compatible with the materials (mostly organics from a device 

perspective) they interface with.  The cost of this approach, however, is the creation of a 
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larger injection barrier.  The quantitative evaluation of interfacial I-V characteristics will 

be facilitated by point I-V measurements with TUNA.    
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Chapter 7

Conclusion

7.1     Impact and Future Directions

          This dissertation has focused on structural and electrical characterization of thin 

films of discotic mesophase materials, specifically side chain modified phthalocyanines, 

at both organic/dielectric and organic/metal interfaces.   

7.1.1  Thin Films and Interfacial Ordering Characterization and Impact of Surface 

          Chemical Modification 

The X-ray reflectometry studies have shown that there can be substantial 

variability in the coherence and thickness of single LB bilayers of Pc 1, and it is expected 

that this variability extends to other discotic mesophase materials regardless of the 

deposition method.  A surface chemical modification strategy, utilizing silane chemistry, 

has been developed to improve the Pc/dielectric interfacial compatibility.  XRR studies 

have shown that surface chemistry can dramatically impact on the ordering of the initially 

deposited materials.  A mixture of methyl and phenyl terminated silanes is found to be 

the most efficient modification in facilitating optimization of coherence in these 

molecular columns.  A copper center provides for unique electron density contrast within 

the disk shaped Pc molecule and allows for the derivation of fine structural information 

of these molecular aggregates.  An XRR based orientation model has been developed that 

determines the tilt in these discotic cores as well as in their side chains away from the 



332

normal axis. The validity of this model has been supported by complimentary 

spectroscopic techniques (RAIRS and UV-visible ATR).

          These studies can be applied to additional thin film processing conditions which 

can extend the coherence of these aggregates to greater length scales, and to new discotic 

mesophase systems which form both hexagonal, and distorted rectangular columnar 

assembles.  New surface modification protocols are needed as surface chemistry can 

dramatically impact the ordering in these thin films.  The appropriate selection of ligands 

and the incorporation of these functionalities on surfaces may direct packing of these 

initially deposited materials in a desired fashion.  The orientation determination 

methodology developed here can and should be applied for other discotic systems with 

high symmetry. There is substantial interest in understanding intracolumn molecular 

orientation, since this determines the orbital overlap among adjacent molecules, therefore 

controlling the transport properties in these molecular materials. 

7.1.2  Structural Characterization and Comparison of Alkoxy vs. Thioether Side Chain 

          Modified Phthalocyanines with Temperature Dependent X-ray Diffraction

          Temperature dependent XRD studies have facilitated our understanding of the 

nature of self-organization in these discotic molecular materials.  Side chains control the 

self-organization as suggested by comparisons between alkoxy and thioether side chain 

modified Pcs.  Alkoxy side chain modified Pcs (Pc 1 and 2) are dominated by hexagonal 

intercolumn packing and cofacial intracolumn alignment.  The thioether side chain 

modified Pcs (Pc 3 and 4), are dominated by rigid three dimensional intercolumn packing 

and tilted intracolumn alignment.  Sulfur-sulfur interactions are speculated to be the 
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driving force for the titled intracolumn alignment and a more rigid ordering.  Photolysis 

mechanisms have been derived for the styrene side chain modified Pcs through 

comparison of ordering before and after illumination.  It was shown for the first time that 

hexagonal columnar phases of Pc 2 can be stabilized through photolysis while the 

material is in the LC-mesophase.  This is noteworthy since this material would prefer a 

rectangular phase at lower temperatures.      

          Subtle variations in molecular structure can lead to drastic changes in ordering and 

the self-organizing behavior of these discotic mesophase materials.  The structural 

characterization studies discussed here will now be extended to a family of sulfur-linked 

side chain modified phthalocyanines (Pcs) that have shown diverse and intriguing self-

organizing characteristics.  The possibility of achieving an optimal ordering with applied 

means at liquid crystalline phases of discotic mesophase materials may inspire new 

molecular designs and new processing strategies in “manipulating” these materials to the 

desired orientation. 

7.1.3  ITO Surface Microstructural and Electrical Characterization with Tunneling AFM

          Tunneling AFM studies of ITO surfaces have shown significant structural and 

electrical heterogeneity.  The ITO surface area is largely electrically inactive even after a 

plasma pretreament; the I-V characteristics taken at these inactive spots are best 

described by a tunneling model with a surface insulating layer.  A series of aggressive 

ITO etching protocols have been developed, the impact of which have been tested with 

TUNA.  It has been shown that etching can effectively remove most of the surface 
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insulating species and expose a much larger active area of the ITO surface.  The I-V 

measurements taken on these active spots demonstrate nearly Ohmic behavior.  This 

study provides insights for the design of new ITO pretreatment protocols aimed at the 

minimization of the non-conductive regions and the promotion of Ohmic contacts.  The 

TUNA current mapping and point-shoot I-V measurement protocols developed here can 

be applied to other transparent electrode materials as well as to chemically modified ITO 

surfaces, to gain insights as to the nature of the interface and the mechanism of electron 

transfer.     

7.1.4  Microscopic Electrical Characterization of Thin Films of Phthalocyanines with 

          Tunneling AFM  

          TUNA measurements of thin films of Pc 1 and 3 on both HOPG and Au have 

suggested that the I-V behavior is largely injection limited.  The low bias voltage region 

is mostly dominated by a thermionic emission process and the high bias regime favors 

either a tunneling process or a space charge limited current flow.  It is likely that the 

conductive pathway in these nanoscale junction “devices” changes with a change in 

dominant injection and/or transport process.  The thermionic emission process is related 

to in-plane conduction where charge transport is predominantly along the Pc column axis. 

The tunneling process, however, is associated with conduction along the normal axis 

where charge transport is mostly through the insulating side chains.  There are 

undoubtedly multiple injection processes occurring at the Pc/substrate interfaces.  

Thermionic emission and tunneling can be two competing processes, the dominance of 
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which is determined by the barrier height as well as the microstructure in these films. The 

space charge limited characteristics suggest the likelihood of high doping levels of these 

Pc films by oxygen in ambient environments.  

          Continuous investigation of Pc and other discotic molecular aggregates with 

TUNA is needed because this work is at a very rudimentary stage.  Localized I-V 

measurements will be conducted both in dark and with illumination because most of the 

discotic mesophase materials have higher  photoconductivity.  TUNA measurements will 

provide insights into the injection/transport mechanisms under both conditions.  A lateral 

testing configuration needs to be explored whereby Pc molecular columns are deposited 

onto an insulating substrate such as Si/SiO2 and the conduction path is confined within 

the plane of the film along the column axis.  This will provide insights to the intrinsic 

transport properties in these aggregates.  Coupling of a third electrode through the highly 

doped Si/SiO2 substrate will allow construction of a nanometer sized transistor device 

and ultimately allow for realization of optimal device characteristics via testing with the 

most coherent material at the nanometer scale. 

7.2    Conclusions

        The work described in this dissertation has provided two important analytical tools 

for the organic electronics community in addressing critical interface issues from a 

molecular level.  The X-ray reflectometry protocols will allow for future interfacial 

structual characterization at organic/dielectric interfaces and will allow for determination 

of  molecular orientation information is discotic materials as well as understanding the 
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impact of surface chemistry on molecular ordering in thin films.  The ordering/structure 

at the organic /dielectric interface is critical in determining charge accumulation and 

transport in an OFET device.  Optimizied coherence and thereby optimized charge 

mobility in these molecular materials, at this interface, is the ultimate target.  Surface 

engineering strategies such as chemical modification have proved to be effective in 

improving the coherence in the initially deposited materials. More strategies need to be 

explored to optimize and/or tailor the interfacial ordering to achieve the desired 

orientation and charge transport in other discotic molecular materials. 

          X-ray powder diffraction and temperature dependent X-ray diffraction have been 

extensively engaged in identifying molecular parameters that control the ordering in these 

discotic materials and facilitate our understanding of the structure-property relationships 

in these materials.  Diffraction techinques should become a routine tool of investigation 

in further exploration of organic semiconductor materials since the molecular ordering 

information provides insights to material processing conditions.  Choosing the right 

processing condition that allows for achieving the desired ordering is another goal of the 

device community.  Structural modification, to the discotic core, the side chains, or the 

incorporated functionalities, can have a dramatic impact on the packing, thereby transport 

properties of these molecular aggregates.  Identifying these parameters and their impact 

on ordering will benefit the design of new molecular materials. 

          The conductive probe AFM measurement protocols have been developed to 

explore the intrinsic charge injection and transport characteristics at organic/metal 

molecular junctions.  This is one of the few C-AFM studies, to our knowledge, done on 
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solution processed organic molecular materials in a controlled fashion.  It was speculated 

that thermionic emission and field emission (tunneling) were two competing injection 

processes at organic/metal interfaces.  The dominance of one process over the other is 

determined by the microstructure of the discotic molecular materials.  With the right 

microstructure/orientation, these molecular materials can behave as moderate 

performance semiconductor materials, demonstrating rectifying I-V characteristics as 

seen in OPV devices at a macroscopic scale.  The C-AFM investigation argues for the 

necessity of controlling the ordering in these discotic materials at metal/organic interfaces.  

Toward this end, C-AFM characterization of ITO, the most commonly used transparent 

electrode in devices, has been conducted.  The microscopic structural and electrical 

heterogeneity observed in ITO is the source of a lot of problems encountered in devices, 

such as low injection efficiency, dewetting, and inconsistency in performance.  New ITO 

pretreatment and/or modification strategies are needed to address these problems and to 

enhance the device performance.  
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Appendix A

Characterization of 2,3,9,10,16,17,23,24-Octa-

(2-Hydrocinnamyloxyethylsulfanyl) CuPc

           2,3,9,10,16,17,23,24-Octa(2-Hydrocinnamyloxyethylsulfanyl) Pc (Pc 5) is the 

saturated version of Pc 4 and was designed to achieve more flexibility via extended 

phenyl terminated side chains.  Synthesis of this compound has been previously 

reported.1  The molecular structure of Pc 5 is shown in Figure A.1 (a).  Self-organization 

of Pc 5 is illustrated by the solvent evaporation process at the air/water interface, shown 

in Figure A.1(b).  A solution of Pc 5 in chloroform is dropcast onto the air/water interface.  

As the solvent evaporates, Pc 5 self-organizes into fractal-like networks, reminiscent of 

the patterns seen for Pc 3.2, 3  Both the fractal-like network and the most concentrated 

islands formed are birefringent, as demonstrated by the images (Figure A.1 (b)) to the 

right taken with the cross polarizer.  Films of Pc 5 generated via self-organization at 

interfaces were also transferred from chlorofrom onto freshly cleaved HOPG and 

inspected with AFM to better undertand the microstructure in these films.   Images of thin 

films at both 50um × 50um and 20um × 20um are shown in Figure A.2.  Both height 

images demonstrate gel-like networks that are built upon layered sheet-like units.  The 

inter-layer distance along  the normal axis is ca. 23 Å.  The spacing is close to the 

diameter of a typical Pc molecular column and suggests the presence of columnar 

aggregation in this material.4, 5
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Figure A.1    (I) Schematic of Pc 5.  (II)  Polarized microscopy images of Pc 5, 
dropcast onto the air/water interface from chloroform.  Fractal-like 
structures were observed which were birefringent as shown in the 
right images taken under a cross polarizer. 
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Figure A.2    Tapping mode AFM images of Pc 5 film, transferred from air/water 
     interface to freshly cleaved HOPG.  Both top (50um × 50um ) and 
     bottom (20um × 20um) images demonstrate gel-like network that 
     was built upon thin layerred sheet-like units.  The interlayer distance
     along the normal axis is ca. 23 Å.
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          Powder XRD was taken on a well-ground sample of Pc 5 and the diffraction 

pattern is shown in Figure A.3.  At first glance, the diffraction pattern is complex and 

indicates the presence of ordering along three dimensions and a possible presence of 

multiple phases.  Approximately half of the reflections can be indexed into a triclinic 

phase, recognized as Phase I with dimensions of  a = 7.63 Å, b = 25.89 Å, c = 26.65 Å,       

α = 111.1°,  β = 94.27°,  γ = 56.68°, and V = 4010.9 Å3.  The rest of the reflections are 

mostly fitted into a tetragonal phase, recognized as Phase II with dimensions of a = 22.31 

Å, b = 22.31 Å, c = 8.9 Å, α = 90°, β = 90°,  γ = 120°, and V = 3839.9 Å3.  Detailed 

indexing information can be found in Table A.1 and A.2 where observed reflections are 

compared with calculated reflections in terms of their angular positions.  Both phases 

showed reasonable cell volumes upon comparison with the powder cell of Pc 3.3  A 

proposed cell structure of phase II is derived from the cell structure of Pc 4 (discussed in 

chapter 4) and shown in the inset since Pc 4 and 5 are closely related.  In the proposed 

tetragonal cell, molecules of Pc 5 are aligned in columns along the c axis; the columns 

are related by translational symmetry along both a and b axis.  This structure agrees with 

the proposed sulfur-sulfur interactions.  Molecules of Pc 5 are significantly tilted away 

from their cofacial/upright position.  The c dimension (8.9 Å) of phase II is twice the Pc-

Pc distance (4.45 Å).  If sulfur-sulfur contact distances were ca. 3.5 Å, as reported in the 

single crytal diffraction study of Pc 3, the Pc 5 disks need to be tilted at ca. 38° (θ = cos-1 

(3.5 Å /4.45 Å)) to allow sulfur-sulfur interactions to take place.2, 3
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Figure A.3    Powder XRD of Pc 5.  The full pattern is indexed into two phases.  
    Phase I is a triclinic cell with dimension shown in the inset; Phase II
    is a tetragonal cell with both dimensions and a proposed cell structure
    depicted in the inset.  The cell structure is derived from that of Pc 4, the 
    styrene functionality modified version of this compound. 
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Table A.1    Detailed indexing information of powder XRD of Pc 5: Phase I.  The 
  angular positions labeled in red are the reflections that can be indexed 
  into more than one hkl combination.  This is most likely due to the broad                        
  nature of these reflections.  
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Table A.2    Detailed indexing information of powder XRD of Pc 5: Phase II.
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Figure A.4 is the result of DSC study on this compound.1  The major transition at 

ca. 62.3 °C is identified as the crystalline to liquid crystalline transition (K→ LC) which 

is lower than the transition temperatures for both Pc 3 and Pc 1; the minor transition at ca. 

77.3 °C is likely the phase transition due to the secondary phase in the powder as there 

are two phases present in the powder of this material.  Apparently, this is an irreversible 

system as no exothermic transitions were observed.  A temperature depedent XRD study 

was conducted on well-ground powder of Pc 5 in a capillary and the results are reported 

in Figure A.5.  Major reflections in the room temperature pattern are labeled and the 

underlined indices are from phase II.  The capillary r.t. pattern matches the XRD pattern 

done on a conventional sample holder except for the two shoulder reflections to both 

<100> and <100>.  The discrepancy is most likely due to the imperfection in packing of 

this material in a capillary, brought about by the liquid-like nature of the material upon 

application of mechanical force.  The broad feature around 5.5° in 2θ, indicated by the 

arrow in the r.t. pattern, is due to the hood material around the capillary heating elements 

and is present throughout the temperature dependent XRD study.  At 70 °C, a single 

reflection at ca. 24.4 Å dominates the low angle regime.  It is, however, not very likely an 

indication of the presence of hexagonal ordering at the LC phase since no distinct

reflection was observed at a spacing that corresponded to the cofacial intracolumn 

alignment.  The dominant reflections at high angle regime are due to either the liquid-like 

nature of the side chains (the halo around 4.89 Å) or an intracolumn ordering where 

molecules of Pc 5 are tilted and aligned along the column axis (3.76 Å).  The tilting angle 

of these Pc disks away from their cofacial position is ca. 21º (θ = cos-1 (3.5 Å /3.76 Å)).  
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Figure A.4    DSC data of Pc 5.  The crystalline to liquid crystalline transition occurs 
    at ca. 62.3 °C and is irreversible.  The weak transition at ca. 77.3 °C is 
    most likely due to the secondary phase in the powder and/or extra
    mesophase.   
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Figure A.5    Temperature dependent XRD of Pc 5.  The LC phase is identified as a
pseudo-hexagonal phase; the “melted” phase is considered as an oblique 
with higher order reflections of both (10) and (01) present in the large 
angle regime.  The system is irreversible as the pattern of the melted
phase is sustained upon cooling back to room temperature. 
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A pseudo-hexagonal ordering is therefore suggested for the LC phase.   

          This compound is reported to “melt” at ca. 238 ºC.1  Therefore the temperature was 

taken high enough to probe ordering at every phase.  At the “melted” phase (263 ºC), two 

reflections at ca. 24.5 Å and ca. 18.3 Å dominate the low angle regime and are most 

likely due to a 2D rectangular or oblique phase considering the dominant oblique phase 

of Pc 4 at elevated temperatures and the structural similarity between Pc 4 and 5.  The 

high angle regime is dominated by a sharp reflection at ca. 3.37 Å and a weak reflection 

at ca. 6.60 Å.  They are most likely higher order reflections of the 2D oblique phase, not 

indications of intracolumn ordering.  The “melting”, however, is not truely melting as 

long range positional order in these molecular columns is sustained upon the phase 

transition.  The “melted” phase is therefore most likely an interdmediate phase of this 

material at elevated temperature. The reason is that sulfur-sulfur interactions require 

tilting of some degree in the Pc disks, therefore the intracolumn spacing has to be larger 

than the cofacial spacing of ca. 3.5 Å.  Apparently, the reflection at ca. 3.37 Å is too 

small to allow any tilt in the Pc disks; the reflection at ca. 6.60 Å allows too much tilt (ca. 

60 º from the upright position) in the Pc disks.  Therefore, the reflection at ca. 6.60 Å is 

most likely the 4th order reflection of the ordering at 24.5 Å; the reflection at ca. 3.37 Å is

most likely the 6th order reflection of the ordeing at 18.3 Å.  The ordering along the 

column axis is completely lost upon melting.  The pattern at the “melted” phase is 

retained upon cooling back to room temperature with small modification to both the 

dominant low angle reflections (ca. 24.0 Å and ca. 17.8 Å) and the high angle higher 
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order reflections (ca. 6.32 Å and ca. 3.31 Å).  This is in agreement with the DSC study 

where an irreversible system was identified. 

Thin films of this material have been processed from solution via spin casting and 

used in device fabrications.  Figure A.6 shows the characteristics of an OFET device 

fabricated with thin films of Pc 5 that had been annealed.  The field mobility derived at 

the saturation region of the I-V curves is in the 10E-5 cm2V-1s-1 range. Topograph and 

microstructure of these spin cast films, before and after annealing at a temperature above 

the “melting” temperature, were investigated with AFM and shown in Figure A.7 (5um ×

5um) and A.8 (2um × 2um).  As-deposited films from chloroform demonstrate segregated 

domains; the annealed films demonstrate a layered structure with much larger 

domain/island size.  The average inter-layer distance along the normal axis is ca. 23 Å, 

close to the (10) reflection at ca. 24.0 Å  from the temperature dependent XRD study.  

Therefore, the annealed film of Pc 5 is dominated by the (10) face of a 2D oblique cell (a 

= 24.0 Å  , b = 17.8 Å ) upon slowly cooling back to room temperature.  “Melting” has 

apparently allowed the Pc system to reorganize into a layered structure that favors sulfur-

sulfur interactions; slow cooling has allowed sustaining of the ordering from the “melted” 

phase.   The (10) ordering in the spin coated film on Si substrate (with 1000 Å thermal 

oxide) seemed to be the optimal orientation/ordering for OFET application utilizing Pc as 

P-type organic semiconductor.  Layered structures were also observed in films of Pc 5, 

dropcast onto glass slides, annealed at above the “melting” temperature, and slowly 

cooled back to r.t., as shown in Figure A.9.  The dominant reflections have been labeled 

and found to be related, as most of them are higher order reflections of the reflections at 
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Figure A.6  I-V characteristics from an OFET device fabricated from Pc 5 from 
solution. Source-drain current ISD is plotted agains source-drain bias VSD; 
I-V curves are modulated by gate bias VG. The device channel width (W)
and length (L) are labeled in the inset. 

3.88° in 2θ, with a d-spacing of ca. 22.8 Å.  This inter-layer spacing agrees with the one 

seen in the AFM study of the spin coated films.  The fact that higher order reflections 

were observed in the dropcast films suggested the great coherence along the interlayer 

ordering and the strength of self-organization in Pc 5, particularly upon the assistance of 

“melting”.         
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Figure A.7    Tapping mode AFM images of Pc 5 film (5um × 5um), spin cast from
     chloroform onto Si substrates (1000 Å thermal oxide).  Top image is the
    as-deposited film with segregated domains.  The bottom image is the 
    annealed film with layered structures and much larger domains/islands. 
    The inter-layer distance along the normal axis is ca. 23 Å. 
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Figure A.8    Tapping mode AFM images of Pc 5 film (2um × 2um), spin cast from
     chloroform onto Si substrates (1000 Å thermal oxide).  Top image is the
     as-deposited film with segregated domains.  The bottom image is the 
     annealed film with layered structures and much larger domains/islands. 
     The inter-layer distance along the normal axis is ca. 23 Å. 
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Figure A.9    XRD of dropcast film of Pc 5 on a glass slide.  Both scattering from the 
    substrate and diffractions from the Pc film are shown and labeled.  The
    film is dominated by a layered structure as indicated by the dominant 
    inter-layer spacing of 23 Å at ca. 3.88° in 2θ and a few higher order 
    reflections of this ordering.  The thin film XRD pattern suggests great 
    coherence in the interlayer ordering and a strong self-organization in Pc

5, particularly upon “melting”.   
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Appendix B

X-ray Reflectometry: Technique and Applications

          X-ray reflectometry is a surface and interface sensitive technique that has been 

widely used in thin film analysis.  The interaction of X-rays with matter is very similar to 

that of any other electromagnetic waves.  When an X-ray beam is incident onto an ideal 

interface that is defined by a sharp electron density contrast of two media with refractive 

indices of n1 and n2, it is both reflected and refracted (Figure B.1 (I)) as governed by 

Snell’s law.  The incident beam is described with the wave vector Kincident (K =  2π/λ) and 

the incident angle (θincident) is defined as the angle between the incident beam and the 

plane of the suface (not the surface normal); Snell’s law takes the following format: 

cos θincident × n1 = cos θrefracted × n2                                                   (1)

At the air/film interface, the refractive index of air n1 is considered to approximately one 

as in vacuum.  The refractive index of the film n2, in the X-ray regime, is governed by the 

following equation: 

n = 1 - δ - iβ                                                   (2)

where δ is closely associated with the atomic scattering factor and therefore the electron 

number density of the matter δ = reρλ2/2π (magnitude = ca. 1E-5); the complex number β
is closely associated with the incident X-ray wavelength and the linear absorption 

coefficient (µ): β = µλ/4π (magnitude of β = ca. 1E-8). 1, 2
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Figure B.1    Schematic of interaction of X-ray and matter at ideal interfaces.  Both 
     indicent and reflected beams are represented in wave vectors. The angle
    of incidence is defined as the angle between the incident beam and the
     plane of the interface.   
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(3)

The refractive index of matter for X-ray is slightly smaller than one.  An X-ray incident 

beam enters a lower refractive index medium n2 from vacuum/air (n1 = 1) and is 

externally reflected at incident angles smaller than the critical angle θc as governed by 

Snell’s law.  The critical angle θc can be approximated as θc = λ(ρre/π)1/2 ≈ (2δ)1/2  at 

small angles and is a direct measurement of the average electron number density (mass 

density) of the material.1, 3-6  Table B.1 shows examples of different materials and their 

corresponding critical angles.  As the material mass density increases, both the electron 

number density and the critical angle increase.  Basically the material at the topmost layer 

dominates the angular position of the critical angle θc.  Beyond θc, the reflected beam 

intensity is decreased as the incident angle increases and the reflectivity coefficient r is 

governed by Fresnel’s equation:

The reflectivity R is subsequently defined as:

R = r2 = 16π2ρ2ro
2/qz

4 ≈ (2θincident / θc) 
–4                       (4)

where the intensity of the reflected beam drops off dramatically at incident angles larger 

than the critical angle.  The decay in the reflected beam intensity beyond the critical angle 

determines the information depth of this technique as shown in Figure B.2.
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Table B.1    Impact of material density on the angular position of the critial angle.3
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Figure B.2    Information depth profile of specular XRR. The penetration 
depth Z0 is defined as the distance away from the air/film interface.3
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If the reference is set at the air/film interface, the penetration depth Z0 of the X-ray beam 

depends strongly on the incident angle.  At incident angles smaller than the critical angle 

(θincident/θc < 1), the total external reflection dominates, only ca. 40-50 Å of the film is 

probed and the information acquired is primarily surface layer orientated.  At incident 

angles larger than the critical angle (θincident/θc > 1), the penetration depth is significantly 

greater and can reach up to ca. 4000 – 5000 Å.  The information acquired therefore is not 

only surface but also bulk related.

          Specular reflectivity is the most commonly used configuration where the incident 

angle and the angle at which the reflected beam is detected are equal.  Experimentally, 

this requires scanning the incident beam and the reflected beam simultaneously, and is 

considered the omega/2theta or θ/2θ geometry by convention, where 2θ is defined as the 

angle between the incident beam and the reflected beam (Figure B.3 (I)).  The optics 

configuration of the specular reflectivity experiment is discussed in detail in Chapter 2.  

The scattering geometry of specular reflectivity is depicted in Figure B.3 (II) where the 

X-ray beam is centrally probing the electron density profile along the normal axis and the 

wavevector transfer q (q = K reflected - K incident) is confined to the z direction (qz = sinθ
4π/λ since θincident = θreflected).  Wavevector transfer qz carries information on the incident 

angle, the wavelength of X-ray radiation, and the direction along which scattered 

electrons are probed.  It has become common to use qz to describe the reflected beam 

intensity perturbation.2
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Figure B.3    (I) Experimental setup for specular XRR.  (II) Scattering geometry of 
                      specular XRR. 
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Figure B.4 shows an example of a typical reflectivity curve obtained for a homogeneous 

layer on a smooth substrate.  The log ratio of the reflected beam intensity and the orignal 

beam intensity is plotted versus the scattering angle 2θ.  The critical angle (highlighted in 

the graph) was determined by the density of the film ρaverage.  Below the critical angle, the 

original intensity of the beam is ideally totally reflected without any attenuation as

evidenced by the plateau region in the plot.  As the scattering angle increases, the 

reflected intensity drops off very quickly and is modulated by the thickness of the film.    

The beams reflected from the air/film interface and the film/substrate interface interfere 

both constructively and destructively depending upon the magnitude of the scattering 

angle.  The resulting interference pattern is known as Kiessig fringes.  The amplitude and 

shape of these fringes are determined by the surface and interface roughness of the 

film/substrate system.  The frequency of these fringes (∆θ or ∆qz) is inversely 

proportional to the thickness of the film (T) ∆θ ∝ T-1, i.e., the further apart the adjacent 

fringes are, the thinner the film.3, 7, 8  The reflectivity curve becomes more complex when 

there are multiple layers of different materials present.  An example of a two-layer 

system is shown in Figure B.5 (I) where CuO is grown on top of the copper layer that is 

deposited onto a Si substrate.  The critical angle is defined by the topmost layer, the 

copper oxide layer.  The Kiessig fringes are the result of two superimposed frequencies, 

indicating the presence of two layers.  The low frequency pattern corresponds to the 

thinner CuO layer  and the high frequency pattern is related to the thicker copper layer as 
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Figure B.4    A simulated sample XRR curve of a homogeneous layer on a smooth
                      substrate. 
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Figure B.5    (I) A simulated sample XRR curve of a two-layer film on a smooth 
substrate.  (II) Simulation parameters describing the two-layer film. 
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indicated in the graph.  The density, thickness, and roughness parameters used to generate 

this reflectivity curve (with WinGixa, PANalytical) are shown in Figure B.5 (II).  In this 

simulated sample demonstration, there is significant amount of density contrast at every 

single interface (the air/CuO, the CuO/Cu, and the Cu/Substrate interfaces), which makes 

the differentiation of individual layers straightforward.  However, there are multilayer 

samples with interfacial density contrast as small as 1.2 such as the Pc films on silane 

modified Si samples discussed in Chapter 3.  This type of system requires longer data 

acquisition and interpretation time.  The interfacial roughness is treated as a height 

perturbation function.9  The roughness parameters used in this demo are small relative to 

the thicknesses of both CuO and Cu layers, and therefore the reflectivity curve decays 

smoothly  with negligible damping observed in the amplitude of the fringes.  However, 

systems with much rougher surfaces and interfaces can significantly modify the 

reflectivity curve in that the amplitude of the fringes can be dramaticaly damped, and 

eventually become indistinguishable from the decaying intensity background.  The Pc 

film on hydrophobized Si substrate discussed in Chapter 3 is this type of system since the 

roughness at the organic/organic interface was large with respect to the thickness of 

corresponding layers.   

          To further illustrate the impact of thickness and roughness on reflectivity curves, a 

few simulated examples are given in Figure B.6 and B.7.  Figure B.6 shows plots of 

reflectivity versus the incident angle ω (identical to θ in a ω/2θ specular geometry).  The 

solid decaying curve in blue represents the Si substrate, and the dotted dash line in green 

represents the 50 Å thin film of SiO2 on the Si substrate.  Apparently, the ultra thin oxide 
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Figure B.6    Impact of thickness on the reflectivity curve with simulated sample 
                      XRR curves.3
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layer did not contribute significant modulation to the reflectivity curve: the frequency of 

corresponding fringes is so low that not even a single fringe is observed within the given 

window of incident angle.  The critical angles for both the Si substrate and the thin oxide 

film are likely indistinguishable due to the small variation in their densities.  The other 

pair of curves shown in the graph are the results simulated for denser copper layers on Si 

substrates.  The major difference between the copper layers and the Si/SiO2 layers lies in 

the angular position of the critical angle.  The copper surface layer density is larger than 

the density of Si/SiO2, therefore the critical angle is slightly shifted to a higher value.  

The solid reflectivity curve in red represents a 50 Å thick copper layer on Si and the 

dotted line in pink represents a 20 Å thick copper layer on Si.  The thicker copper layer is 

associated with the higher frequency fringes and the thinner layer modifies the 

reflectivity curve with lower frequency fringes that are not seen in the given angular 

window.  The 50 Å copper layer is easier to identify from the reflecitivity curve than the 

50 Å oxide layer on Si substrates since it has a higher density thereby providing a higher 

density constrast at the film/substrate interface.  In conclusion, modification to the 

Kiessig fringes is determined not only by the thickness of corresponding layers but also 

by the density contrast at associated interfaces.  Reflectivity curves in Figure B.7 (II) are 

generated from the sample give in (I) where a 100 Å copper oxide layer is deposited on a  

Si Substrate with roughness parameters at both the air/CuO (σsur.) and the CuO/Si (σsub.) 

interfaces varied in a systematic fashion.  Curve A represents the ideal case where both 

interfaces are perfectly smooth and is used as the reference.  Curve B, C, and D, decay 

faster than A due to the roughness at the air/CuO interface.  Comparison among curves of                        
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Figure B.7    Impact of roughness on the reflectivity curves with simulated XRR 
curves (II). The sample model and roughness parameters used are 

    shown in (I).3
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B, C, and D reveals that the rougher the CuO/Si interface, the more damping there was to 

the amplitude of the fringes.  Curve D carries the greatest damping in the fringes due to 

the larger roughness at the film/substrate interface.  The trend observed here is that 

roughness of the film surface determines the overall decay in the reflectivity curve and 

the roughness of the interfaces within the film and the substrate reduces the amplitude of 

the fringes.3

          X-ray reflectometry is an indirect technique that depends upon simulations and 

non-linear fitting to derive information on thickness, density, and roughness of a thin film 

system.  The reflectivity plots discussed thus far were generated with a simulation 

package (WinGixa and the updated version X’Pert Reflectivity 1.0, PANalytical) to 

demonstrate the impact of certain parameters.  The experimental reflecitivity curves 

acquired were fitted with the sample package by setting up a sample model with initial 

layer thickness, density, and roughness to generate the simulated curve and subsequently 

conducting trial and error analysis on the simulated curve until the simulated and the 

experimetal curves agreed.  Three algorithms (segemented fitting, generic algorithem, 

and combined fitting) were usually individually tested on a particular sample and the best 

fit was determined when the fit agreed among these algorithms.  Segmented fitting fits 

only the selected segement of the curve and is best used to fit the low angle regime where 

most of the surface layer information is concentrated.  Generic algorithm fits the entire 

reflectivity curve at once by trying to find the global minimals in the system.  Combined 

fitting integrates both the segemented fitting and the generic algorithm by fitting the 

entire curve initially and concentrating on the selected segements subsequently.  Since 
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there is no unique solution (combination of thickness, density, and roughness parameters) 

to a particular reflectivity curve due to the phase problem of this technique (only intensity 

information is recorded during XRR measurements);3, 10 knowledges about the chemical 

composition, deposition conditions, rough estimation of thickness, and interfacial 

structures is necessary to eliminate non-realistic fitting combinations. 

          To summarize, X-ray reflectometry is a unique technique that allows for reliable 

quantitative characterization of surfaces and interfaces of thin films.  Film thickness, 

density, and roughness are the major parameters one can derive from a reflectivity curve.  

The measurement accuracy is about ± 0.5-1 % for film thickness,  ± 1-2 %  for material 

density, and the reproducibility in surface and interface roughness is about 3 %.  XRR 

has the ability to probe ultra thin films to a limit of ca. 10 Å.10 It is a non-destructive 

technique and is not constrained by sample crystallinity.  As a result, it has been widely 

used for the characterization of organic thin films processed from both solution and via 

vacuum deposition.  The constrains this technique puts on sample preperation are mainly 

associated with the sample size, the substrate smoothness, and the sample flatness.  The 

parallel incident beam requires that the sample to be at least 1×1 cm2 in size since the 

footprint of the beam on the sample changes as a function of the incident angle.3  The 

larger the sample, the less loss there is in the scattered beam along the specualr direction 

(due to the footprint effect), and a better average assessment is obtained in the analysis.  

Severe roughness at the air/film interface leads to ultra-fast attenuation of the reflected 

beam and/or failure in the detection of the scattered beam at the specular direction.  

Roughness at the film/substrate interface modifies the reflectivity curves by dramatically 
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reducing the amplitude of fringes, complicating the interpretation of the resulting pattern.  

XRR with a conventional X-ray source also requires long measurement and data 

processing time.  An organic thin film sample with a small density contrast at the 

film/substrate interface can take ca. 16-30 hrs for complete data collection.  The 

subsequent data simulation and fitting times depend upon the complexity of the system.            
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Appendix C

Current Mapping and Point-Shoot in TUNA Measurements

C.1 Choice of Condutive Probes

          Pt/Ir coated contact etched Si probes were initially used for TUNA measurements 

on commercial ITO, cleaned with detergent only.  Both front and back side of the 

cantilever are coated with 3 nm of Cr to enhance the adhesion of the following coating of 

20 nm PtIr5.
1  The coating is extremely thin that the metal alloy layer tends to wear off 

fairly easily upon contact with ITO which is a hard crystalline material.  Figure C.1 

demonstrates the effect of tip degradation/wearoff.  The top height channel was 

absolutely normal throughout the imaging while the bottom current channel, at an applied 

sample bias of - 25 mV, suddenly lost features.  The loss of conductivity after scanning 

approximately one third of the image was a result of wearoff of the conductive coating.  

This problem, however, can be solved by choosing other types of condutive probes that 

are robust enough to deal with ITO samples.  Doped diamond-coated probes with 

medium spring constant (nominal value of 2.8 N/m) offer a possible solution.  The front 

side of these cantilevers are coated with 100 nm doped diamond like carbon; and the back 

side of the cantilevers are coated with ca. 50 nm aluminum.  The doped diamond coating 

helps to harden the tip in applications that require both increased wear resistance and a 

conductive tip and therefore is perfectly suitable for ITO samples.1 Tip cleanliness is 

another major concern in the use of conductive probes.  Organic contamination on the tip 

could significantly increase the adhesion between the cantilever and the sample therefore 



372

Figure C.1   Height (top) and TUNA current (bottom) images of detergent cleaned 
ITO 5um × 5um at a given sample bias of -25 mV. The current channel 
suddenly lost features due to the lost of conductivity as a result of 
wearoff of the conductive coating.
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Figure C.2    Conductive pathway in the TUNA measurement on ITO. 

lowering the image resolution.  Conductive probes were used as received and discarded 

with the onset of degradation behaviors. 

C.2  Current Mapping of Detergent Cleaned ITO

          TUNA measurements were conducted to map the ITO surface electrical properties 

at an applied bias.  The conductive pathway was between a conductive probe in contact 

mode, a conductive sample (detergent cleaned ITO) and the TUNA module (Figure C.2).

Engagement of the conductive probes onto ITO samples were done at nearly zero force 

(zero setpoint) to minimize any damage to the probe since the doped diamond coated 

probes were relatively stiff and prone to break.  The system tended to self-engage since 

the finite offset bias (< = 10mV) at zero sample bias caused enough electrostatic 

attraction to ensure that conductive probe was on the sample surface.  Immediately after 

the probe engagement, the force-distance curve was calibrated; the setpoint was adjusted 

such that the imaging force was ca. 20 nN (deflection of ca. 5 - 10 nm) throughout all the 
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ITO samples investigated.  Imaging conditions were then optimized for the height 

channel by maximizing the feedback gains (both integral and proportional) and the 

utilization of feedback mechanism will be further discussed in the following section.  

Sample bias was applied in small (50 – 100 mV) step increments and the TUNA current 

channel was monitored closely in the scope mode.  When the applied sample bias reached 

certain threshold value, significant amount of current (compared with a 2 pA background 

current at current sensitivity of 1 pA/V) and some current contrast were observed in the 

TUNA channel and the probe / ITO junction device was considered on.  At this point, full 

scale scan (usually micron) was taken and height and current images were captured 

simultaneously.  The scan rate was kept slow (ca. 0.5 Hz) to minimize line-by- line noise 

and reduce the degree of  degradation to the conductive probe.   

C.3  Point-Shoot and  I/V Characteristics

          The ITO surface current mapping was followed by a series of point current-voltage 

measurments to acquire semi-quantitative information about the electrode surface I-V 

characteristics.  Point measurements were initiated by offsetting the cursor to the desired 

region and zeroing the scan area.  Both grain and grain boundary regions were sampled 

for point-shoot in the detergent cleaned ITO and in ITOs discussed later in this chapter.  

A force-distance curve at the selected point was taken and calibrated at zero bias.     

The deflection setpoint was readjusted during the force calibration and the force load 

applied was set at ca. 20 nN (ca. 10 nm deflection) and kept constant throughout the point 

I-V measurements with maximized feedback gain settings.  The sample bias was applied 
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in small step increments (ca. 25 – 100 mV depending upon the significance in the 

corresponding current variation) and went in both positive and negative directions from 

zero bias.  The TUNA current was monitored simultaneously in scope mode with an 

approriate current sensitivity.  The most sensitive channel 1 pA/V was usually chosen 

first with low sample bias and replaced by lower sensitivity channels as sample bias 

increased.  The TUNA current, however, was not recorded immediately after the change 

of sample bias.  Five to ten seconds were allowed for the feedback mechanism to take 

effect since the force load was a combination of the cantilever deflection and the 

electrostatic interaction caused by the change of applied sample bias, both in amplitude 

and in polarity.  The maximized feedback gain setting, together with the delay in current 

recording, was the strategy developed to ensure consistent force load for point I-V 

measurements throughout the TUNA study.  
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