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ABSTRACT

Ongoing efforts to improve the efficiency of organic photovoltaic cells emphasize
the significance of the architecture of molecular assemblies in thin films, at nanometer
and micron length scales, to enhance both exciton diffusion and charge transport, in
donor and acceptor layers. Controlled growth of molecules via self-assembly techniques
presents new opportunities to develop nano-structured organic thin films for electronic
devices. This thesis is focused on controlling the orientation of phthalocyanine molecular
assemblies in thin films in order to demonstrate the impact of microscopic control of
molecular order on electrical properties and organic solar cell device performance.
The studies performed here provide insights into the self-assembling behavior,
film morphology, nanoscale electrical conductivity, and photovoltaic properties of a diskshaped peripherally substituted phthalocyanine (Pc) molecule possessing amide
functional groups in the side chains. Amide functionality was integrated in the side chains
of this phthalocyanine molecule with the purpose of increasing the intra-columnar
interaction through formation of a hydrogen bonding network between molecules, and to
guide columnar orientation in a preferred direction via specific surface-molecule
interactions.

It is realized that molecule-substrate interactions must dominate over

molecule-molecule interactions to achieve control over the deposition of molecules in a
preferred direction for organic solar cell applications. Microscopic imaging and
spectroscopic studies confirm the formation of flat-lying, well ordered, layered
phthalocyanine films as anticipated.

25
The remarkable electrical conductivity of the flat-lying phthalocyanine molecules,
as studied by Conducting tip Atomic Force Microscopy (C-AFM) provide the impetus for
the formation of organic solar cells based on layers of these hydrogen bonding
phthalocyanine molecules. The photocurrent from devices that are made with the ordered
Pc molecules and disordered Pc molecules as the primary photoactive donor layer, and
vacuum deposited C60 as the acceptor material, were evaluated. The results presented
here demonstrate the feasibility of increasing the photogenerated current by controlling
the molecular organization in the photo active layer.
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CHAPTER 1
INTRODUCTION

1.1 Organic Photovoltaic Cells

1.1.1

Development of Organic Photovoltaics
Population increase, technology boost, and global warming effects are drastically

demanding a cheap, renewable, efficient energy source. After the first practical conversion of
solar radiation into electric energy by use of a p–n junction type solar cell in 1954 by D. Chapin,
C. Fuller, and G. Pearson at Bell Labs, PV technology is being recognized as part of the solution
to the growing energy challenge.1,

2

Ever since several solar cell models with Si as the light

absorbing materials emerged to the market with efficiencies exceeding 30%.3 However, the
electricity produced by these Si based PV cells represents less than 0.02 % of the total electric
supply in U.S, according to a DOE report published in 2003.4 The biggest challenge for solar
power consumption is its high cost. High efficiency silicon solar cells demand highly pure
silicon crystals, which involve high pressure and temperature systems for making and handling
wafers, hence increasing the manufacturing cost. The power produced from the single crystal Si
based solar cells, termed as ‘Generation I’ solar modules, cost $3.50/Wp in 2003.4 Though coal
is considered as relatively inexpensive source for the global energy needs, the energy extracted
form coal comes at a large environment price as its combustion results in emission of large
quantities of pollutants to the environment.5
Over the past decades, considerable effort in reducing the manufacturing cost introduced
thin-film technology, Generation II cells, which utilizes thin-film crystalline Si on glass or any
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other inexpensive substrate, instead of the high quality Si wafer.6 Further advancement in this
technology reduced the cost by employing thin-film inorganic crystals, known as polycrystalline
materials, which have much higher absoptivity for solar photons versus Silicon.2,

7

Si is a

relatively weak absorber, requires a fairly thick film in the PV cell to absorb incident sunlight.
Polycrystalline solar cells based on thin-films of CdS/CdTe or Cu (In,Ga)Se2, and multi-junction
solar cells (a-Si/a-SiGe) can be fabricated at relatively low cost.2, 8, 9 However, the system cost of
these modules remains high due to the expensive non-photoactive parts of the system.10
Remarkable progress has been made in the development of new PV technology after
Tang and co-workers demonstrated photovoltaic activity with inexpensive small organic
molecules as light absorbing materials.11 These devices are “Generation III” PV cells, known as
Organic-Photovoltaic cells (OPV), which utilize small organic molecules or conducting
polymers as the light harvesting materials.11 Though the power conversion efficiency of Tang’s
cells was very low, about 1%, his work inspired fundamental research towards improving the
efficiency by indentifying new organic materials to efficiently absorb sunlight, new cell
fabrication techniques to harness the full spectrum of wavelength in solar radiation, and new
approaches to understand device architecture and device physics. According to recent reports,
progress toward improving OPV device efficiency reached to 5% regime to date.12 Though
OPVs still lack in efficiency, significant advantages such as low cost, light weight, flexible
installation, high absorptivity, and ease of processing favor the OPVs and provide the motivation
for researchers to explore novel solutions for improving device performance.13-16
Although recent investigations have suggested significant improvements in performance,
basic science investigations are needed to better understand the fundamental steps involved in
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photovoltaic energy conversion and the correlation between the chemical and physical properties
of the active layer with their performance. This research project is designed to discover solutions
to improve the efficiency through molecular design, control of the molecular ordering in the
active layer, and an understanding of the electronic interactions at an interface with their
performance. A basic understanding of these issues is expected to facilitate a revolutionary
growth of the PV industry.

1.1.2

Structure and Operation
Solar cells utilize the photovoltaic effect, where light energy from the sun is directly

converted into electricity, by way of charge generation and transportation inside the
semiconducting photoactive material.13,

14, 16

In OPV cells the photoactive material, organic

molecules or polymer, is sandwiched between two electrodes.13, 14 The organic material usually
consists of two types of organic molecules, an electron donor (p-type molecule) and an electron
acceptor (n-type molecule) material.11, 13, 16 Because of the large band gap in organic materials,
only a small portion of the incident solar light is absorbed. However, due to the high absorption
coefficient of organic materials as high as 105 cm-1, only about 50 nm thick film is enough to
absorb substantial amount of photons.17 The photon absorber in the cell only absorbs solar
photons above certain minimum photon energy. This minimum threshold energy is called the
“band gap”; photons with energies below the band gap pass through the absorber, while photons
with energies above the band gap are absorbed.13, 16
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Figure 1.1 (a) Schematic diagram of a bilayer organic photovoltaic cell; p-type and n-type
organic layers are stacked between two electrodes. (b) Schematic diagram showing the basic
steps of photovoltaic conversion in an OPV; 1- photo absorption, 2- charge transfer, 3 – charge
transportation, 4 – charge injection.
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The photovoltaic properties of crystalline inorganic semiconductor solar cells can be described
by energy band models. However, the situation in organic solar cells is much more complex
because of the presence of local structural disorders, different intramolecular and intermolecular
interactions, and chemical impurities. The basic steps of photovoltaic conversion by an OPV are
described by the following steps:16, 17
(i). absorption of photons leading to the formation of the bound electron-hole pair, exciton.
(ii). diffusion of excitons to the donor-acceptor interface where charge separation occurs.
(iii). transportation of charges within the organic layer to the respective electrodes.
(iv). collection of charges by the respective electrodes.
Photoexcitation in OPVs is substantially different than that of Si and other
inorganic semiconductor devices. Light absorption in inorganic semiconductors leads to
immediate production of free charges, where photogenerated electrons and holes are freely move
through the semiconductor material.13, 14, 16 In the case of OPV the generated electron and hole
are bound together by Coulombic forces. This electron-hole pair is called exciton, which has no
net electrical charge and cannot carry current. It must be broken apart, or dissociated to produce
the free electrons and holes that are required to produce electric power.13, 14, 16 The exciton can be
dissociated by charge transfer at interfaces, such as the interface between the donor and accepter
materials. When the excitons diffuse to the donor-acceptor interface, they are split apart at the
interface and free electrons and holes are produced. The driving force for charge separation at the
donor-acceptor interface comes from the energy offset between the HOMO of the donor and the
LUMO of the acceptor. This energy offset is expected to exceed 0.5 eV to overcome the exciton
binding energy. The charge separation event in a typical heterojunction solar cell can be modeled
as a photoinitiated electron transfer process.
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The electron is accepted by the material with larger electron affinity (electron acceptor) and the
hole by the material with lower ionization potential (electron donor).16
The separated electrons and holes need to be transported to the respective electrodes
within their life time. The driving force for charge transportation is provided by few factors, such
as the internal electrical field created due to the gradient in the chemical potentials of electrons
and holes built-up in the donor-acceptor junction, external electric field created by asymmetry of
the electrodes (one low work-function metal for the collection of electrons and one high workfunction metal for the collection of the holes), and the concentration gradient of the respective
charges.13, 14, 16
The charges transported are selectively collected by the top and bottom electrodes. In
general, transparent conducting electrode, ITO, and Aluminum are used as electrodes in OPVs.
Efficient charge collection occurs when the HOMO level of the donor material (p-type
molecules) matches with the work function of ITO, and the LUMO of the acceptor (n-type
molecule) is close enough to the work function of Al.16

1.1.3

Cell Characteristics
The current-voltage behavior of an OPV follows the diode equation, in which current

flow in the forward bias direction increases exponentially whereas reverse bias current is very
small and constant with applied voltage in dark. 13, 14, 16 Under illumination, the generated charge
carriers drift in the electric field to the respective electrodes, resulting in additional current flow.
Figure 1.2 shows a schematic diagram of the device current plotted against applied voltage.13, 14
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Photovoltaics are tested by measuring current as a function of applied voltage with a standard
illumination power (Psolar) of 100mW/cm2 with a spectral distribution approximately AM 1.5
radiation. This source has a spectral output that is very similar to the sunlight reaching the earth’s
surface and thus considered as laboratory standard. Current is generally reported as current
density, J in mA/cm2, where the area of the device is used for standardization. OPV devices are
generally characterized by the short-circuit current (Isc), the open-circuit voltage (Voc), and the
fill factor (FF).13, 16
Open Circuit Voltage: The open circuit voltage is the voltage at zero current and is the
maximum voltage produced by the solar cell. Generally, Voc of an organic cell is determined by
the energy difference between the HOMO of the donor material and the LUMO of the acceptor
material. Therefore, Voc is a sensitive function of the energy levels of the organic material,
metals, and the interfacial effects that affect the charge carrier losses at the electrodes.16
Short-Circuit Current: The short-circuit current is the current at zero applied bias and is
the maximum current produced by the device. In an ideal loss free contact, the photoinduced
charge carrier density and the charge carrier mobility within the organic semiconductor
determines Isc.

I sc = n e μ E
where n is the density of charge carriers, e is the elementary charge, µ is the mobility, and E is
the electric field. The mobility, thus the Isc is sensitive to the nanoscale morphology of the thin
film.16

33

Figure 1.2 Ideal J-V curves of an OPV obtained in the dark (blue dotted line) and under
illumination (pink solid line). Maximum power output is defined by the rectangular area.
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Fill Factor: The fill factor is used to describe the efficiency of the cell. FF is defined as the
ratio between the maximum power delivered to an external circuit, Pmax (the maximum product
of output voltage, Vmpp and current, Impp) and the potential power (product of Voc and Isc ).13, 16

FF =

FF =

Vmpp I mpp
Voc I sc

Pmax
Voc I sc

The series resistance, lifetime of the charge carrier, and the charge carrier mobility determines
the fill factor of a cell.14, 16

The power conversion efficiency of the cell is given by

ηp =

Voc J sc FF
Pin

A highly efficient solar cell will have a high ISC, VOC, and FF, and these are the individual
parameters by which the performance of a solar cell is evaluated.
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1.1.4

The limits to OPV cell efficiency
Efficiency of the OPV is mainly limited by two parameters, internal quantum efficiency

(IQE) and external quantum efficiency (EQE). The four basic processes that are involved in the
photo conversion mechanism determine the IQE.17

η IOE = η A η ED η CT η CC
where,

ηA is the efficiency of light absorption by the active layer; ηED is the efficiency of exciton

diffusion to the dissociation site;

ηCT

is the charge transfer efficiency; and

ηCC

is charge

collection efficiency.
EQE, incident photon to current efficiency, is determined by considering the optical
losses that occur on coupling light in the device active region.

η EOE = (1 − R ) η IOE
where R is the reflectivity of light at the substrate–air interface.
The power conversion efficiency of the cell in-terms of open circuit voltage, short circuit current
density and fill factor is given by, 13, 17

ηp =

Voc J sc FF
Pin

Based on the above facts, limits to OPV can be briefly listed as follows:17
1. Limited spectral coverage of organic thin films. Organic molecules that possess large
band gap only absorb a small portion of sunlight. In order to absorb more solar spectrum,
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thick organic layer or molecules with high absorption coefficient should be used in the
cell. Increasing the layer thickness limits the diffusion of exciton efficiency. Therefore,
this presents a challenge to the materials scientist to develop donor, acceptor organic
molecules that have low band gap, nominally optimal value of 1.4 eV, while maintaining
good charge carrier mobilities.
2. Limited exciton diffusion length. It is reported that the exciton diffusion length, the
distance an exciton can travel before it decays to the ground state, is in the range of 10-20
nm in organic materials. Photo generated excitons that are produced 10-20 nm away from
the interface cannot reach an interface prior to dissociation, which means that only very
thin film, 10-20 nm layer, is actively involved in photo current generation. On the other
hand, such a thin film limits the absorption efficiency and power generation; a
substantially thick layer is required for ample absorption. This trade off between
absorption and exciton diffusion length is called, ‘exciton diffusion bottleneck.’ Recently,
several different device architectures have been proposed to overcome this problem, a
brief description of which is given in the next section.
3. Charge carrier losses. Charge carrier losses at the electrodes lower the Voc and thus the
cell efficiency. Charge carrier losses are minimized by matching the energy level of the
anode with the HOMO of the hole conducting material, and LUMO of the electron
acceptor is matched with the energy level of the cathode. Generally, electrodes are coated
or modified to match the work function.
4. Nanoscale morphology of the molecules. Molecular order in the organic semiconductor
thin film has a large impact on the charge carrier mobilities, which affects Isc, and
therefore, the device efficiency. Morphology of the molecules is controlled by
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intermolecular interaction and film preparation techniques. Parameters such as solvent
type, solvent evaporation time, processing temperature, and deposition methods can
influence the nanomorphology.
5. Series resistance, finite conductivity of the ITO electrode, shorts between the electrodes
or pinholes in the film. All these factors influence the charge mobility and charge carriers
reaching the electrodes, thus affect the fill factor and the cell efficiency.

1.1.5

OPV Device Architecture
Based on the physical considerations described in the previous section, the ultimate

limitation to the cell efficiency is the charge separation process at the heterojunction formed
between the donor and acceptor materials, exciton diffusion bottleneck, and the limited spectral
coverage of organic thin films. Engineering the heterointerface is being recognized as part of a
solution for these problems and researchers have suggested several device architectures.17 Figure
1.3 shows variety of schemes that are used to fabricate efficient OPV devices.

(a). Bilayer Cells (Planar Heterojunction)
Planar heterojunction bilayer cell is the fundamental design to most OPVs created today.
The bilayer cell was first introduced by Tang, which consists of a thin layer of copper
phthalocyanine (CuPc) as the donor (D) material and as primary light absorber, and a layer of 3,
4, 9, 10-perylenetetracarboxylicbis-imidazaole (PTCBI) as the acceptor (A) material.11 In this
type of cells, small molecular weight donor material is first grown from vapor phase on a
transparent conducting electrode, generally on indium tin oxide (ITO), and then a thin film of
acceptor material is deposited onto the donor material.18 In the case of polymers, solution cast is
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Figure 1.3 Schematic diagrams of OPV device architectures (a) bilayer device (b) bulk device
(c) hybrid device (d) tandem device.

39

the common practice, where both donor and acceptor materials are deposited one by one on
ITO.16, 19 Finally, the cathode electrode, either Au or Al, is deposited onto the acceptor material
through a shadow mask via thermal evaporation in a high-vacuum chamber.
Later, researchers found an increase in efficiency when a thin layer, exciton blocking
layer (EBL), is interposed between the acceptor layer and the metal cathode.20-22 Deposition of
the cathode material directly onto the acceptor layer introduces damages or deep traps, which
reduces the exciton diffusion length in that layer, leading to exciton quenching. EBL absorbs the
damage introduced during cathode metal deposition, in addition, the larger energy gap of the
EBL as compared with that of the acceptor layer helps to keep the electrons close to the D-A
heterointerface, thus preventing them from migrating to the damaged region near the cathode.20

(b). Bulk Cells (Mixed/Bulk Heterojunction)
Bulk heterojunction (HJ) cells are introduced as an alternative approach to circumvent the
exciton diffusion problem by employing an interpenetrating network of D-A materials. The thin
film consists of a mixture of donor acceptor molecules provides a specially distributed D-A
interface that lies within the exciton diffusion length, such that all excitons are produced within
approximately 10nm of an interface.23-25 This so-called bulk HJ is formed by using blends of
donor and acceptor polymers or mixtures of co-deposited small molecules.25 Phase segregation,
introduced by annealing the films at high temperature, forms an entangled heterointerface with a
very large surface area, lead to increased cell efficiency, ηp ≤ 3.5%. 26, 27
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(c). Hybrid Cells (Planar-Mixed Heterojunction)
Hybrid planar-mixed heterojunction (PM-HJ) cell is a hybridized architecture of bulk and
bilayer cells. This cell consists of a mixed layer of donor and acceptor molecules, which is
sandwiched between donor and acceptor layers of homogeneous composition as depicted in
Figure 1.3C12, 28, 29 This architecture takes the advantage of both the charge conduction properties
of homogeneous layers of an organic film, and the exciton separation properties of the mixed
layer. The thickness of the homogeneous layer is in the range of exciton diffusion length, while
the thickness of the mixed-layer is on the order of the carrier collection length, the distance a free
carrier diffuses prior to recombination. PM-HJ cell has proven to be another means to increase
the device efficiency.12 Using CuPc as acceptor and C60 as the donor material Xue et. al.
achieved ηp = 5.0% in a hybrid PM-HJ cell.12, 28

(d). Tandem Cells
Further improvement in device efficiency was realized by using a tandem geometry
consisting of two hybrid PM-HJ cells stacked in a series. In this device, ultra small metal
particles are deposited between the two subcells, which serve as recombination centers, attract
carriers of opposite charge.30 Device efficiency (ηp) of this cell demonstrated by Xue and
coworkers is ~ 5.7%.30 In this architecture, series current flow, generated due to the absorption
within each subcell increases the open-circuit voltage. Tandem structure can be optimized to
absorb the broadest possible span of the solar spectrum, by designing each subcell consisting of
different material system that absorbs different regions of the solar spectrum.17
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1.2 Organic Photovoltaic Materials

The motivation of integrating organic semiconductor materials in solar cells is very
attractive because of the flexibility in the synthesis of molecules, allowing for alteration of wide
range of properties such as band gaps, absorptivity, molecular weight, molecular orbital energy
levels, solubility, molecular rigidity, conjugation length, intermolecular interaction, etc.13-16
During the last few years much broader selection of molecular systems have been synthesized
and studied to optimize the molecules for particular electronic functions. The development of
organic molecules, which absorb a broad solar spectrum and self-assemble into ordered phases
with pathways for efficient charge transport, is a promising route to increase the device
efficiency.17 In order to facilitate charge transport and to absorb sunlight in OPVs, the organic
materials usually consist of delocalized π electron system.13, 14, 16 The molecules that are used as
light-absorbers and charge-transporters in OPVs are broadly classified as conjugated polymers,
dendrimers, small molecules, dyes, etc. Among the numerous varieties of organic materials, only
small molecules are focused in this work for further discussion.

1.2.1

Discotic Mesophase Materials
In general, the molecules that are used in OPV are disk shaped, possessing a large

aromatic system and exhibiting thermotropic mesophases, known as discotic mesophase
materials, e.g. triphenylenes, phthaocyanines (Pcs), and hexabenzocoronenes (HBC).31-35 They
form orderly stacked columnar assemblies, allowing charge transport through the overlapping π
electron system in the stacking direction.31,

36, 37

According to mechanical or processing

properties of the molecules, they are categorized as soluble and insoluble materials.13 Small
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molecules are usually not soluble and are deposited by high vacuum evaporation methods.13 In
order to make the processing easier, these molecules are synthesized soluble by adding suitable
side chains.31, 32, 38, 39 Most of these discotic materials are liquid crystalline materials (LC).31 The
orderly stacked aromatic cores provide crystalline nature and the side chains offer liquid-like
behavior to these molecules.31 Solution processed thin films provide highly ordered molecular
assemblies and exhibit promising charge mobilities along the column axis.40, 41 Charge mobility
and molecular ordering of these discotic mesophase materials can be enhanced by thermal
treatments.32, 42, 43
As explained in the previous section, the organic molecules used in OPVs should be p- or n- type
in character in order to construct a junction in the devices.

N–type molecules: n-type molecules also known as acceptors or electron transporting molecules;
electrons are the major carriers in these types of molecules. These molecules have large electron
affinity.13, 14 Perylene derivatives are widely used as acceptors in OPVs, later it was found that
replacing the acceptor with C60 is advantageous.17 C60, possessing spherical symmetry can pack
tightly and enable excellent orbital overlap between adjacent molecules, thereby improves charge
diffusion efficiency.17 Figure 1.4 shows some examples of molecular structures that are used in
OPVs as acceptors.13
P-type molecules: p-type molecules also known as donors or hole transporting molecules; holes
are the major carriers in this type of molecules. These molecules have low ionization potential.13
Triphenylene, phthaocyanines, and hexabenzocoronenes derivatives are commonly used as
donor materials in small molecular organic photovoltaic cells.33-35 Some examples of the
molecular structures of donors are shown in Figure 1.5.13
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Figure 1.4 Commonly used n-type organic semiconductors (Reprinted with permission from the
Annual Review of Materials Research, Volume 36 © 2006 by Annual Reviews
www.annualreviews.org).
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Figure 1.5 Commonly used p-type organic semiconducting molecules. R represents side chain
modification at the peripheries of these discotic cores.
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1.2.2

Molecular Films by Self-Assembly
Self-assembly process, where molecules spontaneously organize to create larger ordered

structures, is an important phenomenon in OPV. In trying to increase the efficiency of OPVs, it
has become clear to researchers that charge mobilities can be increased by establishing ordered
molecular assemblies via intermolecular interactions and self-assembly.17,

32, 41

An increased

driving force for strong π – π interaction associated with large disk-like molecules lead to
columnar assemblies, where the aromatic cores are arranged like coins in a stack as depicted in
Figure 1.6

31, 32, 44

These columns serve as one-dimensional charge transporting cables in

molecular electronic devices. Charge is transported along the axis of the columns through the
overlapping π-electron cloud between the cores, and is prohibited across the columns by the
surrounding electrically insulating alkyl chains that are connected to the core.36, 37, 45 In addition
to the molecular arrangements shown in the Figure 1.6, there are variety of ways in which disks
can be arranged within a molecular column. Disk-like molecules sometimes fail to form perfect
co-facial stacks, resulting in a complex or disordered structures. Tilt associated with the disk
planes relative to the columnar axis leads to structural defects and barricades charge carrier
mobility.36, 45
When deposited on substrates, the self-assembled columns can take several different
orientation, two of which are face-on alignment and edge-on alignment as illustrated in Figure
1.6c and 1.6d respectively.32 As the direction of current flow is ideally be along the π – π
stacking direction, the orientation of self-assembled columns determine the direction of current
flow in electronic devices. In the edge-on alignment, columnar axis is parallel to the substrate
plane, where charge transporting is along the column axis, parallel direction to the substrate. This
type of molecular assembly is preferred in Organic Field Effect Transistors (OFET).32 In the case
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Figure 1.6 Schematic diagrams showing columnar assembly of disk-like molecules via selfassembly through interaction of π electron clouds between adjacent molecules. (c) and (d) shows
possible columnar orientation in thin films (c) face-on / homeotropic alignment, molecular
columns are perpendicular to the substrate plane (d) edge-on/ heterotrophic alignment, molecular
columns are aligned parallel to the substrate plane.
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of face-on alignment, also known as homeotropic alignment, molecular columns are standing
perpendicular to surface, where the direction of charge transportation is perpendicular to the
substrate. This alignment is desired in photovoltaic devices, in which molecular columns need to
be stacked perpendicularly, between two electrodes to provide path ways for current flow
between electrodes.32 The factor that determines the orientation of the self-assembled column on
a substrate is still under investigation but, several researchers propose that processing techniques
such as choice of solvent, deposition method, function groups in the side chains, surface
properties, and thermal treatments play a role in the orientation of columnar assemblies.46 An
extended discussion of the factors that influence the homeotropic alignment is presented in
Chapter 3.

1.2.3

Phthalocyanine as Hole Transporting Material
Pcs have found many applications as dyes, pigments, molecular conductors,

photoconductors, etc, due to their outstanding stability combined with rather simple synthetic
procedures.47, 48 After Tang demonstrated photovoltaic application with Pcs in his first cell, many
beneficial properties of Pcs have attracted the photovoltaic community.48
(i). Pcs have vey high absorption coefficient, in the range of 105 cm-1 and they intensely absorb in
the red region of the solar spectrum in contrast to most organic conjugated materials.
(ii). Pcs have relatively low oxidation potential, making them good donors in photoinduced
electron transfer process.
(iii). Pcs self-organize into ordered columnar liquid crystalline mesophases, thermal treatment
introduces phase changes and enhances the molecular ordering and crystalline properties.
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(iv). Side chains can be easily incorporated to the Pc core by simple synthetic methods to
increase the solubility in organic solvents.
(v). Columnar stacks of Pcs are known to exhibit promising charge carrier mobility, on the order
of 0.2 cm2/V.sec.

1.2.4

Molecular Designs: Tailoring Phthalocyanine Discotics
Numerous examples of disk-shaped peripherally substituted Pcs have been reported.38, 46,

49-51

Introduction of side chains makes these molecular derivatives to be (i).highly soluble in

common organic solvent, allowing solution processing, (ii).meltable in low temperature,
avoiding high temperature treatments, and (iii).tunable physical properties by incorporation of
functional groups in the side chains. Such functional materials are of high interest for PV
applications.48 Figure 1.7 shows a family of peripherally substituted Pcs that has been designed
and studied by Armstrong and O’Brien research groups. Dramatic changes in the self-organizing
properties were observed when the functionalities in the side chain are changed.
Pc (1) is our parent compound, where eight alkoxy side chains were introduced to the Pc
core in order to increase the solubility in organic solvent. The oxygen atom in the middle of the
side chain was introduced to restrict the random movement of the side chains and the phenyl
group at the terminus is intended to increases the side chain - side chain interaction between
neighboring molecules. These molecules have shown to form well ordered columnar structures
on LB trough with edge-on alignment and with very high coherence extending up to 250nm.38
OFETs have been successfully fabricated with these films and have demonstrated good
anisotropy in both conductivity and field-effect mobilities.52
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Figure 1.7 Side chain modified phthalocyanine derivatives that are studied inArmstrong research
group. The chemical structure of the Pc core is shown on the left and the side chain structures are
shown on the right. Pc (1) and (2) are alkoxy linked derivatives the rest are thioether linked
derivatives. Pc (2) and (4) are polymerizable Pcs, styrene functionality is incorporated. Pc (6) is
hydrogen bonding Pc, amide functionality is incorporated.
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In Pc (3), oxygen atoms near the disk periphery was substituted with sulfur atoms. Sulfur
is expected to improve the charge transfer properties of the molecules. In addition, these
molecules showed an increased interaction between molecules, imposed by a non-covalent S-S
interaction between two sulfur atoms in the neighboring molecules, combined with π - π
interaction between adjacent cores. It was evidenced that increased interactions between these
molecules cause them to easily crystallize in solution.53
Pc (2) and Pc (4) are the analogs of Pc (1) and Pc (3) respectively, where an ethylene
group was incorporated. This styrene functionality was introduced with the intention of forming
cyclobutane links between two side chains of the adjacent molecules upon photo polymerization,
in order to improve intracolumnar order and charge mobility.54, 55
Pc (5) is the saturated form of Pc (4). Extended chain length in this molecule makes it
easily soluble in many organic solvents, allowing easy processing. Like Pc (4), these aggregates
also experience both S-S interaction and π – π interactions. Thin films of this molecule formed
columnar assemblies, which was studied with different solvents, deposited by various
techniques.
Pc (6) is a new derivative, in which amide functional groups are incorporated in the side
chains. This functionality was integrated in the side chains with the purpose of increasing the
intra columnar interaction through hydrogen bonding network between molecules, and to guide
the columnar orientation in a preferred direction, especially to from homeotropically aligned
molecular columns on surfaces. This thesis deals in detail with the structural characterization of
Pc (6), homeotropic alignment of this molecule, electrical characterization, and photovoltaic
properties of this molecule.
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1.2.5

Homeotropic Alignment: Processing Strategies
It has become clear to the researches that molecular order in the thin film have a large

impact on the charge carrier mobilities and, therefore, device efficiencies.17, 36 A key issue faced
by the organic photovoltaic community is aligning the molecular columns in a specific
orientation, homeotropic alignment, that is desired in OPVs to provide charge transporting
pathways in a vertical direction.32 The goal of this thesis work is aligning the phthalocyanine
molecules homeotropically to provide a short, quick path for excition diffusion and charge
migration events as shown in the Figure 1.9. Improvement in these two events can substantially
improve the device efficiency.
It is apparent that forming edge-on alignment by various solution processing techniques
is success in several attempts but the homeotropic alignment is challenging to researchers. It was
reported that most of the side chain modified discotic molecules tend to form edge-on alignment,
as the air-film interface likely to minimize the free energy of the surface by extending the alkyl
side chains to the air.46 Though several approaches are proposed, the mechanism that controls the
homeotropic alignment is still not clear to researchers.46
Some researchers propose that presence of hetero atoms near the disk periphery of the
discotic molecules is the key functionality to form homeotropic alignment,56 while some others
suggest that homeotropic alignment can be achieved between two polar surfaces from molten
state.46, 50 There were also some other approaches to make homeotropic alignment by vacuum
vapor deposition, molecular beam epitaxy, LB deposition etc.51, 57, 58 But all these methods were
not success in all attempts, films were not stable or they failed to form thick films.46
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Figure 1.8 Schematic of OPV device based on discotic donor molecules and C60 as acceptor
molecules. (a) disordered donor molecules, where excitons need to take a long path to diffuse
through the molecules to reach the donor-acceptor interface. (b) homeotropically ordered donor
molecules, ordered alignment provide a shorter path for exciton diffusion and charge migration.
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The ongoing studies that deal with the homeotropic alignment behavior of dichotic
molecules indicate that it is under investigation regardless of many challenges. This thesis
discusses our attempts to build homeotropic alignment by simple solution processing methods
with hydrogen bonding Pc derivative, details of which is explained in Chapter 4.
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1.3 Metal-Molecule Interfaces in OPV
Metal–molecule interfaces are significant component of organic photovoltaic cells thus
charge injection across these interfaces is found to control the performance of the device as was
found in other organic based devices.59-67 Some reports state that charge injection is the most
critical factor in determining the device efficiency.64, 66, 68 Therefore a theoretical understanding
of how the structure and properties of different molecules and metals affect the charge transport
in these junctions is important to design molecules and to architecture devices for their efficient
performance. In this section, molecular energy levels and their relationship to the electrical
properties of organic molecular junctions are discussed.

Figure 1.9 Energy level diagram illustrating the energy barriers at the cathode-acceptor (φe) and
anode-donor (φh) interfaces.
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In OPVs, metal electrodes are used to inject (or extract) charge into the organic
semiconducting

layer.66

The

two

interfaces,

anode–molecule

and

cathode–molecule

predominantly inject different charge carriers. During the photovoltaic process electrons are
injected from the Fermi level of the cathode to the lowest unoccupied molecular orbital (LUMO)
of the organic layer while hole injection takes place from the fermi level of the anode to the
highest unoccupied molecular orbital (HOMO) of the organic layer.66 As illustrated in Figure
1.10, the energy barrier

φe has to be overcome for electron injection, and φh for holes to be

injected. Therefore the energy barrier at the interface determines the efficiency of the injection
process. A large mismatch between the fermi energy of the metal and the HOMO or LUMO of
the semiconductor can result in a high-resistance rectifying contact.64,

66

In order to keep the

energy barrier minimum, electrodes and molecules are chosen to match their work functions as
close as possible. A proper choice of materials can provide a low resistance Ohmic contact.68
However, for most of organic semiconductors there is limited choice of electrode material. For
example, ITO is the widely established choice as anode in OPV and OLED due to its
combination of transparency and conductivity.13, 69 Therefore, work functions of the molecules
are tailored by introducing appropriate functional groups, or in most instances, electrodes are
modified or treated appropriately. For example, ITO is generally modified with self-assembled
monolayers, treated with acid or plasma, integrated with nano-particles or inorganic layers to
reduce the barrier for hole injection. 70-73
Selecting a material or electrode with the right work function might still not result in the
expected contact. Though the energy barrier at the interface is considered as the main factor in
influencing the charge injection process, other factors such as, structural order or molecular
geometry, presence of mobile ions in the semiconducting layer, trapping of injected charges, the
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density of carriers, and interface dipoles are also found to be contributing in this process.66
Molecular interaction within the conjugated organic molecules and between molecules and
electrodes can alter the energy levels and thus the charge injection process. For example, π
orbital cloud of planer large organic molecules can interact with some electrodes and can
significantly perturb the energy states.
In addition to the above factors, some other unintentional aspects such as oxidation of
metals, contamination at the interface, reactions between molecule and the metal electrode, and
trapped solvent molecules can certainly influence the change injection mechanism at metalmolecule junctions.66

1.3.1 Theories Applied to Charge Injection Mechanisms at Interfaces.
The physics of charge injection in organic semiconducting material remains elusive.
Unlike the band model applied in inorganic crystalline semiconductors, it is challenging for
researchers to develop a unified model for organic semiconductors due to its amorphous nature
and the enormous varieties in the composition of organic solids (i.e. polymers, small molecules,
alkane chains, etc.).64, 66 Recent reports show that researchers have employed a variety of semiempirical models based on the knowledge of inorganic semiconductor injection theories to
describe individual results.61,

66, 74-76

However, metal-oxide-semiconductor model is generally

accepted to understand the charge injection into organic materials.64,

77

It describes that the

charge injection process at metal-organic junction is mainly determined by the energy barrier
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that arises from the band offset between the organics and the electrodes as described in the
previous section.75
Model calculations proposed by Shen et al. and Davids et al. explain that current flow
through an energy barriers less than about 0.3 – 0.4 eV can make an ohmic contact while barriers
above 0.4 eV lead to Schottky contact.66,

75

An ohmic contact is preferred in devices, which

satisfies the demands of the bulk for current. However, in organic devices, sizeable barrier poses
limitation for current flow and lead to lower current than that of ohmic contact. Current flow
through a Schottky junction is called injection limited conduction, which is commonly governed
by two processes, known as Poole-Frenkel thermionic emission and Fowler-Nordheim
tunneling.68,

75, 78

In certain junctions, a combination of both processes can occur. An ohmic

contact is usually limited by bulk conduction in high voltages, which is known as space charge
limited current (SCLC).62, 75, 79, 80

Fowler-Nordheim Tunneling: The wave nature of electrons allows them to penetrate through a
thin barrier. Therefore, if the insulating layer is thin enough, the carriers can tunnel through the
barrier under bias and reach the other electrode.68, 78, 81 The current tunneling through a metaloxide-semiconductor junction is given by,82
2
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where Aeff is the effective mass area, e is the electron charge, h is Plank’s constant, s is the
thickness of the organic layer, φ is the barrier height, V is the applied bias and m is the mass of
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the carrier. The tunneling current therefore depends exponentially on the barrier height, to the 3/2
power, layer thickness, and applied voltage.
Tunneling current shows linear relationship between ln (I/V2) and 1/ V, a so-called
Fowler-Nordheim plot. Information about the layer thickness and the tunneling barrier height can
be derived from the intercept and slope, respectively.

Poole-Frenkel Emission: The thermionic emission theory suggests that only energetic carriers
cross the interface and contribute to the current flow.68, 83 This is a kinetically driven process.
The emission current is defined as,

I = I

s

qV
⎛
⎜ exp
nkT
⎝

⎞
− 1⎟
⎠

where Is is the saturation density, Is = A* T2 exp – (φ/kT), V is the applied bias, T is the
temperature, n is the ideality factor, φ is the barrier height, A* is the Richardson’s constant and
is typically 120 amp.cm-2 K-2 for free electron emission into vacuum.
Therefore, linear relationship between the natural log of current, ln (I) versus the applied voltage
(V) confirms the themionic emission current. Thermionic current is dependant on the applied
voltage, barrier height, and temperature.

Space Charge Limited Current (SCLC): Generally, this type of current flow is observed when
the contact at the junction is ohmic, where carriers can readily enter the insulator and freely flow
through the insulating layer.84-86 High density of these charged carriers causes a field gradient,
which limits the current density. This situation mainly occurs in doped semiconducting materials.
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In general, SCLC is much higher than emission and tunneling current. SCLC in a trap free
medium is formulated as,

9
V 2
J =
ε εο μ
8
d3
where εo is the vacuum permittivity, ε is the material permittivity, μ is the carrier mobility, V is
the applied voltage and d is the layer thickness.
In this case, SCLC shows linear relationship to the square of voltage. If the thickness of the
organic layer is known, carrier mobility can be calculated from the SCLC.

All the injection mechanisms mentioned above relate the current to the applied voltage in
different manner. In order to find the charge injection mechanism that operates at a particular
junction, experimental I-V measurements are fitted to the above current, voltage relationships. In
practical, several different ways have been used by researches to get the I-V measurements at a
metal-molecule junction. Some of which are briefly discussed in the following section.

1.3.2 Understanding the Injection Mechanism in Devices
In majority of the experimental studies, injection mechanism is predicted from the I-V
profile of the device. Recent reports show that most of these tests were done for organic light
emitting diodes, where the device performance is a result of several processes, including
injection/extraction of charges from two interfaces, charge transport, charge recombination,
etc.61,

63, 87-89

In addition, understanding the operating mechanism of a single carrier is

complicated by the two-carrier nature of these devices. Therefore, in order to clarify the injection
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of a single carrier at a certain interface, the charge injection process has to be separated form
other device operations.66
In order to elucidate the device operation in a relatively simple situation, Parker and
coworkers proposed single carrier device models to isolate the carrier injection process from
other device processes and to understand the contact behavior at a single electrode-molecule
junction of a polymer light-emitting diode.68 In their study, they fabricated ‘hole-only’ and
‘electron-only’ devices by selecting electrodes with appropriate work functions in order to make
negligible carrier injection from one electrode and to allow only one carrier flow through a single
junction.
Later, Abkowitz el. al. proposed a method to measure the injection efficiency of a trap
free organic layer on various contacts by directly comparing the I-V behavior of the contact with
time-of-flight drift mobility measurements.67 In this case, one electrode-molecule interface is
used as test (test-contact), and injection from the other electrode is blocked with a
semitransparent Al contact (blocking contact). This TOF technique requires a trap free organic
conductor and fairly thick samples.
A direct approach to study the contact phenomenon is microscopic techniques, such as
scanned probe potentiometry, and conducting-probe potentiometry.74,

90-92

In these studies,

potential drop across the sample is scanned and converted to electric filed to understand the
charge injection process. Using electrostatic force microscopy in the Kelvin probe configuration,
one can profile temperature dependant charge injection processes such as thermionic emission.90,
91

Atomic force microscopy with a conducting tip (C-AFM) provides the advantage of probing

the local current mapping and the topography of the sample simultaneously in sub micron length
scale.93 Frisbie and co-workers used C-AFM to study the electrical resistance associated with
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crystalline grains and gain boundaries of layered organic semiconducting crystallites.93-95 In
addition, C-AFM has been utilized for local current mapping of several polymer blends that are
used in OLEDs and OPVs.94, 96-98
In this research work, C-AFM has been used to study the nano scale electrical properties
and charge injection aspects of Pc layers on several different electrodes. The following section
gives a brief description of its role in local electrical measurements.

1.3.3 C-AFM: Nano-Scale Electrical Characterization Tool
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
techniques.90,

99

C-AFM is the straightforward tool that can provide direct correlation of the

electrical properties with specific topographic features. C-AFM not only allows direct
visualization of electrical properties but also permits acquisition of I-V profile at desired position,
a technique known as point-contact I-V measurements. The advantage of C-AFM over other
reported molecular junction test beds is that injection of carriers can be controlled by simply
switching the bias applied to the tip. When the tip is positively biased holes are injected from the
tip to the sample and when it is negatively biased holes are injected from the substrate. The
experimental details of the operation of C-AFM are explained in Chapter 2. A scheme of an
AFM in conducting mode with positively and negatively biased tips and a resulting I-V curve
from point-contact measurement during the + ve and – ve scan are shown in Figure 1.11.
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Figure 1.10 (a) Schematic diagram of conducting probe AFM (b) I-V curve of a semiconducting
material results from C-AFM. Hole are injected from the AFM tip during the +ve bias and during
the negative scan the substrate serves as the hole injecting electrode.

63

C-AFM technique also allows both vertical and lateral conduction measurements in thin
films and single crystals, and permits an understanding of orientation dependant electrical
anisotropies in the sample.94, 100 In general, vertical measurements are obtained with a conducting
substrate while, lateral conduction is monitored with nano electrodes fabricated on the plane of
the sample.94
Chapter 5 of this thesis addresses detail experiment of the point contact I-V
measurements, current maps obtained by the C-AFM techniques, evaluation of the nature of
charge injection, and local electrical properties of the molecule from the C-AFM results.
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1.4 Overview of Experiments:
This thesis explores the characteristics of an organic molecular film for use in
Photovoltaic cells with a focus on the molecular level understanding of the structural, electrical,
and interfacial issues that influence the efficiency of the cell. In this respect, the research is
designed to examine the factors that control the molecular alignment in thin films, investigate the
microscopic structural-electrical correlation, and to understand the nature of molecule-electrode
interfaces. The choice of molecule in this study is a self-assembling phthalocyanine molecular
derivative. The objective of the research was approached in the following steps:
The first step was understanding the bulk properties of the molecule of interest, a
phthalocyanine molecule incorporated with eight alkyl terminated benzamide-thio-ether side
chains

(2,3,9,10,16,17,23,24-Octa(2-(4-octylbenzamide

ethylsulfanyl)copper

(II)

phthalocyanine). Amide group was integrated in the side chains of the molecule to increase the
intra columnar order and to direct the aggregate ordering on surfaces. A detailed discussion of
the optical properties, aggregation behavior, thermal behavior, solubility, and packing geometries
of these molecular assemblies as analyzed by UV-VIS spectroscopy, Polarized Optical
Microscopy (POM), Differential Scanning Calorimetry (DSC) and X-Ray Diffraction techniques
are reported in Chapter 3.
The second step was exploring the factors that control the homeotropic alignment and
building homeotropically aligned molecular films, the preferred mode of molecular alignment for
the efficient function of photovoltaic cells.

The effect of deposition method, solvent,

concentration, and nature of substrate on the molecular alignment are presented in chapter 4. The
influence of surface affinity was tested with several substrates such as silicon, graphite, ITO,
glass, gold, and substrates modified with H-bond donors or acceptors. A combination of Atomic
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Force Microscopy (AFM), Polarized Optical Microscopy (POM), and Reflection-Absorption
FTIR (RAIRS) were used to study the nano-scale ordering in thin films.
Then the electrical properties of these molecular assemblies were studied to explain the
possible conductance through these molecular assemblies. Chapter 5 reports the conductivity of
the molecule, contact resistance, charge injection/contact behavior at the metal-molecule
junction, and the structural-electrical correlations. Conducting tip AFM (C-AFM) was used in
this case to monitor the nano-scale electrical behavior.
The key result of this thesis is presented in Chapter 6. It describes the development of
photovoltaic device based on this molecule, and discusses the photo electrical properties of the
devices. These devices showed promising performance as a consequence of controlled molecular
alignment. The performance of these solution processed devices was compared with other Pcdevices based on discotic phthalocyanine molecules.
Chapter 7 reports an additional work that was done to evaluate the angular orientation of
a discotic molecule in thin film molecular assemblies using a combination of polarized reflection
absorption infrared spectroscopy (RAIRS) and polarized transmission infrared (IR) spectroscopy.
A different Pc derivative, 2,3,9,10,16,17,23,24-Octakis((2-benzyloxy)ethoxy)phthalocyaninato
copper (II) phthalocyanine, was used in this study in order to compare our results with
previously published work, where visible absorbance dichroism was used to evaluate the
molecular orientation. The new theory proposed here is applicable to all disk-like molecules that
possess distinct in-plane or out-of-plane IR transitions.
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Chapter 8 reviews the major conclusions of this thesis and suggests possible directions
for future work. It addresses the impact of microscopic molecular ordering in device
performance and the challenges in preparing solution processed devices based on self-assembled
organic molecules.

67
CHAPTER 2
EXPERIMENTAL METHODS

2.1 Phthalocyanine Molecular Derivatives
Pc (6), 2,3,9,10,16,17,23,24-Octa(2-(4-octylbenzamide ethylsulfanyl)CuPc is the
molecule

of

interest

in

this

study.

Pc

(1),

2,3,9,10,16,17,23,24-Octakis((2-

benzyloxy)ethoxy)phthalocyaninato copper (II) also used in this study for the evaluation of
angular orientation of discotic molecules (Chapter 7). Both Pc derivatives were synthesized by

Britt M. Minch as previously reported.1-3 The chemical structures of these Pcs are given
in Figure 2.1.

2.2 Surface Modification and Treatment

2.2.1 Materials
The following chemicals and substrates were used as provided: 11mercaptoundecanoic acid (Aldrich), 3-aminopropyltriethoxysilane (APTES) (Aldrich),
1,1,1,3,3,3-hexamethyldisilazane (Aldrich), 1,3-diphenyl-1,1,3,3-tetramethyldisilazane
(Aldrich), N-hydroxysuccinimide(NHS)(Aldrich), n-propylamine (Alfa Aesar), 1-ethyl3(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) (Fluka), HEPES buffer
(Electron Microscopy Sciences), EPO-TEK 353ND-4 Part A and Part B (Epoxy
Technology), PEDOT: PSS (Baytron), Bis(trimethoxysilylpropyl)urea (Gelest Inc),
hydrofluoric acid, HPLC grade CHCl3 (EMD Chemicals Inc.), Gold shots (99.99%
purity, < 4mm pieces, Kurt J. Lesker Company), Mica (Ted Pella Inc.), Glass slides
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Figure 2.1 Chemical structure of (a) Pc (1), (b) Pc (6).
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(VWR Micro slides), Gold coated slides-TA134 (1'' X 3'' X 0.04''; 50Å Ti; 1000Å Au,
Evaporated Metal Films Corporation) Silicon (thickness 381 + 25µm; resistivity 10-20
Ωcm; N/Phos, Silicon Valley Microelectronics, Inc.), HOPG ( 10mm X 10mm X 2 mm,
Ted Pella, Inc.), ITO (sheet resistance ca. 13 Ω/cm2; thickness 100 nm, Colorado Concept
Coatings Limited). 2-benzyloxyethane thiol was synthesized in our lab as previously
reported.4

2.2.2

Silanization of Glass
Glass substrates were modified either with 3-aminopropyl-triethoxysilane (Figure.

2.2a) or with bis(trimethoxysilylpropyl)urea (Figure. 2.2b) for the alignment of Pc(6) for
imaging in polarized microscopy.
Glass slides were cleaned by immersing in Klean AR (Mallinckrodt) for a few
minutes, rinsed with copious amount of Millipore water (18MΩ) and then dried in an
oven at 120º for 20 minutes. Then the cleaned slides were etched with 12% HF solution
and immediately rinsed. Silanization was carried out in a glove-box under an atmosphere
of nitrogen. HF etched glass slides were immersed in 1 % (v/v) APTES/
bis(trimethoxysilylpropyl)urea in anhydrous toluene. The slides were then removed from
the solution, sequentially washed with anhydrous toluene, deionized water, and ethanol to
remove any physisorbed APTES/bis(trimethoxysilylpropyl)urea. The modified slides
were then cured in an oven at 120º for 30 minutes.5-7
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Figure 2.2 Silanization of glass with (a) 3-aminopropyl-triethoxysilane (APTES) (b)
bis(trimethoxysilylpropyl)urea.
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2.2.3

Hydrophobization of Silicon
IR transparent silicon (100) surfaces were hrdrophobized to facilitate the

deposition of Pc (1) for FTIR studies.8 Si was first cleaned by immersing in Klean AR
(93% sulfuric acid and 0.4% chromium trioxide, Mallinckrodt) for 10 minutes and then
rinsing with copious amounts of water. These surfaces were then hydrophobized by
sonicating the clean surface in a disilane mixture

(50:50) of 5% 1,1,1,3,3,3-

hexamethyldisilazane (HMDS) and 5% 1,3-diphenyl-1,1,3,3-tetramethyldisilazane
(DPTMS) in CHCl3 for 30 minutes with heating.4,

9

The modified surfaces were then

rinsed with copious amount of chloroform to get rid of any physisorbed/unreacted
silanes, and blow-dried with a stream of nitrogen.

2.2.4

Aminopropylsilanization of Silicon
Vapor phase silanization was carried out since liquid phase methods resulted in

multilayers and polymeric globules as a result of side reactions of APTES.10-12 A custom
built refluxing flask with a slotted rack (Figure 2.4a) was used in this method. Silicon
wafers were immersed in Piranha solution (H2SO4/H2O2 = 7:3 v/v) for a 10 minutes and
rinsed thoroughly with DI water and ethanol, dried in a stream of nitrogen. Cleaned
wafers were etched for 1 minute with hydrofluoric acid and rinsed in DI water. The
cleaned and etched wafers were then immersed in con. HNO3 for an hour to make the
wafers hydrophilic. Then the wafers were clamped on the rack and 1 ml of 3aminopropyltriethoxysilane in 13 ml of distilled toluene was placed in the flask. It was
then refluxed at 120 – 140°C for about an hour. The apparatus was then dismantled and
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the wafers were rinsed thoroughly in toluene, blow dried with nitrogen and used
immediately.

Figure 2.3. Schematic illustration silicon surface modified with HMDS and DPTMDS.
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Figure 2.4 (a) Schematic diagram of the apparatus used for vapor phase silanization of
Si (100). (b) modification process of Si with 3-aminopropyltriethoxysilane (APTES).

74

2.2.5

Benzyloxyethane Functionalization of Gold

Figure 2.5 Modification of gold with 2-benzyloxyethane thiol.

Commercially available gold coated slides consisted of a ca. 1000 Å Au layer on
a titanium coated float glass were cleaned by immersing into freshly prepared piranha
solution (4:1 H2SO4:H2O2), for 15 minutes and followed by subsequent rinsing with
copious amount of millipore water and ethanol. Caution: piranha reacts violently with
many organic compounds and should be handled with care. Cleaned Au slides were then
soaked in a 1 mM solution of benzyloxyethane thiol in ethanol for at least 24 hours.
Modified surfaces were rinsed thoroughly with ethanol to remove any physorbed thiols
and dried with a stream of nitrogen gas before deposition. Benzyloxyethane modified
gold substrates were used for the deposition of Pc (1) for RAIRS studies.4, 8
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2.2.6 Amide Functionalization of Gold

Figure 2.6 Gold modifications with 11-mercaptoundecanoic acid and propylamine
attachment through carbodiimide coupling.

Amide functionalized gold surfaces were used to facilitate the homeotropic
alignment of Pc (6). In order to provide smooth surfaces for nano-scale orientation
studies, template stripped gold (TSG) with rms roughness ca. 2Å were used for amide
functionalization. This surface was prepared by first assembling 11-mercaptoundecanoic
acid onto TSG followed by covalent attachment of propylamine to the self-assembled
monolayer using carbodiimide coupling as illustrated in Figure 2.6.
To form carboxylic acid terminated SAM on gold surface, TSG slides were
immersed in 1 mM ethanolic solution of 11-mercaptoundecanoic acid (MUA) for 12 h,
rinsed in ethanol, and dried in a stream of nitrogen. As described elsewhere,13, 14 amide
bond-forming reaction was mediated by NHS/EDC to transform the carboxylic acid
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groups into activated NHS esters and then it was reacted with proplyamine. MUA was
activated using an aqueous mixture of 15 mM N-hydroxysuccinimide (NHS) and 75 mM
1-ethyl-3(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) for 30 min. The
resultant MUS-NHS ester monolayer was reacted for 30 min with 10 mM n-propylamine
in HEPES buffer (0.1M, pH 7.0). After the reaction, the slides were rinsed thoroughly in
water and dried with a stream of nitrogen.

2.2.7

Preparation of Template Stripped Gold (TSG)
TSG slides (rms roughness < 2Å) were prepared for the assembly of Pc (6) as it

provides very smooth surfaces than that of commercially available gold slides (rms
roughness ~ 2 nm). Figure 2.7 illustrates the TSG preparation procedure.
TSG gold substrates were prepared using the method described by Wagner et.
al.15 Gold shots were kept in an alumina coated high vacuum evaporization boat (R.D.
Mathis Company) and heated at a base pressure of 2 X 10-6 torr. The thickness and the
rate of deposition were monitored with a 6 MHz quartz crystal microbalance (QCM) and
a thickness monitor (Model TM-400, Maxtek, Inc.). When the rate was reached at 1Å/s,
the shutter was released and gold was deposited onto the freshly cleaved mica sheets, that
had been pre-heated at 300 ºC for 12 h at a pressure of 10-6 Torr. The gold was deposited
at a rate of 1 Å/sec for the first 50 nm and then the rate was slowly increased to 3 – 5
Å/sec. The rate of deposition was controlled by the current supply to the source. After the
deposition of 200nm film the shutter was closed and the current supply was stopped. The
gold film was then annealed for 6 hrs at the same pressure and temperature. The golddeposited mica sheets were then let to cool for few minutes and removed from the
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Figure 2.7 Preparation procedure of Template Stripped Gold (TSG).
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vacuum chamber. A drop of epoxy glue (epoxy glue was made by mixing EPO-TEK
353ND-4 part A and part B at a ratio of 5:1 and then centrifuged for 30 minutes) was
placed onto the gold surface and a cleaned glass slide was pressed onto the glue without
trapping any air bubbles. It was then cured at 120º in an oven for 30 minutes. The gold
film sandwiched between mica and epoxy glued glass were stored at room temperature in
a closed container and the gold film was exposed by stripping the mica just before
surface modification. The mica was mechanically stripped using scotch tape to reveal a
flat gold surface that mimics the mica surface. Tapping mode AFM characterization of
these TSG slides resulted in very smooth surfaces with ca. 2Å root-mean-square (rms)
roughness.
It was essential to get rid of air bubbles in the viscous epoxy before applying it
onto glass slides, to prevent pin-holes on the TSG gold surfaces. This was easily achieved
by centrifuging (Micro Centrifuge, Model V, VWR Scientific, MN) the epoxy in small
enclosed vials for 30 minutes at 8000 rpm.

2.2.8 ITO Treatments

Detergent-Solvent Cleaning: ITO slides were scrubbed with microfiber cloth, using
diluted Triton X-100 (Alfa Aesar) and rinsed thoroughly with water. Then successive
solvent cleaning was carried out for 10 minutes each in a series of ultrasonically agitated
solvents, dilute solution of Triton X-100, 18 MΩ Millipore water and ethanol.
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Oxygen – Plasma Cleaning: ITO slides were first detergent-solvent cleaned as
mentioned above and then oxygen plasma etched (Harrick) at 100W for 15 minutes just
prior to the deposition of organic layers.
Acid – Etching: Following solvent cleaning, acid etching of the ITO was performed on a
spin-coater (Integrated Technologies Inc.). The ITO surface was flooded with 6M HCl /
0.2 M FeCl3 for 10 seconds, spun at a rate of 3000 rpm, rinsed with copious amount of
water while spinning.

2.3 Thin Film Deposition Techniques

2.3.1 Drop Casting
Drop casting was done by delivering one or a few small drops of Pc solution in
(concentration of the Pc solution is mentioned in the appropriate sections) chloroform
(unless specified otherwise) onto substrate/modified substrate and left open for the
solvent to evaporate.

2.3.2 Spin Casting
Spin coating was done on a P-6000 spin coater (Integrated Technologies Inc., East
Providence, RI). Substrate/modified substrate was held still via vacuum line and was
flooded with Pc solution (in chloroform unless specified otherwise) and spun at 3000 rpm
for 60 seconds.
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2.3.3 Chemisorption
Substrate / modified substrate was immersed in dilute solutions of Pc (6) (10-6M
unless specified otherwise) in chloroform in a closed glass bottle for 15 minutes.

2.3.4 Langmuir-Blodgett Film
A Riegler & Kerstein RK3 Langmuir-Blodgett (LB) trough was used to form LB
films by applying a solution of the Pc molecules to the air-water interface, allowing the
CHCl3 solvent to evaporate, and then compressing the barriers.8, 9, 16, 17 Following film
compression, the molecular columns are oriented parallel to the compression barriers,
allowing for control of the orientation of the columns with respect to the substrate during
film transfer.8, 9, 16, 17 A Wilhemy balance was used to measure the pressure at a position
centered between the barriers. After film compression, the film was lowered onto a metal
baffle placed underneath the surface of the water by removing some of the water in the
sub phase. Contact of the rigid film to this baffle served to segment the film into fifteen
equal sized pieces, and allow for horizontal (Schaefer) film transfer from one section
without disturbing adjacent sections of the film. Film transfer by the horizontal transfer
technique has been shown to give more ordered Pc films than the vertical transfer
technique, and has been used in all of these studies.16,

17

Figure 2.8 illustrates the

horizontal film deposition method of the LB technique.18
For the IR and RAIRS studies, four layers of Pc (1) were deposited, one bilayer at
a time, onto modified gold or silicon substrates, removing any residual water from the
sample with a stream of N2 between each transfer step. Finished films were annealed at
120°C for at least 4 hours to remove any residual water and to impart more order in the
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Figure 2.8 Illustration of LB thin film deposition technique. (i) floating organic layer on
water surface (ii). compressed film having ordered molecules (iii) horizontal deposition.
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film by raising their temperature above their liquid crystal transition temperature (ca.
70°C).

2.3.5 Vacuum Deposition
Vacuum vaporization method was employed for thin film deposition of C60 and
BCP layers in OPV device fabrication.

Figure 2.9 Deposition of organics in vacuum chamber by vaporization.

Purified organic compound was kept in Kundsen-type cells and it was first pre-baked in
vacuum for 30 minutes to remove any volatile impurities. Then the substrate was fixed on
the movable arm and it was kept away from the source to avoid contaminations. The
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source was heated at a base pressure less than 5 X 10-6 torr. When the compound starts to
deposit at a rate of 4 - 5 Hz, the sample was brought to the position for deposition. When
the desired thickness reached, sample was moved away from the source and heating was
stopped. Then the sample was let to cool and transferred to the glove box.

2.4 OPV Fabrication and Testing

2.4.1 Materials
ITO (sheet resistance ca. 13 Ω/cm2; thickness 100 nm, Colorado Concept
Coatings Limited), PEDOT: PSS (Baytron), Pc 6 (synthesized as previously reported),
Fullerene (C60) (MER, Tucson), Bathocuproine (BCP) (Aldrich), Al wire (1.5 mm
diameter, Alfa Aesar). C60 and BCP were purified by gradient vacuum sublimation for
three times before deposition.

2.4.2 ITO Treatment
1″ X 1″ glass pieces coated with 100nm ITO were used as the anode for the
devices. After routine solvent cleaning the ITO pieces were treated with oxygen-plasma
for 15 minutes as mentioned in section 2.2.8. PEDOT: PSS was spin coated at a rate of
3000 rpm for 60 seconds immediately after the plasma treatment. The PEDOT: PSS
deposited ITO was then transferred to the glove box.
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2.4.3 Deposition of Organic Layers

Figure 2.10 Picture of the vacuum deposition chamber used for the deposition of
organics and Al electrode. The chambers were connected to glove box. The movable arm
is used to transfer the sample between the chamber and glove box.
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Phthalocyanine: Since it was found that solution deposition method, chemisorption from
dilute solution lead to homeotropic alignment, the preferred orientation of discotic
molecules for the efficient performance of OPVs, phthalocyanine layer was deposited by
chemisorption from 10-6M Pc (6) in chloroform. The deposition was carried out by
immersing the PEDOT: PSS deposited ITO in a closed bottle in glove box. Then it was
annealed in a vacuum annealing chamber at 120°C for an hour. The annealed sample was
then transferred to the glove box and fixed on the sample holder of the chamber arm, and
sent to the vacuum chamber through the shutter on the back wall of the glove box. The
average thickness of the chemisorped layer determined by AFM section analysis is ca. 15
- 20 nm.

C60: Three times purified C60 by vacuum gradient sublimation was used for deposition. A
layer of 40 nm C60 was grown on to the Pc layer by vacuum vaporization. The C60 source
was heated at the base pressure of 9 X 10-7 torr, while monitoring the temperature in the
thermocouple and frequency change in the frequency monitor. When C60 starts to deposit
at a rate of 4-5 Hz, (temperature ~ 398°C) the sample was held right above the C60 source
for the deposition. After deposition of 40 nm C60, the sample was pulled away from the
source and heating was stopped. The thickness and deposition rate were determined by
the change in the frequency, monitored by QCM and frequency counter.

BCP: Prior to deposition, BCP was purified three times by vacuum gradient sublimation.
A 10 nm layer of BCP was deposited by vacuum vaporization on to the C60 layer. BCP
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serves as a protecting layer in the device. It prevents electrical shorts in the device, which
can possibly happen if Al is directly deposited on to the C60 layer. The BCP source was
heated at 10-7 torr while monitoring the temperature and frequency change. The
deposition of BCP was started at 4-5 Hz at the temperature of 195°C. After the deposition
of 10 nm layer, the sample was pulled away from the source, cooled and transferred to
the glove box.

2.4.4 Deposition of Al electrode
Al was deposited through a shadow mask with circle-shaped openings to define
several devices with 0.019 cm2 active areas. A small piece of Al wire was placed in an
alumina coated high vacuum vaporization boat (R. D. Mathis Company). The boat was
first baked in vacuum for few minutes before placing the Al wire. After cooling, Al wire
was then placed in the boat and heated at 3 X 10-6 torr base pressure. The sample with the
mask was moved to the deposition position when the deposition rate reached 1 Å/sec. For
the first 20 nm, the deposition rate was kept at 1 Å/sec and the rate was then slowly
increased to 3 Å/sec. The thickness and the rate of deposition were measured with 6 MHz
QCM and Inficon deposition monitor. The rate of deposition was controlled by
controlling the current supply. After deposition of 100 nm Al layer, the current supply
was stopped and the sample was pulled away from the source. It was then let to cool for
few minutes and transferred to the glove box for testing.
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Figure 2.11. (a) Illustration of OPV device structure (b). Picture of few OPV devices.
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2.4.5 OPV Testing
All the electrical measurements of the devices were performed N2 filled glove box
(MBRAUN, Model HE-493/MO-5, < 1 ppm O2 and H2O). A light source with a 250 W
Quartz Halogen lamp (CUDA Products Corp. Model I-250) was used as the solar
simulator. The photocurrent of all the devices were measured under AM 1.5 solar
illuminations at 100 mW/cm2 (1 sun). The light intensity reaching the device was
monitored with calibrated photodiode for a 1.5 AM spectrum by setting the distance
between the source and device. Diffuse IR filters were used to get the standard spectral
distribution of AM 1.5 radiation.
Figure 2.12 shows the picture of the testing station and the schematics illustrate
the testing configuration. Each OPV device was clamped on a movable stage in front of
the source. The ITO substrate was electrically contacted with two alligator clips. A gold
wire attached to a micromanipulator was used to make contact with Al electrode. Current
through the cell was measured with a Keithley 2400 Source Meter while scanning the
voltage from +1.5 to -1.5V. The I-V curves were recorded by LabView 5.1 (National
Instruments).
Initially the probes were held at a constant voltage in the forward bias regime of
the solar cell and the gold wire was brought close and delicately touched the Al contact
until a constant current could be obtained. Then the I-V curves were recorded in dark and
under illumination. Each 1″ X 1″ slide has twenty five circle-shaped 0.019 cm2 testing
spots. Each of these spot is considered as a single device. The I-V measurements on each
spots were repeated multiple times to insure the reliability of the results.
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Figure 2.12 (a) Photograph of the testing station. (c) photograph showing the electrical
connections to the device for the current-voltage measurements. (b) and (d) are schematic
illustrations of the pictures of (a) and (c) respectively.
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2.5 Instrumental Analysis

2.5.1 NMR Spectroscopy
NMR analysis of Pc (6) was done by the Nuclear Magnetic Resonance facility at
the Department of Chemistry, University of Arizona. 1H and {1H-13C}HSQC spectra
were acquired with about 40 μg of sample in 0.5 mL of CDCl3 using a Varian Inova-600
spectrometer (1H frequency 599.70 MHz,

13

C frequency 150.80 MHz) equipped with a

5mm cryogenic HCN probe. The gradient-selected HSQC spectrum was acquired with
1024 complex data points in t2 and 375 complex data points in t1, using echo-antiecho
phase encoding in t1. For each FID, 48 transients were acquired with a spectral width of
5286 Hz in F2 and 22573 Hz in F1. Data were zero-filled to a final matrix size of 2048
(F2) x 1024 (F1) data points and a skewed, 45o-shifted sine-bell window was applied in
both dimensions. Chemical shifts are referenced to residual CHCl3 at 7.25 ppm (1H) and
77.21 ppm (13C).

2.5.2 MALDI Mass Spectrometry
Mass spectrum of Pc (6) was done by the Mass Spectrometry facility at the
Department of Chemistry, University of Arizona with a Bruker Reflex-III MALDI/TOF
instrument.

2.5.3 UV-VIS Spectroscopy
UV-VIS Spectrophotometer (S1400 series, Spectral Instruments) with a CCD
array was used for the absorbance studies. Absorbance of Pc (6) in chloroform, in 1.0 cm
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path length quartz cuvettes were measured at various concentrations. A deuterium (D2)
lamp and a tungsten lamp were employed as UV and visible wavelength sources,
respectively.

2.5.4 Polarized Optical Microscopy (POM)
Nikon eclipse ME600 microscope, equipped with cross polarizers and
temperature controlled stage was used in this study. Images were captured through a
camera port using a Nikon E950 digital camera. Samples were made by drop casting
0.1mM

Pc

in

CHCl3

on

bare

glass

slides,

aminopropylsilane

and

bis(trimethoxysilylpropyl)urea modified glass slides.

2.5.5 Differential Scanning Calorimetry (DSC)
The heat flow through the sample was monitored by Differential Scanning
Calorimetry (Model 2920 modulated DSC, TA Instruments). The sample was heated
from 0°C to 300°C at a rate of 10°C/min and then cooled from 300° to 0°C at the same
rate. Another heating and cooling was performed for the same sample at the same rate.
Heating above 350° was found to decompose the sample. 5 mg of Pc powder placed in a
tightly sealed aluminum pan was used as the sample and a sealed empty pan was used as
reference. The DSC chamber was purged with nitrogen at a flow rate of 30mL/min
during scanning.
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2.5.6 Powder X-ray Diffraction (XRD)
XRD measurements of power samples were performed with a PANalytical X’Pert
PRO MPD system equipped with a copper (Kα) radiation (λ = 1.54Å) source, a spinner
sample stage, and a real time multiple strip X-ray detector, X’celerator. This instrument
was operated at 50 KV and 40 mA target current. The goniometer (θ/2θ) axis was set to
run a continuous scan at a step size of 0.0167 and was left to run for at least 1 – 2 hours
for high resolution scans. Programmable Divergent Slit module was used as the prefix
module for incident beam optics with a fixed divergent slit of 1/16º, followed by an anti
scattering slit of 1/8º, 15 mm (MPD/MRD) mask, and 0.04 sollar slit. The powder sample
holder (PW1811/16) was used to keep well-ground powder of Pc and the it was set to
spin at 8 rounds/sec. Pattern indexing and unit cell refinement were done with X’Pert
Plus (version 1.0) supplied by Philips Analytical.

2.5.7 Temperature Dependent X-ray Diffraction
Temperature dependent X-ray measurements were conducted with 9430 500
20371 temperature controlled chamber, which was PreFix mounted onto a vertical X’Pert
PRO goniometer. Figure 2.13 shows the picture of the temperature controlled chamber
used in this study (Image courtesy: User’s guide, X’Pert PRO X-ray diffraction System,
Phillips Analytical and Non-ambient X-ray diffraction and nano structure analysis, Anton
Paar). Powder of Pc (6) was kept on a homogenously heated sample stage. A continuous
scan of Θ - 2θ was recorded at non-ambient conditions by X’celerator at a step size of
0.0167.
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Figure 2.13 (a) Picture of the non-ambient temperature controlled chamber (b) sample
stage used in the variable temperature XRD measurements.
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Temperature was controlled with Anton Paar temperature controller (TCU 50). The
system was programmed to heat and cool the sample at a slope of 2, equilibrate for 5
minus at desired temperature before data acquisition, and to scan for two hours each
spectrum.

2.5.8 Infrared Spectroscopy
Transmission FTIR spectrum was obtained on a Magna-IR, Series II System 550
FTIR Instrument (Nicolet Instrument Corporation) equipped with a nernst glower IR
source (EverGlo) and liquid nitrogen cooled MCT detector. The spectrum was obtained
with an aperture setting of 50, 4 cm-1 resolution, and 100 scans. Data collection and
analysis were done by Omnic 7.3 provided by Thermo Electron Corporation. For the
analysis of isotropic sample, a thin transparent KBr pellet was made by grinding a small
amount of Pc (about 1% of the amount of KBr) with KBr.
For the variable temperature IR measurements, the powder sample was heated to
the desired temperatures in a vacuum annealing chamber while controlling temperatures
with CN4800 series temperature controller (Omega Technologies Company) and then
KBr pellets were made from the heated powders for the analysis.
For the orientation studies of Pc (1) described in Chapter 7, thin film IR studies
were done in the transmission mode. For this study, four bilayers of Pc (1) were
deposited by LB deposition technique on an IR transparent silicon wafer hydrophobized
with HMDS and DPTMDS (section 2.2.3). Transmission absorption measurements were
obtained with a gold wire grid polarizer (Cambridge Physical Sciences), where spectra
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were taken with the incident beam normal to the substrate and the polarizer oriented
parallel or perpendicular to the Pc column axis.
For the Reflection – Absorption IR measurements, FT-80° Grazing Angle
accessory (Spectra-Tech) was used with a wire grid polarizer (IGP85225, Molectron
Corp.) in the p-polarized geometry. Four bilayers of Pc (1) deposited on benzyloxyethane
functionalized gold (section 2.2.5) was used in the reflection-absorption experiment.
Spectra were obtained with an aperture setting of 50, 4 cm-1 resolution, and 1000 scans.

2.5.9 Polarization Modulation Infrared Spectroscopy (PM-IRRAS)
PM-IRRAS technique was used to study the molecular orientation in thin films of
Pc (6), chemisorbed onto amide functionalized gold surface (Chapter 4). PM-IRRAS
system uses photoelastic modulator to perform a double modulation acquisition in
Infrared Reflection-Absorption Spectroscopy and virtually eliminates atmospheric
interferences and improves the signal-noise ratio.
Spectra were acquired with Nicolet Nexus 670-FTIR Spectrometer with dual
channel capability, equipped with an external optical bench (TOM, Table-top Optical
Module), liquid nitrogen cooled MCT detector (Thermo Electron Scientific Corporation),
Photoelastic Modulator (PEM) (Hinds Instruments PM-90 with ZnSe 50 kHz optical
head), and demodulator (GWC Instruments Synchronous Sampling Demodulator).
As illustrated in Figure 2.14, the output of FTIR spectrometer is directed to the
sample at an incident angle of 80° by an off-axis parabolic mirror. Prior to the sample
analysis the IR beam is passed through a wire grid polarizer to create p-polarized IR
beam and then it was modulate at 74 Hz between p- and s-polarization by PEM. The
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beam reflected from the sample was then focused to the detector and the output is
demodulated, processed and Fourier transformed to obtain the differential reflectance
measurement. Differential reflectance (%∆R/R) values were then converted to
absorbance units for comparison with conventional FTIR data.

Figure 2.14 Optical set-up of the PM-IRRAS instrument.
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Thin films of Pc (6) deposited by chemisorption onto amide functionalized gold
from 10-6M solution was used as sample and the amide functionalized gold was
employed as reference. Spectra were acquired with aperture size of 30, 4 cm-1 resolution,
and 2000 scans while purging N2 gas.

2.5.10 Atomic Force Microscopy
All the AFM images were taken with a Dimension 3100 Nanoscope IV system
(Veeco Metrology Group, Santa Barbara, CA). Images were recorded in tapping mode in
air with tapping mode silicon tips (Ultrasharp, NSC15/AlBS, MikroMasch) with a
nominal spring constant of 40 N/m and a resonance frequency of 325 kHz. All the
images were recorded with a resolution of 512 X 512 data points.

2.5.11 Conducting Probe AFM (C-AFM)
C-AFM was performed in Dimension 3100 Nanoscope IV system (Veeco
Metrology Group, Santa Barbara, CA). The images and I-V traces were recorded in air
with an ultra sharp conducting Pt-Ti tip (CSC38, MikroMasch) having nominal spring
constant in the range of 0.03-0.08 N/m and resonance frequency of 10-20 kHz. The
sample was electrically connected with silver paint, painted at the edge of the sample.
First height and current image were collected in the normal AFM imaging mode
with the conducting probe. The area of interest was selected by zooming the height image
and then scan size was dropped to 0 nm to acquire the I-V traces by point contact method.
Setting the scan size at 0 nm, keeps the tip at the center of the imaging area, which is (0,
0) coordinate. At this point Nanoscope software was switched to force calibration mode
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and ample bias was set to 0V. After acquiring I-V plot at the (0,0) coordinate, the x and y
coordinate were changed appropriately to move the tip at desired position. For the
determination of contact resistance, tip was programmed to acquire I-V plot at every 5 nm
distance periodically across the HOPG/Pc sample.
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CHAPTER 3

STRUCTURAL CHARACTERIZATION OF THE HYDROGEN BONDING
PHTHALOCYANINE MOLECULE

3.1 Introduction
Discotic materials which form coherent columnar aggregates with high charge
mobilities along the aggregate column axis are of interest for a variety of organic
electronic applications for the efficient function of the devices.1-7 Generally, the high
charge carrier mobility is strongly correlated with the degree of molecular ordering
within the columnar assemblies. The major driving force operating in the assembly of
these columnar architectures is π – π interaction between the disk-like molecular cores.
More recently, hydrogen bonding interactions between the discotic mesogens have been
used as an elegant method to enhance the columnar order inspired by the work in
controlling self-assembly in peptide nanotube assembles.8 Especially, amide functional
groups are introduced in the side chains of few discotic molecules to stabilize the
columns for improved charge carrier mobilities.9-14
Meijer et al. and Nuckolls et al. introduced several 1,3,5 – benzenetrisamides and
2,4,6-trialkoxy-1,3,5-benzenetrisamides based on intermolecular hydrogen bonding along
the columns.15-18 However, in some of these compounds competition between inter- and
intra- molecular hydrogen bondings have been realized. Gearba et al. reported an ordered
assembly of 6-fold intermolecularly hydrogen-bond stabilized hexaazatriphenylene
discotics.13 Further, intermolecular H-bonding has been utilized to form stable columnar
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Figure 3.1 Some examples of columnar aggregates directed by hydrogen bonding
interactions. (a) assembly of peptide rings to peptide nanotube8 (Reprinted with
permission from J. Am. Chem. Soc. 1996, 118, 43. ©1996 American Chemical Society)
(b) columnar aggregation of hexaazatriphenylene discotics13 (c) helical columnar
assembly of bypiridine based disks.16 (Reprinted with permission from J. Am. Chem. Soc.
2002, 124, 14759. ©2002 American Chemical Society)
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phase of carboxylic acid terminated triphenylene and hexabenzocoronene derivatives.19, 20
But, the challenge we face in developing these materials is directing the orientation of
these columnar aggregates in thin films with respect to the substrate plane for application
in electronic devices.
Here a new molecular design of a phthalocyanine derivative, possessing hydrogen
bonding moieties in the side chains is introduced, which can form columnar assemblies in
the bulk and ordered layers in thin films. This new approach is based on incorporation of
amide groups in the side chains of previously reported phthalocyanine derivatives,
reported by our group.21-24
This chapter reports the synthesis and characterization of the new hydrogen
bonding

phthalocyanine

derivative,

2,3,9,10,16,17,23,24-Octa(2-(4-octylbenzamide

ethyl-sulfanyl) copper (II) phthalocyanine (Pc (6)), incorporating eight alkyl terminated
benzamide-thio-ether side chains. Pc (6) is expected to give one-dimensional co-facial
aggregates as a result of the combination of hydrogen bonding between the side chains,
S-S interaction between adjacent Pc rings, and arene-arene interactions in the core of the
macrocycles as illustrated in Figure 3.2. Side chains with internal amide groups create Hbonding interactions with amide- or amine-modified surfaces, leading to well-aligned Pc
assemblies in thin films. Side chains with internal rather than terminal amide groups also
promote purely cofacial self-assembly, minimizing cross-column interactions.
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Figure 3.2 (a) Chemical structure of 2,3,9,10,16,17,23,24-Octa(2-(4-octylbenzamide
ethylsulfanyl)CuPc, the Phthalocyanine modified with amide functionalized side chains.
(b). Space filling model of the molecule in its minimal energy configuration. (c).
Schematic view of the aggregation of the molecules through hydrogen bondings exerted
via amide units in the side chains, π-π stacking between the aromatic rings and S-S
interactions.
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The aggregation behavior of these molecules is being investigated using a variety
of experimental techniques including NMR Spectroscopy, X-ray diffractometry, UV-VIS
Spectroscopy and Fourier Transform Infrared Spectroscopy. Our experimental results
show the evidence of highly ordered crystalline materials with improved intracolumnar
order dominated by the hydrogen bonds between amide functionalized side chains.
3.2 Synthetic Procedure
The synthetic procedure of 2,3,9,10,16,17,23,24-Octa(2-(4-octylbenzamide ethylsulfanyl) copper (II), Pc (6), incorporating eight alkyl terminated benzamide-thio-ether
side chains is reported here.
The synthetic route to Pc (6) is a modification of the previously reported synthesis
of 2,3,9,10,16,17,23,34-octakis(2-benzyloxyethyl-sulfanyl) copper (II) phthalocyanine.21
Octyl chains were added in the 4-position of the terminal phenyl groups, to enhance the
solubility of Pc (6) in both THF and chloroform. Mild synthetic conditions afford the
phthalonitrile.25 4-octyl benzoyl chloride is coupled to 2-chloroethylamine hydrochloride,
the chloride is subsequently displaced with potassium thioacetate, modifying a procedure
which removes the acetyl protecting group under basic conditions, in high yields.26 The
resultant thiol is coupled to 4,5-diclorophthalonitrile at room temperature in DMSO.25
The phthalocyanine is prepared following established condensation protocols.27
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Scheme S1.
Synthetic pathway to 2,3,9,10,16,17,23,24-octakis(2-(4octylbenzamide ethylsulfanyl)) copper (II) phthalocyanine.
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3.3 Structural Studies
3.3.1 Elemental Analysis
Multiple elemental (C, H, N, S) analyses were done by Columbia Analytical
Services with less precision than we have seen in prior Pc syntheses, involving non-Hbonding materials. The average results, however, coupled with the MALDI mass spectral
data, suggest that the final product is within acceptable limits of the elemental
compositions expected:

Table 3.1 Elemental Analysis results of C, H, N and S.

Element Experimental Percentage Theoretical Percentage
C

67.20 + 0.21

69.40

H

7.15 + 0.02

7.48

N

7.62 + 0.02

7.70

S

8.01 + 0.12

8.80

3.3.2 NMR Spectroscopy
The NMR data were consistent with the structure assigned to compound 1. Due
to the very low solubility, only 1D 1H and 2D HSQC spectra could be obtained. HSQC
intensities were lower near the phthalocyanine core, presumably due to slow relaxation
due to limited mobility of C-H bonds. In fact, the phthalocyanine aromatic C-H pairs
were not observed at all. Cis-trans isomerization of the amide linkages led to doubling of
the nearby 1H and 13C resonances (Figure 3.4), with a trans:cis ratio of about 3:1. In the
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(a)

(b)

(c)

Figure 3.3 [1H – 13C] HSQC NMR Spectrum of Pc (6).

107

(a)

(b)

(c)

Figure 3.4 1H NMR spectrum of Pc (6)
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Table 3.2 Chemical shift assignment from 2D-HSQCa

1

Position

Zb
1'
2'
NH
5'
6'
8'
9'
10'
11’
12'
13’

3.735
3.802
6.469
7.693
7.248

13

H (δ ppm, mult., J Hz)

t, 5.4
q, 5.6
br. t
d, 8.1
2.639
1.606
1.247
1.244
1.298
1.255

14'

1.278

15'

0.868

Eb
3.634
4.438
8.354
7.971
7.185
t, 7.6

t, 5.2
t, 5.2
br. s
d, 8.1

C (ppm)

Zb

Eb

44.35
41.63

42.47
63.66

126.98 129.78
128.69 128.64
35.93
31.23
31.90
c
29.72
c
29.38
c
29.23
22.68

t, 7.0

14.16

Figure 3.5 Numbering scheme for Pc (6). Only one side chain is shown for
simplicity.
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trans (minor) form, exchange of the NH proton is more rapid and J coupling is not
observed to the vicinal CH2 protons. The n-octyl assignments were made by comparison
to 1H and 13C chemical shifts of n-octyl benzene.
Cis-trans isomerization in the side chain also shows different nature of
intermolecular interaction and thus lead to different packing geometries, details of which
is discussed in Section 3.5.

Footnotes for Table 3.2
a) 1H and {1H-13C}HSQC spectra were acquired with about 40 μg of sample in 0.5 mL of
CDCl3 using a Varian Inova-600 spectrometer (1H frequency 599.70 MHz, 13C frequency
150.80 MHz) equipped with a 5mm cryogenic HCN probe. The gradient-selected HSQC
spectrum was acquired with 1024 complex data points in t2 and 375 complex data points
in t1, using echo-antiecho phase encoding in t1. For each FID, 48 transients were
acquired with a spectral width of 5286 Hz in F2 and 22573 Hz in F1. Data were zerofilled to a final matrix size of 2048 (F2) x 1024 (F1) data points and a skewed, 45o-shifted
sine-bell window was applied in both dimensions. Chemical shifts are referenced to
residual CHCl3 at 7.25 ppm (1H) and 77.21 ppm (13C).
b) For nuclei near the amide linkage two signals were observed in approximate intensity
ratio 3:1. This was assumed to be due to amide rotation which is slow on the NMR time
scale, with the major rotamer being the Z configuration.
c) Overlapped in HSQC spectrum.
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3.3.3 MALDI – TOF Spectroscopy
(HR-MALDI) 2905.5179 (22%), 2906.4873 (43%), 2908.4482 (100%), 2909.4326
(69%), 2910.4440 (46%) (Theoretical mass with isotope distribution (with relative
intensities) for C168H216CuN16O8S8 = 2905.4127 (33%), 2906.4158 (67%), 2907.4164
(94%), 2908.4171 (100%), 2909.4177 (85%), 2910.4182 (60%), 2911.4186 (37%),
2912.4190 (20%), 2913.4192 (10%), 2914.4195 (4%), 2915.4197 (1%).

Figure 3.6. MALDI Spectrum of Pc (6).
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3.3.4 FTIR Spectroscopy
IR spectrum of the Pc (6) powders dispersed in KBr pellet confirms H-bonding
interactions between adjacent Pc disks (Figure 3.7). The broad N-H stretching band at ca.
3295 cm-1, C=O stretching at 1654 cm-1, and the N-H bending at 1537 cm-1 are indicative
of H-bonded network between Pc rings. Shift of υN-H towards higher wavenumbers upon
heating the pellets above isotropization temperature, indicates presence of strong
intermolecular H-bonds between Pcs (Section 3.6.2).

Figure 3.7 FTIR of Pc (6) as a KBr pellet.
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Table 3.3 IR Peak assignments for Pc (6)
Wave Number
/ (cm-1)

Band Assignment

3398.4

ν N-H (free)

3298.4

ν N-H (H-bonded)

3037.6

ν C-H (aromatic)

2923.8

νa (-CH2-)

2853.5

νs (-CH2-)

1654.1

ν C=O (amide I)

1634.6

ν C=O (amide I)

1538.6

ν N-H (bending, ip) amide II

1503.1

ν C=N (pyrole stretch)

1409.8

ν C=C (benzene stretch)

1305.3

ν C-N (amide III)

1067.7

νa (ring C-H, ip)

954.8

Pc ring vibration

783.0

νa (Pc-S-C)

746.0

δ (ring C-H, op)
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The small shoulder at 3398 cm-1 and the observed peak splitting at the amide region
shows existence of non-hydrogen-bonded N-H and C=O bonds, resulted from partially
hydrogen bonded Pcs and/or non-hydrogen bonded Pcs. We suppose that this discrepancy
in bonding is due to the presence of cis-trans geometries of the side chains, as viewed by
the NMR spectroscopy. Apparently, the bent geometry of the amide unit in cis conformer
is expected hinders the H-bonding interaction between Pc disks.

3.4 Solution Absorption

Figure 3.8 Normalized visible absorbance spectra showing the tendency towards
cofacial aggregation of Pc (6) in CHCl3 at very low concentrations.
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Figure 3.8 shows the normalized solution absorption spectrum of Pc (6) at two
different concentrations, 1 X 10-6 M and 3 X 10-6 M. Appearance of narrow band and the
broad blue shifted band provides direct evidence for aggregate formation in solution. As
the solution is diluted, the intensity of the band at 662 nm decreased while the band
intensity of 71 nm increased. This observation implies that the absorption at 712 nm is
the Q-band absorption from monomer and the blue shifted band at 662 nm is the result of
absorption from aggregated species. According to Kasha, in the Soret band, blue shift is a
sign of co-facial aggregation due to extended electronic coupling between adjacent
molecules, whereas red shift is the sign of head-to-tail aggregation.23, 28-31
As expected, this hydrogen bonding Pc derivative showed high tendency for
aggregation even in relatively dilute solutions. Appearance of the broad blue shifted band
at 662 nm, even in 1 X 10-6 M solution is being sign of the onset aggregation of the
molecules in very dilute solutions. The very pronounced aggregation tendency of these
molecules makes it impossible to explore information on completely isolated, nonaggregated molecules in very low concentrated solution (below 10-6M) with standard
spectrometers. The solution aggregation constant of this molecule, Kagg = 1.62 X 106,
was calculated using the method described by Tai and Hayashi.32 This value agrees well
with previously reported results of Kagg = 4.8 X 106 for another H-bonding Pc derivative.
23, 32

As shown in Figure 3.9, addition of 3% v/v trifluoromethane sulfonic acid to ca. 5 X

10-6 M solutions of Pc (6) distrupts the aggregation, reforming a monomer absorbance
band at ca. 800 nm, as expected if H-bonding is the principal mode of interaction.33
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The monomer Q-band absorption of this Pc seems to be more red shifted than the other
reported side chain modified copper Pcs possessing alkyl/ethoxy side chains.21, 23, 24, 29, 34,
35

Introduction of alkylthio groups instead of alkyl or alkoxy groups in the side chains of

Pcs has been shown to decrease the HOMO–LUMO bad gap and shifts the Q-band to a
higher wavelength.21, 29
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Figure 3.9 UV-Vis spectra in THF, with increasing amounts of triflouromethanesulfonic
acid (TA). The Pc is co-facially aggregated in THF as evidenced by the broad, blueshifted absorbance from 600-800 nm.

At 3% TA, the Q-band absorbance for the

monomeric species was observed at 800nm. All solutions were 4.8 X 10-6 M.

116

3.5 Packing Geometry of the Molecules in Bulk
To gain more detailed insight into molecular arrangement and to determine the
dominant molecule-molecule interaction, X-ray diffraction study was done with powders
of Pc (6) harvested from chloroform solution. The diffraction pattern of the powder
sample shown in Figure 3.10 indicates coexistence of two distinct packing structures. The
patterns are indexed to an orthorhombic (a = 42.3Å; b = 18.1Å; c = 4.5Å; volume =
3490.5 Å3) and monoclinic unit cells (a = 42.9Å; b = 3.6Å; c = 18.3 Å; α = γ = 90°; β =
100.4°; volume = 2814.5 Å3) including diffraction from (100), (010), (001) planes in both
systems. Small angle peaks, which correspond to column-column spacing, are found to
be common in both unit cells but, wide angle peaks, which are characteristic of intracolumnar spacing, are specific to the cell geometries due to different types of interactions
between adjacent molecules. The sharp, high intensity Bragg peak arising at d = 41.8 +/0.3 Å fits to the (100) molecular plane in both cell geometries, which is consistent with
parallel Pc columns, Pc edge-to-edge (column-column) distance of ca 42Å, presumably
arising from partially compressed side chains. The peak corresponds to an intra-columnar
periodicity of 4.5 Å, arises from the molecules packed in orthorhombic manner in the
(001) molecular plane, expected from cofacial interactions dictated by H-bonding
interactions. This disk-disk distance is also in close agreement with the average Hbonding distance previously observed in many H-bonded assemblies.8,

9, 12, 36

The

molecules packed in the monoclinic geometry accommodate closer Pc-Pc contacts,
leading to an intra-columnar spacing of 3.6 Å. The distance of 3.5 Å has been attributed
as the stacking distance between parallel aromatic cores that interact through π-π
interaction or S-S interaction.21, 29, 37, 38 However, as can be seen from the peak intensities
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Figure 3.10 XRD of powders of pc (6), indexed to show coexistent of two unit cells. Pc
rings are shown schematically and are not to scale. Blue line = fit; red line = raw data;
“O” = orthorhombic cell; “M” = monoclinic.
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of the two high angle peaks (d = 4.5Å and d = 3.6 Å), hydrogen bonding is found to be
dominating in the aggregate formation and most of the molecules are packed in an
orthorhombic manner.
We hypothesize that this variability in interactions between adjacent Pcs is due to
the presence of the cis-trans geomeries of adjacent amide bonds, as observed for other Hbonded assemblies.39-41 Pcs with trans-amide isomer units in the side chains (the major
isomer indicated by NMR) are expected to provide for inter-molecular H-bonds, leading
to the dominante orthorhombic geometry as depicted in Figure 3.11. The small fraction
of Pcs possessing entirely cis-amide in the side chains are expected pack through π-π
interactions in the monoclinic structure, where efficient H-bonding interaction is
hindered.39-41

Figure 3.11 Configuration of (a) cis and (b) trans isomer amide units (c) illustration of
possible intermolecular hydrogen bonding interactions in trans isomers, leading to
orthorhombic packing.
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3.6 Thermotropic Properties of the Molecule
Thermal behavior of the molecule was analyzed to study the liquid crystalline
properties of the molecule. However, unlike other Pc derivatives, liquid crystalline
characteristics were not observed in Pc (6) due to strong intermolecular interactions.

3.6.1 Differential Scanning Calorimetry
Differential scanning calorimetry of powders of Pc (6) harvested from chloroform
show an endothermic isotropization transition at 243.1°C with an enthalpy of
isotropization of 82 KJ/mol during the first scan (Figure 3.12). The observed high
isotropization temperature and enthalpy of isotropization are belived to be associated
with strong intermolecular H-bonding interactions cooperatively operating with π – π
interactions.10 Pertubations to the intermolecular H-bondings above the isotropization
temperature was also supported by our temperature dependant IR and XRD studies. After
the first DSC scan a weak, reversible phase transition was observed between 174.2182.6°C. Decomposition of the Pc was noted above temperatures of ca. 320°C.
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Figure 3.12 DSC Scans of powders of Pc (6) during two heating – cooling cycles
between 0° and 280°

3.6.2 Temperature Dependent IR Studies
Temperature dependent IR studies were done to further establish the presence of
inter-molecular hydrogen bonds. Generally, an increase in temperature shifts the N-H
stretch band towards higher wave numbers, indicating the dissociation of the aggregates
dictated by hydrogen bonds.
IR spectrum acquired with heated pelletized powders of Pc (6) given in Figure
3.13 shows temperature dependency of N-H stretch band. Heating the Pc above ca. 250
°C was found to shifts in the N-H stretching band to higher frequencies due to
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dissociation of intermolecular H-bonding interactions. Dissociation of H-bonds above ca.
250°C lead to isotropic state, as was observed in DSC thermogram.

Figure 3.13 FTIR Spectrum of palletized Pc (6) at different temperatures.

3.6.3

Temperature Dependent X-ray Diffraction
Changes in the molecular packing behavior upon changes in temperature was

analyzed by temperature-dependent XRD (Figure 3.14). The diffration pattern showed
loss of the (001)Orthorhombic (d = 4.5Å) and the (010)Monoclinic (d = 3.6Å) reflections above
238°C, but retention of the (100)Orthorhombic, Monoclinic (d = 41.8Å) and the (010)Orthorhombic /
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(001)Monoclinic (d = 18.0Å) peaks, consistent with loss of intracolumn order, and retention
of intercolumn order, as suggested by the DSC and temperature dependat IR data.13, 21, 29,
38

Upon cooling these diffraction peaks associated with intracolumn order, were not

recovered, i.e. once weakened the H-bonding interactions apparently do not reform
significantly at lower temperatures. Due to loss of molecular order upon heating, the
diffration pattern resulted only few diffration peaks, which could not be fixed to any unit
cell geometries.

Figure 3.14 X-Ray diffraction pattern of Pc (6) at different temperatues during a heating
and cooling cycle.

123
3.7 Conclusion
Bulk analysis of Pc (6) reveals columnar organization of these Pc moieties has
been successfully stabilized by intermolecular hydrogen bonding interactions in
cooperation with π – π interactions and S – S interactions. Strong interactions between
the molecules are reflected by high isotropization temperature, high enthalpy of
isotropization, and strong aggregation constant in solutions. Further, co-facial
intermolecular hydrogen bonding interaction between the moieties is clearly confirmed
by FTIR, UV-Vis and XRD studies. It was also understood from the NMR, XRD and
FTIR studies, though hydrogen bonding interaction dominates in the aggregates, a small
portion of the molecules are not involved in intermolecular hydrogen bonding interaction,
due to some hindrance exposed by the cis isomeric amide groups in the side chains.
Existence of cis – trans isomerization of the amide group in the side chains lead to two
types of packing geometries as a result of variance in intermolecular interactions.
Though the hydrogen bonding interactions implemented more ordered aggregates,
the solubility of molecules are limited in solvents and liquid crystalline properties are
lost. However, the molecular design principals and use of hydrogen bonding interactions
has proven to be extremely useful in the alignment of molecules on surfaces and for
higher charge mobilities, details of which are discussed in the following sections.
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CHAPTER 4
HOMEOTROPIC ALIGNMENT OF THE HYDROGEN BONDING
PHTHALOCYANINE MOLECULE

4.1 Introduction
Increasing interest in the development of organic electronic devices is leading
towards the design of several supramolecular architectures and the investigation of
nanoscale molecular orientation in the active organic layer. In this respect, discotic
molecules

such

as

Phthalocyanines(Pcs),1-10

Hexabenzocoronenes(HBCs),11-14

triphenylenes15-17 and porphyrines18-22 are being subject of intensive research. These dikelike molecules, containing large aromatic core and flexible side chains on their periphery
self-organize through π-π interaction and form columnar structures.23 These molecular
columns behave as ‘molecular wires’ in devices, transporting charge in one direction,
along the axis of the column.18, 19, 24 Therefore, it is recognized that proper path for charge
transportation via appropriately aligned molecular columns is crucial for the efficient
performance of molecular based electronic devices since the direction of charge
transportation is different in various device configurations.11, 12 For example, in organic
field effect transistors, charge is transported along the substrate, thus molecular columns
that are aligned parallel to the substrate is preferred. Such a parallel molecular
arrangement is called “edge-on” alignment. Organic solar cells and light emitting diodes
transport charge in a vertical direction between two electrodes where, molecular columns
that are vertically stacked between the two electrodes is expected give high performance
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Figure 4.1 Device configurations of (a) OPV and (b) OFET showing the preferred
molecular alignment for their efficient functions. (Reproduced by permission of The
Royal Society of Chemistry).
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by facilitating the charge carriers to move across the cell. This kind of molecular
alignment is referred as “face-on” or homeotropic alignment.11, 14 Tuning the alignment
of molecular columns on a substrate in a parallel or perpendicular direction is controlled
by several factors such as the structure of the molecule, deposition method, processing
temperature, nature of the substrate, sample concentration and the solvent employed in
deposition.25,26
A broader view of edge-on alignment of Pcs and HBCs has been demonstrated by
several processing techniques such as Langmuir-Blodgett deposition,1 zone casting,27
zone crystallization21 and drop casting onto polytetrafluoroethylene rubbed surfaces.28
Though several edge-on alignments have been established, growth of homeotropic
alignment is still challenging. Ease of formation of edge-on alignment is attributed to the
fact that air-film interface extend a large driving force for edge-on alignment because,
alkyl side chains that are attached to the aromatic core of the discotic molecules tends to
stand in the air to minimize the free energy of the surface.9
Recent reports that deal with the construction of homeotropic alignment indicate
that the exact mechanism that leads to the homeotropic alignment is still not clear to
researchers and the investigation is in progress. Several attempts have been made to study
the structure of the molecules or functional groups in the side chains that leads to the
homeotropic alignment. It has been postulated that presence of hetero atoms near the disk
periphery of discotic molecules is the key for homeotropic alignment between two polar
surfaces.6,

14, 15

However, homeotropic alignment of all hydrocarbon HBC-C4,16

sandwiched between two polar surfaces directs to the conclusion that hetero atom is not
essential but its presence could improve the alignment.12 Pisula et. al. have made
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extensive structural studies with HBC molecules, those having different core sizes and
side chains.29 Though bulky, branched side chains facilitated the formation of
homeotropic alignment from melt by drastically decreasing the isotropic temperature,
bulky side chains introduced intracolumnar disorder due to steric crowding.14
In addition to the structural investigations, several attempts have been made to
find proper deposition techniques. Successful demonstrations of homeotropic alignment
from molten state between two ITO plates require molecules with practically accessible
isotropisation temperatures and controlled cooling.6, 8, 9, 14, 20 In this scenario, separation
of the plates converted the molecules back to edge-on alignment.9 There were several
observations of well ordered layers with face-on orientation attained by vacuum vapor
deposition,5 molecular beam epitaxy,4 LB deposition30 etc, where ordering was extended
to only few molecular layers. Although several studies highlight temperature or vacuum
controlled construction of homeotropic alignment, demonstration of an inexpensive,
convenient deposition by solution processing methods on ITO surface for photovoltaic
applications is lacking. Rabe and coworkers reported solution processed homeotropic
alignment of HBC molecules on HOPG and MoS2 in which, formation of thicker films
required controlled temperature of the substrate and solution in order to prevent
precipitation.31, 32
On going studies indicate that homeotropic alignment behavior of discotic
molecules has been under effective investigation despite many practical challenges. In
efforts to construct homeotropic alignment, first the side chain of the Pc molecule was
tailored by introducing amide functional groups. This design not only increases the intra
columnar order but also facilitates specific surface-molecule interactions on surfaces
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possessing H-bonding donors or acceptors and assists the homeotropic alignment by first
adhering the molecules surfaces and then triggering the stacking of the disks one after
another through H-bonding network. Second, proper deposition strategy was discovered;
adsorption from dilute solutions minimizes molecular aggregation or molecule-molecule
interaction in solution and allows the molecules grow from the surface.
This chapter investigates the alignment behavior of Pc (6) using different
deposition techniques on variety of substrates in order to understand the factors that
control the homeotropic alignment. Our results show that careful balancing of moleculemolecule and molecule-surface interactions is the key factor for homeotropic alignment.
A simple solution processing strategy for the formation of homeotropic alignment on a
single substrate is introduced here. Using the solution processing strategy, homeotropic
alignment of the Pc molecules on amide functionalized gold, ITO, PEDOT: PSS modified
ITO and HOPG surfaces were demonstrated by simply immersing the substrate in very
dilute solution. Atomic Force Microscopy (AFM) images, spectroscopic studies, and
nano-scale electrical properties such as conductance through the layers and contact
behavior at the molecule-electrode junctions confirm the homeotropic alignment in these
thin films (the electrical properties are discussed in Chapter 5)
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Figure 4.2. Optical microscopy image of a drop cast film (a) on glass without
polarizer (b) on glass with cross-polarizers (c). On propylamine silane
functionalized glass without polarizer (d) on propylamine silane functionalized
glass with cross polarizers.
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4.2 Anisotropies in Thin Films
The hydrogen bonding Pc shows a strong tendency towards aggregation in
solution, and an even greater tendency to form ordered structures with significant
coherence in thin films and fibers. Examination of the optical texture by Polarized
Optical Microscopy (POM) with and without crossed polarizers was carried out first to
confirm the anisotropy of this Pc molecular film. As anticipated, long fibrils with several
microns in lengths were observed in highly concentrated films as a consequence of strong
hydrogen bonding interaction and π-π stacking interaction between Pc disks.
Concentrated solutions of Pc (6) (10-3M) drop cast on unmodified glass and
aminopropyltriethoxysilane modified glass were images with POM. The optical image,
shown in Figure 4.2 reveals a clear difference between the optical texture of the Pc film
on modified and unmodified surfaces. Drop cast films on unmodified glass showed layer
like islands with few fibrils in transmitted non-polarized light. When cross-polarizers
applied, fibrils showed very strong birefringence while weak birefringence was observed
in layer-like islands. Drop cast film on amino silane functionalized glass formed a
homogeneous percolated network which did not show any birefringence in polarized
light, except for a few defect spots. As observed on unmodified glass, very few fibrils coexisted with the film on modified glass and they did birefringence with cross polarizers.
Anisotropic nature of molecules or ordered molecules in the fibrils caused the
fibrils to birefringence. When the sample is tilted with respect to the analyzer/polarizer
axis, film on modified glass showed weak birefringence while that on the unmodified
glass remained the same. In a homeotropically aligned texture, columnar axes are
perpendicular to the substrate, which coincide with the optical axis and pass through the
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sample. Therefore, homeotropically ordered films become dark under cross polarizers
since the transmitted light intensity is zero for all positions of the sample with respect to
the analyzer/polarizer axis but birefringence is visible when the sample is tilted.33 The
observations show two completely different kinds of molecular orientations in the films
and in the fibrils. The dark islands in the thin film on modified glass suggest presence of
homeotropically oriented molecules; on the other hand it explains that the molecules in
the fibrils do not have homeotropic orientation. It is believed that the orientation of
molecules on the modified glass is a result of substrate influence by modifiers whereas
the orientation of the molecules on the unmodified glass and the molecules that are in the
fibrils are not influenced by the substrate, they have bulk properties. For the conclusive
identification of the molecular orientation and substrate influence the thin films on
different substrates were analyzed with various conditions.

4.3 Self-Organization at Surfaces
Several methods have been exploited to make thin films from solutions on smooth
substrates. The morphology of these films is strongly depend on the interplay of several
parameters such as the choice of solvent, deposition method, concentration of the
solution, temperature, chemical and physical nature of the substrate. Varying these
conditions led to several different kinds of film architectures such as globular aggregates,
percolated network structures, fibrils, crystallites, etc. as shown in Figure 4.3.
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Figure 4.3. AFM images of (a) spin cast film on silicon wafer from 10-3 M Pc solution; high
molecular aggregation was observed (b). drop cast film on silicon from 10-6M Pc solution;
crystallites (c) LB film deposited on silicon from 10-3 M Pc solution; long fibers were
observed (d) drop cast film on HOPG from 10-3M Pc solution (e) chemisorbed film on
HOPG from 10-3 M Pc solution; a net worked layers formed (f) chemisorbed film on HOPG
from 10-6M Pc solution; layered growth observed.
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The morphology of the films indicates that films made from very dilute solutions
results in smooth films due to suppressed aggregation in solution, whereas concentrated
solutions resulted in non-oriented globular aggregates due to strong aggregation in the
vaporizing solution. UV-Visible spectroscopic studies of the solution sample showed
onset aggregation at 10-6M solution. Therefore, in order to control the aggregation and to
make smooth films, 10-6 M solution of the Pc in CHCl3 was used for thin film
preparations.
Interestingly, as shown in Figure 4.3, well-defined crystals were formed on silicon
substrate when 10-6 M solution was drop cast. High resolution AFM image of this sample
shown in Figure 4.4 illustrates well-defined crystallites with an average step height of
4.7(±0.04) nm. This value is proximate to the molecular diameter, which suggests that the
molecules in the crystals are standing ‘edge-on’, that is, molecular columns are parallel to
the surface as depicted in Figure 4.4d. The step height of the single crystal obtained from
the AFM section analysis is also consistence with one of the unit cell parameters,
column-column distance observed in the bulk sample by powder X-ray diffraction along
the a-axis. The crystallites formed on the silicon surface are too small to be analyzed by
single crystal diffraction technique.
One can thus infer that these crystallites and those in the powder sample have
similar molecular arrangements. These observations suggest that the silicon substrate or
drop casting method does not influence in the alignment of these molecules on the
surface. Silocon substrate just induces the crystal growth without disturbing the
molecular order of the aggregates that are already present in the solution.
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Figure 4.4. AFM image of Pc crystallites formed on Si (100) substrate upon
drop cast from 10-6M solution in CHCl3. (a) 1 X 1 μm scan (b). single crystal (c)
section analysis illustrating the step height of the crystal (d) an exploded view of
the proposed molecular packing, illustrates molecules standing ‘edge-on’ to the
surface.
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It is speculated that, in this case, molecule-molecule interaction is greater than the
surface-molecule interaction. In addition during drop casing, fast vaporization of solvent
doesn’t give enough time for re-organization of molecules on surface.
Among the various methods, only the molecules deposited from very dilute
solutions on HOPG by chemisorption method lead to homeotropic alignment. The
homeotropic alignment in this film was confirmed by the layered growth visualized in
AFM images (Figure 4.5). In addition, point contact nano-scale electrical measurements
also support the homeotropic growth on HOPG, which will be discussed in the next
chapter. It is clear that HOPG certainly plays a role in assembling the molecules through
increased surface affinity influenced by π-π interaction between the molecule and the
HOPG surface. It is also speculated that, defect sites consisting carbonyl groups on the
air-cleaved HOPG surface may act as nucleation sites for molecular assembly through
specific hydrogen bonding interactions.34-37 In order to further clarify the role of surface
affinity or specific surface-molecule interactions on the homeotropic alignment; Pc was
absorbed on surfaces modified with hydrogen bonding terminal groups.
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Figure 4.5 (a) AFM image of Pc (6) chemisorbed on HOPG. (b) high resolution of (a)
illustrate layered growth.
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4.4 Controlled Homeotopic Alignment via Surface Modification

Figure 4.6 Illustration of the assembly of Pc (6) on surfaces functionalized with
hydrogen bonding donors or acceptors.

To explore the role of the substrate in the formation of molecular assemblies, the
assembling behavior of Pc (6) on surfaces modified with hydrogen bonding terminal
groups, amide functionalized gold, was studied. Chemical modification can provide
certain control of the molecular alignment on surface by providing specific surfacemolecule interaction, thereby assisting the molecules to overcome the molecule-molecule
interaction and directs them towards the surfaces.
Scheme 1 explains the surface modification process. With the intention of
providing smooth surface for high resolution AFM analysis self-assembled amide
functionalized alkanethiol monolayer were deposited on template stripped gold (TSG)
with rms roughness ca. 1Å. Amide functionalization was done by first assembling 11mercaptoundecanoic acid onto TSG followed by covalent attachment of propylamine to
the self-assembled monolayer using carbodiimide coupling.38, 39
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Scheme 1. Surface modification process of gold

Pc adsorbed on amide modified gold surfaces resulted in entirely different film
morphology when the modified gold was soaked in 10-6M Pc in CHCl3 for 15 mins. In
order to understand the onset organization behavior of the molecules on this surface,
adsorption was intentionally allowed for a short time period, 15 minutes, because longer
absorption periods resulted in fully covered thin films and did not give any informative
images. As visualized by AFM, several layers with homeotropic alignment were
constructed on top of a ‘ground’ monolayer on amide functionalized gold surface, when
the molecules were adsorption from very dilute solutions. The AFM image in Figure 4.7
shows relatively thick, atomically flat islands with a diameter between 400 – 800 nm.
High resolution AFM images of these films show visual evidence for layer-by-layer
growth and formation of monolayers, bilayers and multilayers as seen in the highlighted
areas in Figure 4.7a and 4.7b.
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Figure 4.7 (a) AFM image showing layered growth on amide functionalized template
stripped gold upon adsorption from 10-6 M in CHCl3. (b) High resolution image of the
area marked as ‘B’ in the image(a). The circled area in the image highlights the ground
monolayer.
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Figure 4.8 (a) Section analysis of the film illustrates that the average monolayer
thickness is ca. 4.4 Å. (b). Bearing analysis of the film evidences well defined layer-bylayer growth with an average layer-to-layer distance of ca. 3.8 Å. (c) Schematic
illustration of face on alignment through H-bonding on amide functionalized surface.
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On single domains monomolecular and bimolecular step heights have been observed.
Section analysis of the AFM images shown in Figure 4.8a measures the thickness of a
monolayer. Height histogram (Figure 4.8b) of the AFM image also supports layer-bylayer growth and confirms that the average layer-to-layer distance is ca. 3.8 (±0.2) Å.
Though, longer absorption times increases the coverage, it doesn’t seem to
increase the film thickness. It is speculated that after growth of about 10-12 layers,
changes or defects in molecular orientation terminate the film growth. These films with
thickness of ca. 4 nm makes it impossible to explore the information on molecular
arrangement and/or disc-disc distance with standard thin film X-ray diffraction
techniques. However, the layer-to-layer distance obtained from the AFM analysis
supports presence of orthorhombic arrangement in the thin films, which informs that the
intra-columnar order is dominated by H-bonding interactions. In addition, PMFTIR
studies of these thin films, which are discussed in the following section, also provide
evidence for homeotropic alignment with extensive hydrogen bonding network between
layers.
It is apparent that the amide functionalized surface plays an important role in the
alignment of the incoming molecules from solution. Enhanced interaction between the
molecule and the surface directs the molecules towards the surface and leads to layer-bylayer growth with the molecules lying flat on the surface. It is understood that the
molecules are first anchored “face-on” to the substrate by making hydrogen bonding
interactions with the amide groups on the surface and forms a monolayer. Then these
molecules in the first layer provide seeds for alignment of the molecules in another layer
on top of each other as depicted in Figure 4.8c.
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The homeotropic alignment of the Pc molecules on amide functionalized gold
opens up the possibility of similar alignment on ITO. The goal of this study is,
understanding the factors that control the homeotropic alignment of these molecules,
identifying the proper deposition or processing conditions, and then applying this strategy
to built homeotopically aligned films on ITO, the transparent electrode employed in
organic photovoltaic cells. Accordingly, the deposition strategy discovered here,
chemisorption, was applied to build homeotropically align Pc molecules on ITO.
Cleaned ITO was soaked in 10-6M Pc solution for 15 minutes. The hydroxyl groups
[In(OH)3] in cleaned ITO are anticipated to offer hydrogen bonding sites to the Pc
molecules and facilitate the homeotropic alignment by increasing the surface affinity as
that was observed on amide functionalized group.40 As anticipated, absorption on ITO
resulted in net-worked layer structure as seen in Figure 4.9b. Due to the roughness of the
ITO surface it was impossible to see well defined layers in the bearing analysis of the
AFM image as that was observed on gold surface. However, high resolution image shows
films with an average monolayer thickness of ca 4.22Å, or multiples thereof, which is
consistent with a layer-by-layer growth of Pcs, if the molecules would lie flat on the
surface. Several thicker domains with higher multiples of 4.4 Å, upto about 2.4 – 4.2 nm
were also observed in the section analysis of the AFM images (Figure 4.9c).
In general, organic electronic devices are built on PEDOT: PSS modified ITO in
order to provide compatibility between the organic layer and the ITO electrode. We used
our deposition strategy to deposit the Pc film on PEDOT: PSS modified ITO to realize
possible formation of homeotropic growth. As shown in figure 4.10b, a similar
networked layered structure was formed as that was observed on bare ITO surface, when
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Figure 4.9 (a) AFM image of bare ITO surface. (b) AFM image of Pc layers on ITO
showing net-worked layers. (c) Section analysis of the layers illustrates presence of Pc
layers with an average thickness of ca 4.2 Å on ITO surface. (d) schematic drawing of
surface functional groups on ITO.
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Figure 4.10 (a) AFM image of PEDOT: PSS modified ITO. (b) Pc layers adsorbed on
PEDOT: PSS modified ITO. (c). Section analysis showing layers with thickness of ca.
4.4 Å on PEDOT: PSS modified ITO. (d) chemical structure of PEDOT: PSS polymer.
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the PEDOT: PSS modified ITO was immersed in 10-6 M Pc in chloroform solution for
about 15 mins. This sample also showed layers with monolayer, bi-layer and multilayer
thicknesses in the section analysis (Figure 4.10c). It is anticipated that the sulfanyl
groups in the conducting polymer afford hydrogen bondings to form the layer-by-layer
assembly.
4.5 Determination of the Microscopic Orientation by PM-RAIRS
To explore the microscopic orientation of the molecules in thin films on modified
gold,

Polarization-modulation

Fourier

transform

infrared

reflection-absorption

spectroscopy (PMFT-IRRAS) was used. This technique provides selective and sensitive
information for the evaluation of molecular orientation, where orientation is confirmed
based on the selection rules that vibrational modes those have transition dipole moments
perpendicular to the surface will get excited.41 Examination of molecular orientation is
based on the concept that was used by Kim et al. They have evaluated the peptide
orientation in peptide based self-assembled nanotubes, where two IR active amide modes,
amide I and amide II, serve as reference for qualitative orientation of peptide molecules
thus for nanotubes and nanofibers.41-43 Amide I band, primarily due to the stretching of
C=O, appears in the range of 1610 and 1690 cm-1. The transition dipole moment of amide
I lie out of the plane of the molecule. Amide II band emerges between 1510 and 1560 cm1

, due to C-N stretching and in-plane N-H bending. This transition dipole moment is in

the plane of the molecule. Therefore, amide I and amide II transition dipoles are
approximately perpendicular to each other. The dichroic ratio of these two absorption
band intensities, amide I / amide II assist us to predict the orientation of Pc molecules in

146
thin films. For the qualitative evaluation of the orientation of Pc molecules in thin films,
the thin film absorption dichroic ratio was compared with that of an isotropic sample.
Pc molecules in KBr pellet have random orientation, which is used as the
isotropic sample. According to the molecular design and hypothesis of layer-by-layer
growth on amide functionalized gold, amide I (C=O stretch) transition dipole moment is
along the z-axis, normal to the surface plane while amide II (C-N and N-H in-plane
bending) is in the x-y plane, parallel to the surface as schematized in Figure 4.11.

Figure 4.11 Schematic illustration of layer-by-layer assembly of Pc molecules on amide
functionalized gold. The arrows indicate the direction of transition dipole moments of
amide I (C=O stretch), along z-axis and amide II (C-N stretch and N-H in-plane bend)
vibrational modes on the x-y plane in the layered structure.
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Figure 4.12 (a) & (b). Transmission IR spectrum of Pc bulk in KBr pellet. (c) & (d).
Reflection-absorption IR spectrum of Pc thin films adsorbed on amide functionalized
gold.
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Parts (a) and (b) of Figure 4.12 shows the spectra acquired in transmission modes
and (c) and (d) shows the reflection-absorption spectra of the amide A and amide I, II
regions respectively. Amide I (1654 cm-1) and amide II (1537 cm-1) absorption intensities
of Pc in the KBr pellet are almost equal and the dichoric ratio of amide I / amide II is
1.06. This observation makes the assumption to be valid, random orientation in KBr
pellet.
In the RAIRS spectrum, amide II band is almost absent and the dichoric ratio is
significantly greater than 1. Suppressed absorption of amide II band and preferential
absorption of amide I in the RAIRS imply that the transition dipole moment of amide II
is not normal to the surface plane and is attenuated while that of amide I is normal to the
surface plane and is excited. This observation is very important since it highlights face-on
orientation of molecules via layer-by-layer growth, which is in excellent agreement with
the hypothesis and supports to the conclusions driven by the AFM analysis.
In addition to the amide I absorption band in the PMFT-IRRAS, the broad
absorption by N-H stretching at 3278cm-1 also supports to the observed orientation and to
an extended hydrogen bonding network between Pc layers. As previously reported, the
transition dipole moment of N-H stretching is parallel to the transition dipole moment of
amide I. This means that ring-to-ring H-bonding network, that is exerted via amide
functional group is running perpendicular to the molecular plane, lies along the z-axis and
leads to layer-by-layer growth.
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4.6 Conclusion
Solution processing of Pc films that exhibit homeotropically ordered
architecture on surfaces was demonstrated here. Self-organization of the molecule, Pc
(6), used here is considered to be governed by hydrogen bonding interactions between the
side chains in cooperation with π-π interaction between the aromatic cores. The studies
clearly show that the growth of vertical columnar alignment is likely to be substrate
induced, initiated by flat orientation of the molecules in the first layer, exploiting the
hydrogen bonding interaction between the side chains and the surfaces that provide
hydrogen bonding sites or π-π interactions between the molecular core and the surfaces
that possesses aromatic systems. Then, the first layer provides nucleation for the growth
of several layers on top each other through hydrogen bonding network.
In this study homeotropic alignment was attained by simply immersing the
substrate in solution where, molecules are adsorbed from very dilute solution on surfaces
such as HOPG, functionalized gold, ITO and PEDOT: PSS modified ITO. To our
knowledge, this is the first successful demonstration of homeotropic alignment of
Phthalocyanine molecules by solution processing technique on a single substrate at room
temperature. It is believed at least five factors cooperatively ease the formation of
homeotropic alignment here. (i).increased surface affinity due to the presence of
hydrogen bonding donors/acceptors on the surface (ii). Adsorption from very dilute
solution, where molecule-molecule interaction in solution is weakened and the molecules
are let to grow from the substrate, (iii). molecular design, that provides hydrogen bonding
sites to make face-on alignment on surfaces that facilitates the homeotropic alignment by
triggering the stacking of the disks one after another through a hydrogen bonding
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network (iv) deposition by chemisorption, which provides enough time for the molecules
to reach equilibrium and to find energetically favorable positions (v). deposition in
solution, where the vaporization of solvent was not allowed, which minimizes kinetic
trapping of randomly orientated columns during solvent evaporation, in addition,
formation of energetically favorable edge-on orientation is prevented here by prohibiting
air contact during deposition. On the basis of these studies, it can be concluded that
homeotropic alignment is controlled thermodynamically, which is a competitive process
between molecule-molecule interaction and surface-molecule interaction.
AFM provide visual evidence for several nm thick layered architectures,
constructed on top of a ‘ground’ monolayer. Spectroscopic studies confirm the
homeotropic molecular orientation on the thin films grown on modified gold surface. In
addition, the current images obtained by CAFM and the observed quantized I-V behavior
seen on the layers deposited on HOPG provide solid evidence for layered assembly of
these Pc molecules, which is discussed in detail in the next chapter.
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CHAPTER 5
INVESTIGATION OF THE ELECTRICAL PROPERTIES AND CHARGE
INJECTION AT NANO-SCALE

5.1 Introduction
Investigations of the electrical properties of molecular assemblies have
attracted strong interest since molecular-based electronics have been introduced as lowcost technology.1-9 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 techniques. A key motivation for the electrical property investigation is,
understanding the structure-property relations, charge injection, and charge transport
behavior of molecules in organic-based electronic devices.10-21 The type of electrodemolecule contact and the efficiency of charge injection from the electrodes into the
organic semiconductor are found to be the most critical factors in determining the device
efficiency.2,

19, 21

Therefore, fundamental understandings of these phenomena and the

factors that affect theses processes are essential for the performance improvement of
devices.
A number of approaches have been reported to understand the electrical
properties of the molecules, where the electrical properties were predicted from the I-V
traces obtained by several different techniques.1,

21-27

Among the various methods,

conducting probe atomic force microscopy (CAFM) holds great promise for probing the
topography and local electrical behavior simultaneously in sub micron length scales and
provide the advantage of direct correlation of electrical properties with specific structural
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features in the film.12, 28-34 Frisbie and co-workers used CAFM to study length dependant
tunneling through self-assembled monolayers and layered organic semiconducting
crystallites.4, 9, 12, 30, 31, 35
This chapter describes use CAFM to correlate the structural properties of solution
processed phthalocyanine films to its local electrical properties. Point contact I-V
measurements obtained from several spots on each samples and the corresponding height
and current images are directly addressing the correlation between the film morphology
and the electrical properties of the film. Point contact I-V measurement obtained as a
function of probe position over sub-micron length scale on the thin films deposited on
HOPG substrate evidences layer-by-layer growth. This result also allows us to estimate
the electrical conductance of individual molecules, resistance between molecular layers,
and the contact resistance associated with the metal-molecule junction.
This chapter also investigates the mechanism of charge injection processes at the
molecule-metal junction. Many theories have been proposed to describe the charge
injection mechanism in crystalline semiconducting materials.1, 2, 19, 21, 24-26, 36, 37 However,
the knowledge of charge injection into amorphous organic molecular system still remains
challenging. Recent reports have adapted the knowledge of inorganic semiconductor
injection theories and extended it to amorphous materials and describe that the charge
injection process at metal-organic junction is determined by the energy barrier that arises
from the band offset between the organics and the electrodes.2,

21

Model calculations

proposed by Shen et al. and Davids et al. explain that current flow through a Schottky
energy barriers less than about 0.3 – 0.4 eV does not have any constraint for injection,
which makes an ohmic contact and the current flow through the contact is called bulk-
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limited current.21, 24 For energy barriers >0.4eV the contact ends up limiting the current
flow, which is called injection limited current. These models describe that an ohmic
contact (small energy barriers) injects ohmic current at small biases and as the voltage
increases, the current turns from ohmic to space charge limited current (SCLC). For
higher energy barriers the injection limited current is reported as tunneling or thermionic
emission or the combination of both mechanisms through the energy barrier.
In order to understand the injection mechanism of a device at a single junction,
Parker et al. proposed single carrier device models to isolate the carrier injection process
from other device processes and to understand the contact behavior at a single electrodemolecule junction of a polymer light-emitting diode.2 In their study, they have fabricated
‘hole-only’ and ‘electron-only’ devices by selecting electrodes with appropriate work
functions in order to make negligible carrier injection from one electrode and to allow
only one carrier flow through a single junction. Later, Abkowitz el. al. proposed a method
to measure the injection efficiency of a trap free organic layer on various contacts by
directly comparing the I-V behavior of the contact with time-of-flight drift mobility
measurements.3 Recently, microscopic approaches such as scanned probe potentiometry
and conducting-probe potentiometry techniques have been applied to understand the
operation of charge injection.22,

26, 38

In these studies, potential drop at an interface is

monitored and converted to electric filed to understand the charge injection process.
The use of conducting probe atomic force microscopy (C-AFM) to study the
nature of carrier injection process is discussed here. The advantage of C-AFM over other
reported molecular junction test beds is that injection of carriers can be controlled by
simply switching the bias applied to the tip. When the tip is positively biased holes are
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injected from the tip to the sample and when it is negatively biased holes are injected
from the substrate.
Though the injection mechanism is mainly determined by the energy
barrier, other factors such as structural disorders, chemical reaction between the metal
and organics, presence of metal oxides, and contamination of electrodes also influence in
the charge injection process of organic materials.19,

21, 27, 29

In general current through

organic molecules are limited by injection at the interfaces, which are reported as
tunneling or thermionic emission or the combination of both mechanisms. Tunneling
current was observed through edge-on aligned disk-like molecules and self-assembled
monolayers, in which both electrodes are in contact with insulating alkyl chains.35
However, thermionic current is expected through homeotropically aligned molecular
systems since conducting molecular cores are directly in contact with the electrodes in
this case. In order to verify the contact behavior at both Tip-Pc and Substrate-Pc
interfaces, the I-V curves are fitted to the mathematical relationships that relate the
voltage to ohmic, space charge limited, thermionic, and tunneling currents (I-V
relationships to these currents are explained in section 1.3.1).
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5.2 Thin Film Electrical Characterization
Electrical characterizations of these molecules were done with C-AFM to confirm
the layer-by-layer growth in thin films and to understand the molecular level electrical
properties such as the conductivity of molecules, contact resistance and charge injection
mechanism at the molecule-substrate junctions. For these studies Pc (6) was deposited on
four different substrates. Our choice of substrates include amide functionalized gold,
HOPG, oxygen plasma cleaned ITO and PEDOT: PSS modified ITO. First, topographic
images and currant mappings of these four samples were obtained simultaneously by CAFM in the height and current modes. Then I-V curves were acquired by point contact
method on Pc layers of each sample while scanning through +1.5V to -1.5V.

5.2.1

Structural- Electrical Properties
As evidenced by the AFM height images layered architectures were formed when

Pc (6) was adsorbed on HOPG (Figure 5.1), amide functionalized gold (Figure 5.2),
oxygen plasma treated ITO (Figure 5.3), and PEDOT: PSS modified ITO (Figure 5.4).
The corresponding current images of all the samples showed a lower conductivity
through the Pc layers (dark area) than that of the substrates (light area). Current measured
by point contact method on Pc layers in all samples showed semiconducting behavior
whereas remarkably high ohmic current was observed on points where substrate was
exposed. Each I-V curve shown in the Figures represents an average of ten curves
acquired from ten different points on Pc layers of each sample.
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Figure 5.1 AFM of Pc (6) deposited on HOPG (a) height image, (c) current image and
(c) I-V curves obtained from the Pc layers by point contact method using C-AFM. The
bright areas in the height image are Pc layers, whereas the bright areas in the current
images are substrates.
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Figure 5.2 AFM of Pc (6) deposited on amide functionalized gold (a) height image, (c)
current image and (c) I-V curves obtained from the Pc layers by point contact method
using C-AFM. The bright areas in the height image are Pc layers, whereas the bright
areas in the current images are substrates.
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Figure 5.3 AFM of Pc (6) deposited on ITO (a) height image, (c) current image and (c)
I-V curves obtained from the Pc layers by point contact method using C-AFM. The
bright areas in the height image are Pc layers, whereas the bright areas in the current
images are substrates.
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Figure 5.4 AFM of Pc (6) deposited on PEDOT: PSS modified ITO (a) height image,
(c) current image and (c) I-V curves obtained from the Pc layers by point contact method
using C-AFM. The bright areas in the height image are Pc layers, whereas the bright
areas in the current images are substrates.
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Higher current was drawn through the Pc layers deposited on oxygen plasma treated ITO
and HOPG than that of Pc on PEDOT: PSS modified ITO and amide functionalized gold.
Pc on PEDOT: PSS modified ITO resulted in high-resistance rectifying behavior with
two orders of magnitude less current than that was monitored on HOPG and ITO. Current
drawn through the Pc layers on modified gold is limited by the insulating SAMs.

5.2.2 Quantized Current Through Molecular Layers
The AFM height images and the current images show direct correlation of
electrical profile with the layer thickness. The areas correspond to multiple layers in the
height image show lower current (dark area) in the current image. This qualitative
observation was verified by acquiring I-V curves by positioning the tip at every 5 nm
across the sample. Well defined quantized current-voltage curves were observed when
the tip was moved over the Pc layers deposited on HOPG. This observation is a strong
evidence for the layer-by-layer growth on HOPG. The high resolution height and current
images showing the layered film structure and I-V curves acquired across the 300 X 300
nm image by positioning the tip along the white line are shown in Figure 5.5. Each I-V
curves represent an average of about 8-10 plots acquired along the line. Images were
taken before and after the point contact I-V measurements to ensure no damages made to
the Pc layers. Although a clear change in current was observed in the other samples as
well, Au-SAM/Pc ITO/Pc and ITO-PEDOT/Pc, a well defined quantized behavior was
not seen when the current was measured on different layer positions across these samples.
This is believed because of the non-uniformity in the insulating self-assembled layers on
the gold surface and because of the electrical heterogeneity of the ITO surface.
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Figure 5.5 (a) and (b) are the C-FAM images of Pc layers on HOPG in the height and
current modes respectively. (c) I-V obtained by point contact method from five
different spots along the white line shown on the images. As the layer thickness
increases, current decreases. (d) semi-log plot of (c), log of current density is plotted
against voltage.
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5.2.3 Contact Resistance
The observed I-V behavior not only evidences the layer-by-layer growth, it also
provides the opportunity to do calculations regarding contact resistance and molecular
conductivity. The low bias region (-80 mV to -500mV) of the five I-V curves obtained
from the HOPG/Pc sample was used to calculate the resistance associated with the Pc –
HOPG contact (Figure 5.6). The slopes of the I-V curves seem to be having integer
multiples of one fundamental curve, which evidences existence of multiple layers and
reflects thickness dependant conductance through the Pc layers. Reciprocal of the slope
gives the resistance associated with the layers. Since the Pc layers were deposited by
adsorption, the exact number of layers in the sample is unknown. However, the
thicknesses of the Pc islands, from which I-V curves acquired, were measured by the
AFM section analysis and the numbers of the layers in the islands were estimated by
assuming monolayer thickness 4.0 Å. With this information, the resistance obtained from
the slope of the five curves was plotted against number of Pc layers to get a good linear
fit (Figure 5.7). Extrapolation of the plot to zero layer should yield the Pc – HOPG
contact resistance. A good fit with R2 = 0.999 resulted contact resistance of 8 MΩ. This
value is slightly lower than the sexithiophene crystals – Au wire contact resistance
calculated by Kelley et. al.31 Face-on alignment of Pc molecules on HOPG can offer a
good contact through the electronic interaction between the π systems of the molecule
and the substrate, and can substantially decrease the contact resistance.
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Figure 5.6 The expanded version of the plots shown in figure 5.2 in the low bias region
from -0.05V to -0.5V. Resistance between layers was calculated from the slope of these
curves. (Resistance = 1 / Slope)
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Figure 5.7 Plot of resistance corresponding to Pc layers against number of Pc layers.
Extrapolation of this curve gives the contact resistance at Pc – HOPG contact.
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5.3

Charge Injection at Metal-Molecule Interfaces
I-V plots obtained from the Pc (6) layers, deposited on HOPG, ITO, amide

functionalized gold, and PEDOT: PSS modified ITO were given as semi-log plot in
Figure 5.8. Though all samples exhibited semiconducting behavior, asymmetric I-V
behavior was observed in the samples. This is due to the differences in the injection
mechanism of the holes at the tip-sample and substrate-sample interfaces. During the
positive bias the tip is positively charged relative to the substrate, thus the tip serves as
the hole injecting electrode. Likewise, the substrate injects holes to the sample during the
negative bias. The semilog plot shown in the Figure 5.8 clearly illustrates the differences
in the electrical behavior of samples deposited on each substrates and the discrepancy in
the I-V behavior when the bias applied to the tip is switched. In order to understand the
injection mechanism at each interfaces, we fitted each I-V plots to mathematical
equations.
First, hole injection from substrate to sample during the negative bias was
considered and the I-V curves obtained form each samples were fitted. As illustrated in
Figure 5.9, the plots of ITO/Pc, HOPG/Pc and Au/SAM/Pc are in agreement with the
concept of thermionic emission model, formulated as J = Jo exp eV/nkT, particularly in
the high bias region. It is therefore understood that Pc molecules are not standing edge-on
to the substrates; they are lying flat on the substrate, the substrates and the molecular
cores are in contact, which lead to themionic current. It is speculated that the deviation
from the emission model in the low bias region is due to the contribution of tunneling
mechanism. Pc deposited on PEDOT: PSS modified ITO did not perfectly fit to any
models due to its high level noise.
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Figure 5.8 Current density-voltage plot acquired by point contact method on CAFM
from the Pc layers assembled on ITO, HOPG, amide functionalized gold, and PEDOT:
PSS modified ITO. During the positive scanning the Pt tip serves as the hole injecting
electrode and in the negative scan the substrate is the hole injecting electrode.
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Figure 5.9 The plots are fittings of the I-V curves in the negative bias regions. During
the negative bias region, ln (current density) shows linear relationship with voltage. Hole
injection from the substrate is controlled by thermionic emission.
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Figure 5.10 Fittings of the I-V curves in the positive (b) bias region. In the positive bias
region, Pt tip and Pc contact shows ohmic current (I ∞ V) in the low bias region, as the
voltage increases, the current is limited by the bulk, where space charge limited current is
observed, I ∞ V2.
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Next, hole injection from the platinum tip to the Pc was considered. In this
scenario, the interface is identical, i.e. Pt - Pc in all the samples. However, it is
recognized that the bottom electrode, the substrate, might also have contributed to the
observed I-V behavior. When the results are fitted, as shown in Figure 5.10, ITO/Pc,
Au/SAM/Pc and HOPG/Pc fit very well to SCLC, shows linear dependence of current
density to the square of the voltage, J ∞ V2. They all illustrated a good ohmic behavior up
to 1V. As a consequence, it is apparent that the contact at the Pt – Pc interface (except
ITO-PEDOT/Pc/Pt) is ohmic, as the bias increases it is limited by the bulk, SCLC. In this
case, the contact behavior is solely determined by the energy barrier at the Pt – Pc
interfaces rather the structural order. Very low barrier at this interface (work function of
Pt 5.6.eV and the estimated work function of Pc 5.4 eV) shows ohmic contact.

5.4

Conclusion
The current images obtained by C-AFM and the observed quantized I-V behavior

seen on the layers deposited on HOPG provide solid evidence for layered assembly of
Pc(6) molecules. Further, the initial investigations of the contact behavior at the metal-Pc
contacts, propose that the molecules are lying flat on the substrate, as a consequence, the
hole injection at the ITO/Pc, HOPG/Pc and Au/SAM/Pc interfaces are controlled by
thermionic emission. Substantially lower contact resistance observed at the HOPG/Pc
interface also supports to a perfect electronic contact between the Pc core and the HOPG
through a strong π orbital overlap. In addition, layers stacked with π – π interaction
together with hydrogen bonding interactions can provide path for rapid charge transport,
hence result in high molecular conductivity.
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The results show that homeotropically aligned Pc molecules acts more like
conducting molecular sheets. The remarkable electrical behavior of this Pc derivative
combined with its light absorption characteristics promising this molecule as an ideal
candidate for photovoltaic applications. With the fundamental understanding gained from
this study, solution processed, ITO/Pc/C60/Al photovoltaic devices were fabricated, and
the details of the photovoltaic characteristics of this device are discussed in the following
chapter.
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CHAPTER 6
PHOTOVOLTAIC CHARACTERIZATION OF THE HYDROGEN BONDING
PHTHALOCYANINE MOLECULE

6.1 Introduction
Low power conversion efficiency is the fundamental drawback in the practical
application of organic photovoltaic cells based on organic molecules and polymers. Since
the introduction of 1% efficient small molecule based organic solar cells by Tang, great
effort is being paid to improve the efficiency of the molecular based organic photovoltaic
cells.1-14 Over the last decade, there has been gradual increase in the power conversion
efficiency of OPVs based on small-molecule mulilayer thin films, and polymer-blend
heterojunctions.3-5, 8, 10, 15 However, there are a number of critical challenges continue to
keep the efficiency of OPVs far below than the amorphous Si based solar cells that reach
13% efficiency.16,

17

Considerable effort is being directed in numerous academic and

industrial research laboratories to understand the fundamental aspects that control the
efficiency of OPVs.
It is understood that the photovoltaic process and the power conversion efficiency
in OPVs are mainly limited by exciton diffusion to the charge separating interface and by
poor carrier transport to the electrode.14, 17 A number of new organic materials and device
architectures are being introduced to show increased long exciton diffusion lengths and
high charge carrier mobility that are desired for high efficiency. In fact, pentacene and
tetracene thin film have been introduced recently as p-type semiconducting materials
possessing long excition diffusion lengths.9,

18

Devices utilizing these materials show
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efficient exciton diffusion, where electron-hole pairs are dissociated inefficiently or
carrier transport to the electrode is inhibited.19 In some instances, carrier separation is
more efficient, but excition diffusion becomes less efficient.
Some researchers have attempted to improve exciton dissociation by increasing
the surface area of the donor-acceptor interface by creating rough interpenetrating
interfaces of the donor and acceptor materials.20,

21

Recently, Dissanayake et al.

introduced nano-imprinted pentacene layers in an ITO/pentacene/C60/Al device.22
However, the short circuit current of this imprinted device remained low (~ 0.5 mA cm-2)
in standard illumination conditions. Schmidtke et al. used a new annealing technique to
improve the film morphology.23 Blend films were annealed while in conformal contact
with a flat elastomeric stamp. In addition, some researchers focused on the device
structures to improve the exciton dissociation. Xue et al. reports ~ 5% efficiency with a
device consists of a mixed layer of donor and acceptor molecules sandwiched between
homogeneous layers of donor and acceptor materials.15 In this case, efficient exciton
dissociation takes place throughout the mixed layer as well as at the interfaces between
the mixed layer and the adjacent homogeneous layers. Similarly, 4.2% power efficiency
under very intense illumination (4-12 suns simulated AM1.5G illumination) with a
double-heterostructure CuPc/C60 PV cell and 3.6 % efficiency under 1 sun AM1.5G
simulated solar illumination were also reported.24, 25
The influence of molecular order in thin films has been considered by a few
researchers to improve OPV device efficiency since the mobility and excition diffusion
lengths are strongly dependent on the molecular stacking. Recently, Huijser et al.
observed efficient excition diffusion through layers of self-assembled porphyrin
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derivatives as a consequence of efficient interstack energy transfer resulted from strong
excitonic coupling between the adjacent self-assembled stacks.26 Further, the effect of
molecular packing on the exciton diffusion length has been demonstrated with cis and
trans isomers of a perylene derivative.27 Sullivan and co-worker recently used structural
templating as a route to improve the device performance, where improved molecular
orientation through the use of a molecular interlayer increases the short circuit current.28
It has been realized that efficient exciton transport through the organic layer
toward an active interface has to be directed perpendicular to this interface, which can be
achieved with homeotropically aligned discotic molecules.29, 30 In general discotic liquid
crystals are attractive materials in PV applications due to a combination of advantageous
properties, including solubility in organic solvents, high charge carrier mobility, and
potential for long range self-organization. However, only a few discotic molecules
showed homeotropic alignment yet, most of them were not used in device applications as
achieving homeotrpic alignment on ITO surface is challenging.26, 31, 32 Only very few
homeotropically aligned discotics were applied in devices so far, which include the
device performance reported by Schemidt-Mende et al. with a vertically segregated
hexabenzocoronene and pentacene molecular derivatives.30, 33, 34
Homeotropic alignment on several substrates including ITO and the
characterization of the layers of Pc (6) were discussed in Chapters 4 and 5. In this chapter
we investigate the impact of homeotropic alignment on the device performance. We
suppose that homeotrocially aligned molecules can provide a shorter path for exciton
diffusion (longer LD), thus transport the excitons and charge carriers efficiently to the
active interface and to the electrodes, respectively, as depicted in Figure 6.1.
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Figure 6.1 Schematic illustration of a bilayer device with homeotropically aligned
discotic p-type molecules. Ordered molecules provide short path for exciton diffusion and
charge transfer processes.

Therefore, high device performance is expected through the exploitation of
homoetrpically aligned Pc (6) molecules in photovoltaic devices.

6.2 Device Performance
Considering the simplicity in the processing and especially to attain controlled
homeotropic alignment in thin films chemisorption method was used to deposit Pc (6) for
device applications. A device with spin cast Pc (6) was used as a reference cell. C60 and
BCP were vacuum deposited in all applications.
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Photovoltaic devices were fabricated on 1″ X 1″commercially available indiumtin-oxide coated glass substrate. After the standard solvent cleaning procedure (Ref
Chapter 2), the ITO was treated with oxygen plasma for 15 minutes. For a set of devices,
plasma treated ITO was soaked in 10-6 M Pc (6) solution in CHCl3 for direction
adsorption of Pc molecules onto ITO and then annealed in vacuum at 120°C for 1 hour.
For the other set of devices, plasma cleaned ITO was spin coated with a thin layer of
conducting polymer, PEDOT: PSS and then Pc (6) was adsorbed from 10-6 M solution
onto PEDOT:PSS for 12 hours, followed by annealing at 120°C in vacuum. Then C60 and
BCP were deposited in vacuum with a base pressure of about 10-7 torr. Prior to
deposition, both C60 and BCP were purified three times by thermal gradient sublimation.
A C60 layer of 40 nm was deposited over the Pc layers followed by 10 nm of BCP layer.
Finally, 100 nm Al cathode was deposited through a shadow mask to define 20 devices
with circle shaped active area of 0.019cm2.
Device testing was performed in a nitrogen filled glove box at room temperature.
The current – voltage curves were obtained with a Keithley 2400 Source Meter while
scanning the voltage from +1.5 to -1.5V. Photocurrent was measured under AM 1.5G
solar illumination at 100 mW / cm2 (1 sun) simulated with 250 W Quartz Halogen lamp.
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6.2.1

ITO / Pc (6) / C60 / BCP / Al

Figure 6.2 Schematic illustration of the device configuration of ITO / Pc (6) / C60 / BCP /
Al device.

The photovoltaic devices made directly on ITO did not perform well in either
dark or when illuminated. A large leakage current was observed in most of the devices.
We believe that this leakage is because of pin holes or imperfections in the Pc film. As
observed in the AFM image (Chapter 4), adsorption of Pc resulted in a discontinuous
coverage on ITO no matter how long the adsorption takes place. Therefore, devices were
made on PEDOT: PSS modified ITO.

6.2.2

ITO / PEDOT: PSS / Pc(6)-Chemisorbed / C60 / BCP / Al
The current density-voltage plot and the semi log plot of this device are given in

Figures 6.4 and 6.5, respectively. In dark, the devices showed a good diode like behavior
and when illuminated with 100 mW power, shot circuit current of 2 mA/cm2 was
observed with 0.3 V open circuit voltage, which resulted in ~ 0.5 fill factor. The Pc films
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used in these devices were chemisorbed from dilute solution, where Pc molecules are
homeotropically aligned.

Figure 6.3 Schematic illustration of the device configuration of ITO / PEDOT: PSS / Pc
(6) / C60 / BCP / Al device.

6.2.3 ITO / PEDOT: PSS / Pc(6)-Spincast / C60 / BCP / Al
In this device, Pc molecules were deposited by spin coating 0.1 mM Pc (6)
solution on PEDOT: PSS modified ITO. Due to the fast solvent evaparization, molecules
in this film take random orientation (Ref Chapter 4). This device serves as a reference
device to compare the impact of homeotropic ordering in device performance.
Figures 6.6 and 6.7 show the dark and illuminated current density – voltage
characteristic of this device. A significant decrease in short circuit current was observed
in this device when compared to the device with ordered molecules. We suppose that
carrier mobility through the disordered molecules is limited, which causes a reduction in
the short circuit current.
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Figure 6.4 Current density – voltage plot of ITO / PEDOT: PSS / Pc(6) / C60 / BCP / Al,
device with homeotropically aligned Pc (6) molecules. (Blue – dark current; Pink – when
illuminated with 100 mWcm-2 power).
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Figure 6.5 Semilog plot (log J vs V) of ITO / PEDOT: PSS / Pc(6) / C60 / BCP / Al,
device with homeotropically aligned Pc (6) molecules. (Blue – dark current; Pink – when
illuminated with 100 mWcm-2 power).
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Figure 6.6 Current density – voltage plot of ITO / PEDOT: PSS / Pc(6) / C60 / BCP / Al,
device with random Pc (6) molecules. (Blue – dark current; Pink – when illuminated with
100 mWcm-2 power).
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Figure 6.7 Semilog plot (log J vs V) of ITO / PEDOT: PSS / Pc(6) / C60 / BCP / Al,
device with random Pc (6) molecules. (Blue – dark current; Pink – when illuminated with
100 mWcm-2 power).

.
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Figure 6.8 Current density – voltage plot of ITO / PEDOT: PSS / Pc(6) / Pc(5) / C60 /
BCP / Al, device with homeotropically aligned Pc (6) molecules and an additional Pc
layer with Pc (5) molecules. (Blue – dark current; Pink – when illuminated with 100
mWcm-2 power).
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Figure 6.9 Semi log (log J vs V) plot of ITO / PEDOT: PSS / Pc(6) / Pc(5) / C60 / BCP /
Al, device with homeotropically aligned Pc (6) molecules and an additional Pc layer with
Pc (5) molecules. (Blue – dark current; Pink – when illuminated with 100 mWcm-2
power).
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6.2.4

ITO / PEDOT: PSS / Pc(6) / Pc(5) / C60 / BCP / Al
In this device, an additional pthalocyanine layer was incorporated between the Pc

(6) layer and C60 with the intention of increasing the photocurrent by increasing the
absorption with additional Pc (5) layer. This phthalocyanine, referred as Pc (5), is similar
to the structure of Pc (6) with the exception of hydrogen bonding amide groups in the
side chains (Ref Chapter 1). The Pc (5) showed very good solubility and absorption
properties in CHCl3 versus Pc (6). In this device, Pc (6) was used as a template for the
alignment of Pc (5).

Figure 6.10 Schematic illustration of the device configuration of ITO / PEDOT: PSS / Pc
(6) / Pc (5) / C60 / BCP / Al device.

The photovoltaic performance of this device is given in Figures 6.8 and 6.9. A
short circuit of 1.3 mA/cm2, open circuit voltage 0.5 V, and fill factor 0.37 were resulted
form this device. As we expected, increase in photocurrent was not observed, though
Pc(5) have good absorption coefficient but an increase in the open circuit voltage was
noticed with the addition of Pc (5). However, the fill factor reduced to 0.37 in this device.
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6.3 Performance Evaluation and Comparison

Table 6.1 Photovoltaic Performance of Devices

Device

Jsc

Voc

Fill

(mA/cm2)

(V)

Factor

ITO/PEDOT:PSS/Pc(6)/C60/BCP/Al – chemisorbed

2.00

0.30

0.49

ITO/PEDIT:PSS/Pc(6)/C60/BCP/Al – spin coated

0.25

0.20

ITO/PEDOT:PSS/Pc(6)/Pc(5)/C60/BCP/Al

1.30

0.50

0.37

Photovoltaic performances of the three types of the cells are shown in Figure 6.11
and the results are tabulated in table 6.1. Though high current was observed in C-AFM
through the Pc (6) layers directly deposited on ITO, satisfactory device performance was
not attained due to the imperfections and discontinuity in the film. Use of conducting
polymer, PEDOT: PSS between the Pc layers and ITO found to resolve this problem.
Several reports suggest use of spin-coated PEDOT: PSS on ITO for improved cell
efficiency.23-25 PEDOT: PSS also found to facilitate the homeotropic alignment of Pc (6)
through hydrogen bonding interactions with the sulfonyl groups of the PEDOT: PSS
(Chapter 4). Further, hydrogen bonding interactions between the molecules and polymer
are found to enhance the charge carrier mobility and thus the conductivity of the polymer,
caused by conformational changes in the polymer backbone as a result of hydrogen
bonding interactions.35-37
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Figure 6.11 Current density – voltage plot of the three devices when illuminated with
100 mWcm-2 power. Green – devices with spin-coated Pc (6) layer, blue - devices with
chemisorbed Pc (6) layer, red – devices with chemisorbed Pc (6) layer and a Pc (5) layer.
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Though both devices had comparable Pc (6) layer thickness, a better device
performance was observed in the devices with chemisorbed Pc (6) layers than that of the
devices with spin-coated Pc (6) layers. Layer-by-layer growth and homeotropic
alignment in chemisorbed films of Pc (6) on PEDOT: PSS modified ITO was
characterized in Chapter 4. Spin coating of Pc (6) results in less ordered Pc aggregates
due to fast vaporization of solvents. It is therefore understood that the observed high short
circuit current in the devices having homeotropically aligned Pc (6), is the result of
improved exciton diffusion and/or carrier mobility through the ordered molecules in the
Pc layers. We suppose that the disordered molecules in the spin coated film complicates
these two processes thus shows increased series resistance and current leakage in high
voltages.
Addition of another Pc layer in the device was expected to increase the short
circuit current as a result of increased carrier density caused by increased absorption.
Short circuit current of the device is primarily controlled by carrier mobility and carrier
density. However, slight reduction in short circuit current was observed upon addition of
Pc (5) layer, which we believe, because of limited exciton diffusion caused by increased
layer thinckness. Though short circuit current was lessened in this device, a significant
increase in the open circuit voltage was observed with the addition of Pc (5) layer,
probably due to the change in the energy levels of the materials. The difference in the
HOMO of the donor and the LUMO of the acceptor materials mainly determine the open
circuit voltage of the device.
Yoo

et

al.

reported

a

similar

PV

device

with

the

structure

of

ITO/CuPC/C60/BCP/Al, utilizing a slightly different spin coated Pc derivative.38 This
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device exhibited a short circuit current density of 0.42 mA/cm2 and an open circuit
voltage 0.39, under light illumination of 46 mW/cm2. The authors report an improved
device performance with annealed Pc films due to improved molecular order. However,
the devices we made with chemisorbed Pc (6) layers shows a twofold increase in the
short circuit current compare this device. This observation again can be credited to the
improved molecular order with homeotropic alignment accomplished with the hydrogen
bonding Pc (6) derivatives in the chemisorbed film.
A few other researchers recently focused on the homeotropic alignment of
discotic molecules as a way to improve the efficiency of OPVs, yet obtain significantly
deficient performances than what we observed with the hydrogen bonding Pc (6).23, 30, 33
Schemidtke recently reported an improved external quantum efficiency and open-circuit
voltage (0.70 V) in ITO/ PEDOT: PSS/ HBC-C12: EPPTC blend/ Al device.23 In this
device the authors handled an annealing method, annealing while in conformal contact
with a flat PDMS stamp, to enhance the vertical stratification of the molecules. Another
device report by Schmidt-Mende and coworkers, was made by spin coated blends of
homeotropically aligned hexaphenyl-substituted hexabenzocoronene (HBC) derivative
and perylene, in which a lower short circuit current (33.5 μA/cm2) was observed with an
open circuit voltage of 0.69 V at 0.47 mW/cm2 illumination power.30 The photovoltaic
performance of this device was limited by small absorption by HBC and by a saturation
of the photocurrent at light intensities higher than 1 mW/cm-2.
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6.4 Conclusion
In general, efficiency of a solar cell can be improved by maximizing both the short
circuit current and open circuit voltage or at least either one of these two parameters. The
maximum value of the open circuit voltage of a device is fixed, which is determined by
the energy offset between the HOMO and LUMO of the donor and acceptor materials.
Therefore, the best way to increase the efficiency is maximizing the photo generated
current density (Jsc) as much as possible. The major contributors to the photo generated
current density of a device are density of the carriers and the mobility of the carriers in
the organic layers (Jsc = n e μ E).
The results presented here show how, in principle, the photo generated current of a
device can be enhanced by improving the molecular order in thin films. Based on the
performances of the devices with spin-coated Pc (6) layer, and chemisorbed Pc (6) layer,
it is evidenced that homeotropically aligned molecules in the chemisorbed layer lead to
higher photo generated current as a consequence of efficient charge and exciton transport
in a perpendicular direction between electrodes through strong electronically coupled
neighboring molecules in the self-assembled hydrogen bonding Pc molecular columns.
The demonstrated molecular architecture and processing techniques to built
homeotropic alignment of the molecules for device applications hold promise of efficient
low cost solar cells. However, further optimization to create thick layers with ordered
molecular arrays could prove this route to be a way to built efficient solar cells based on
discotic organic molecules.
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CHAPTER 7
CHARACTERIZATION OF THE ANGULAR ORIENTATION DISTRIBUTION
OF DISCOTIC MOLECULES IN THIN FILM ASSEMBLIES: COMBINATIONS
OF POLARIZED TRANSMISSION AND REFLECTION-ABSORPTION
INFRARED SPECTROSCOPIES

7.1 Introduction
Discotic molecular assemblies continue to show great potential as molecular
electronic materials, owing to their tendency to form coherent linear aggregates, with
strong overlap of adjacent molecular cores, providing for high charge mobilities along the
rod-like aggregate axis.1-19 In applications where these linear aggregates are formed with
the rod axis parallel to the substrate plane, such as would be required for organic field
effect transistors (OFET),9,

13, 15, 16, 20, 21

it is apparent that the microstructure in these

films, as evidenced by the tilt angles of the discotic building blocks in these aggregates,
will play a role in determining charge mobilities.

5, 6, 17, 22

Since the arene-arene

interactions, which control hopping of charges between discotic centers, are strongly
affected by even small changes in tilt angles and the atomic positions of atoms in
adjacent molecules, 5, 17, 22, 23 it is essential to have ways of determining these tilt angles,
and their angular distributions, on substrates which model those used in OFETs and
related technologies.
It has been recently shown that the dichroism in the visible absorbance spectra of
discotic assemblies, especially those based on octa-alkoxy or octa-thioether
phthalocyanines,12-14 can be used to determine order parameters related to the tilt angles
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of the chromophores, provided that polarized light is used on waveguide substrates which
allow interrogation of absorbance dichroism both parallel to, and perpendicular to, the
long axis of the rod-like aggregate thin films.24 The majority of those studies were
focused on 2,3,9,10,16,17,23,24-Octakis((2-benzyloxy)ethoxy)phthalocyaninato copper
(II) (abbreviated as CuPc(OCH2CH2OBz)8, Pc (1) (Figure 1) which forms coherent linear
aggregates, transferred as Langmuir-Blodgett films to a variety of substrates, without loss
in film coherence.25
Infrared absorbance dichroism can also be used to characterize these thin films,
but in this case we seek distinct vibrational bands, and preferably those whose transition
dipoles are either in the molecular plane (e.g. the C-O-C stretch, νC-O-C) or perpendicular
to the molecular plane (e.g. δC-H) of the Pc core. 13, 15, 25, 26 These earlier studies showed
the necessity to combine both reflection-absorption measurements (RAIRS) on gold
substrates and transmission measurements on IR-transparent silicon to determine Pc
orientation. As will be shown here, these earlier attempts to estimate the tilt angle of the
individual molecules made simplifying assumptions, based on previous studies of linear,
rather than discotic molecular systems,

27-29

which may be problematic for a full

description of the structure of a discotic molecular assembly thin film.
In this chapter, we present a protocol to determine the angular orientation of
surface confined discotic molecules in ordered thin-film assemblies through a
combination of polarized reflection absorption infrared spectroscopy (RAIRS) and
polarized transmission infrared (IR) spectroscopy. We focus here on the determination of
the orientation of side chain modified disk-like phthalocyanine molecules that selforganize to form parallel columnar aggregates in Langmuir-Blodgett (LB) films. This
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work complements and follows on previously published work (Langmuir (2005), 21,
360-368) where we used the visible absorbance dichroism in similar assemblies to
determine tilt angles of discotic molecules. We chose thin films of Pc (1) to serve as the
model system in this study since its microscopic and macroscopic film structure has been
well characterized by a combination of spectroscopies, X-ray diffraction, and atomic
force microscopy,

12-14, 24, 25, 30

although in theory any discotic molecule with distinct in-

plane and out-of-plane IR transitions could be the target for such an investigation. For Pc
molecules with D4h symmetry, rotation about the molecular axis α (Figure 2) gives the
same spectroscopic results, and thus forms an optically circular absorber. Information on
angular orientation of the discotic molecule through order parameters associated with the
tilt angle, θ, (angle between molecular axis and the sample normal) and the twist angle,
Φ, (rotation about the sample surface normal) are the focus of these studies.
The approach described here is applicable to all disk-like molecules that possess
distinct in-plane or out-of-plane IR transitions. Molecular orientation is determined by
comparison of absorbance intensities that are measured using i) a RAIRS spectrum of the
thin-film material on a gold surface, ii) transmission spectra taken at two different
polarizations of the thin film material on an IR-transparent silicon substrate, and iii) a
transmission IR spectrum of an isotropic sample. We chose two distinct IR transitions of
this molecule (a C-O-C “in-plane” stretch, νC-O-C, and a C-H out-of-plane bend, δC-H)
which we initially assume are orthogonal to each other. The νC-O-C transition is modeled
as an in-plane circular dipole, and the δC-H transition is modeled as a linear out-of-plane
dipole. Formalisms are described which allow the determination of two independent
values for order parameters within the thin film using the dichroism in these transitions in
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all three IR spectra, assuming that the microstructure of these thin films is the same on
both the gold and silicon substrates. The spectra from the δC-H transition appear to best
describe the orientation of these molecules within the molecular assembly, in agreement
with earlier visible absorbance and X-ray diffraction studies. The preferential alignment
of the δC-H transition is parallel to the substrate, arising from Pc molecules which are
nearly upright, edge-on to the substrate plane. The approach described here provides a
means of complete description of the tilt angles of the monomer building blocks in any
discotic assembly in thin film formats, where distinct in-plane and out-of-plane optical
transitions are available.
Although several previous reports have described infrared spectroscopic methods,
using polarized light sources, to determine the orientation of molecules on surfaces, very
few have addressed discotic molecules.26,

28, 31

Of the studies involving discotic

molecules, assumptions were made to simplify the system, leaving only a single order
parameter to be determined.

Debe considered the use of reflection absorption IR

spectroscopy (RAIRS) to study the ordering of vacuum deposited hydrogen Pc (H2Pc),
but this treatment only applies to molecules with D2h symmetry,28 and cannot be used for
molecules with D4h symmetry, the symmetry of most metal substituted phthalocyanines.
Also, since data was only obtained in the RAIRS geometry, they could only assign a tilt
angle of the molecules away from the surface normal. Sauer et. al. used polarized
transmission IR spectroscopy to determine the orientation of polymeric silicon
phthalocyanines (linked by central O-Si-O-Si bonds – PcPS) on IR-transparent
substrates.26 The O-Si-O-Si backbone of PcPS forces the Pcs in the polymer chain into a
perpendicular orientation with respect to the surface, and since they are also
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perpendicular (on average) to the PcPS column axis, only the direction of the column was
left to be determined.26 For the Pc molecules in the LB films studied here there is no a
priori justification for the assumption above. To fully define the order parameters of a
surface-confined discotic molecule, spectroscopic measurements of absorbance dichroism
must be made in three different directions with respect to the laboratory frame of
reference.
The protocol we use here combines a polarized transmission experiment, which is
performed at a normal angle of incidence on an IR-transparent substrate, and a RAIRS
experiment, which is made at a high angle of incidence on a highly reflective (gold)
substrate. We assumed that the molecular assembly adopts the same macroscopic and
microscopic orientation on both substrates, since similar surface modifications are used
for each substrate, and these Pc films tend to be quite coherent, with similar structures, on
both substrates.13,14

By employing both polarized transmission IR and RAIRS

experiments, the electric field component of the incident radiation can be produced along
each of these axes to probe vibrational transitions in these directions (Ez in the RAIRS
experiment and Ex and Ey in the transmission experiment). In addition, spectra of an
isotropic sample, sample molecules dispersed in KBr pellets, were used to determine
relative strengths of the transition dipoles. Pc (1) is initially modeled as having a
circular, in-plane vibrational dipole and an out-of plane vibrational dipole which is
perpendicular to the circular dipole. By addressing two distinct transitions, measured
simultaneously, two independent probes of molecular orientation result, which
subsequently allow us to check the consistency of the model proposed.
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Figure 7.1 – (A) Schematic view of Pc 1, showing the in-plane νC-O-C and out-of-plane δC-H
transitions; (B) schematic view of the rod-like aggregates formed from this type of discotic
material (see AFM images in References 13 and 24), showing the distinct rod axis, parallel to the
compression direction on the LB trough; (C) the laboratory coordinates and the electric field
vectors produced by transmission and (D) RAIRS experiments in relation to the Pc column
aggregate axis. In both experiments the substrate plane is defined as the x-y plane with the
column axis defined as the x-direction. Infrared transitions with components along the x- and yaxes are probed in the transmission experiment, while transitions with components along the zaxis are probed in the RAIRS experiment.
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In order to validate our theory, we apply theses calculations to thin films of Pc (1) that
were prepared in two different methods, LB films and spin cast films, both of which are
expected to have slight variation in molecular ordering.

Figure 7.2 Schematic illustration of the possible angular rotations in a disk-like
molecule. The molecules exhibit a tilt away from the substrate plane (θ) (or the tilt
angle between the sample normal and the normal to the molecular plane), a twist
about the surface normal (φ), and a rotation about the normal of the molecular
plane (α).
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7.2 Theory
Schematic drawings showing the lab coordinate axes and the geometry for the
reflection and transmission experiments are shown in Figures 7.1 and 7.2. Films of the
Pc (1) molecules were deposited so that the Pc rod axis was parallel to the LB trough
compression barrier axis13, 25 which was defined as the x-axis. The stiff nature of these
films, horizontally transferred to the substrate, makes it possible to assume equivalent
orientations on both silicon and gold substrates. The x-y plane defines the substrate
plane, with the z-axis normal to the substrate.

In the transmission experiment, the

incident IR beam (Figure 7.1d) was perpendicular to the substrate (normal incidence) and
could be polarized along either the x- or y-axis. The incident IR beam in the reflection
experiment (Figure 7.1d) is incident at 80° from the sample normal. The incident beam
in the RAIRS experiment was p-polarized.
We first consider a system with in-plane (“in”) and out-of-plane (“out”) transition
bands. The strength of each dipole squared is equal to the sum of the squares of the
strength of this dipole along each of the coordinate axes:

μ in2 = μ x2,in + μ y2,in + μ z2,in

(1)

2
μ out
= μ x2,out + μ y2,out + μ z2,out

(2)

where μ2i,in and μ2i,out are the in- and out-of-plane dipoles along the i-axis, and the
brackets indicate the ensemble average over the sample region probed by the optical
beam. We define the ratio:

μ in2
f ≡ 2
μ out

(3)
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where f is the absorbance ratio determined from transmission measurements made for an
isotropic sample (powders of the Pc (1) in a KBr pellet.
The transmission measurements for thin films of the Pc on IR-transparent silicon
allow the absorbance of both transitions along the x- and y-axes to be measured. The
absorbance from the in-plane transition band along each of these axes can be expressed as
follows:
Ax ,in = μ x2,in E tr2

(4)

Ay ,in = μ y2,in E tr2

(5)

E2tr is the strength of the electric field in the transmission experiment. Similarly, the
absorbance due to the out-of-plane transition band can be expressed as:
Ax ,out = μ x2,out E tr2

(6)

Ay ,out = μ y2,out E tr2

(7)

In the RAIRS measurement the electric field in the thin-film sample close to the metal
surface is essentially along the z-axis and the absorbance of the in-plane and out-of-plane
transition bands are described by the following:
Az ,in = μ z2,in E z2

(8)

Az ,out = μ z2,out E z2

(9)

Then by combining Equations (4) and (5):
Ax ,in + Ay ,in =

{μ

2
x ,in

+ μ y2,in

}E

2
tr

(10)
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and combining Equations (6) and (7):

{

Ax ,out + Ay ,out = μ x2,out + μ y2,out

}E

2
tr

(11)

We next define the term g:
Ax ,in + Ay ,in

g≡

(12)

Ax ,out + Ay ,out

and then consider Equations (1), (10), and (11) into (12), to arrive at the following
expression:

μ x2,in + μ y2,in

g=

=

μ x2,out + μ y2,out

μ in2 − μ z2,in

(13)

2
μ out
− μ z2,out

By substituting Equations (3), (8), and (9) into (13):

f μ
g=

2
out

−

Az ,in
Az ,out

μ

f −

2
z ,out

2
μ out
− μ z2,out

=

2
Az ,in μ z ,out

Az ,out

1−

2
μ out

μ z2,out

(14)

2
μ out

We then define a parameter h:

h≡

Az ,in

(15)

Az ,out

And reorganization of Equation (14) gives:

μ z2,out
μ

2
out

=

f −g
h−g

(16)
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and

μ z2,in
μ

⎛ f −g⎞ h
⎟⎟
= ⎜⎜
⎝ h−g ⎠ f

2
in

(17)

Now, by using Equations (1) and (17)

μ x2,in + μ y2,in + μ z2,in
μ in2
μ x2,in
μ

2
in

+

μ y2,in
μ

2
in

=

μ x2,in
μ in2

+

μ y2,in
μ in2

+

μ z2,in
μ in2

=1

⎛ f −g⎞ h
⎟⎟
= 1 − ⎜⎜
⎝ h−g ⎠ f

(18)

(19)

By defining an absorbance ratio for the in-plane transitions:

Rin ≡

Ay ,in
Ax ,in

=

μ y2,in

(20)

μ x2,in

then

μ x2,in
μ

2
in

μ x2,in
μ

2
in

μ y2,in
μ

2
in

+

Rin μ x2,in

μ

2
in

⎛ h − f ⎞⎛ g ⎞
⎟⎟⎜⎜ ⎟⎟
= ⎜⎜
⎝ h − g ⎠⎝ f ⎠

(21)

⎛h− f ⎞ ⎛ g ⎞ ⎛ 1
⎟⎟ ⎜⎜ ⎟⎟ ⎜⎜
= ⎜⎜
⎝ h − g ⎠ ⎝ f ⎠ ⎝ 1 + Rin

⎞
⎟⎟
⎠

(22)

⎛ h − f ⎞ ⎛ g ⎞ ⎛ Rin
⎟⎟ ⎜⎜ ⎟⎟ ⎜⎜
= ⎜⎜
⎝ h − g ⎠ ⎝ f ⎠ ⎝ 1 + Rin

⎞
⎟⎟
⎠

(23)

Similarly by defining an absorbance ratio for the out-of-plane transitions:
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Rout ≡

Ay ,out
Ax ,out

=

μ y2,out

(24)

μ x2,out

then, from Equations (2) and (16)

μ x2,out
μ

2
out

μ x2,out
μ

2
out

μ y2,out
μ

2
out

+

Rout μ x2,out

μ

2
out

⎛ f −g⎞
⎟⎟
= 1 − ⎜⎜
⎝ h−g ⎠

(25)

⎛h− f ⎞ ⎛ 1
⎟⎟ ⎜⎜
= ⎜⎜
⎝ h − g ⎠ ⎝ 1 + Rout

⎞
⎟⎟
⎠

(26)

⎛ h − f ⎞ ⎛ Rout
⎟⎟ ⎜⎜
= ⎜⎜
⎝ h − g ⎠ ⎝ 1 + Rout

⎞
⎟⎟
⎠

(27)

Equations 16, 17, 22, 23, 26, and 27 relate the strength of a dipole along one particular
axis (the ratio between the average of the squared dipole projections along a coordinate
axis and the squared total dipole strength) to experimentally measured parameters. Once
a model relating the geometry of these dipoles to each other and to the molecular
structure is defined, these expressions lead to the desired orientation information.
In proposing a model for the phthalocyanine molecule, we have made three
assumptions: i) a circular dipole, μin, arises from the eight υ

(Pc-O-C, ip)

stretching

vibrations, distributed about the Pc core, ii) there is a linear dipole, μout due to the
vibration of aromatic hydrogens (δ (ring C-H, op)) attached directly to the Pc core, and iii)
these dipoles are perpendicular to each other.
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Then we can write:
⎛ μ x ⎞ ⎛ cos φ
⎜ ⎟ ⎜
⎜ μ y ⎟ = ⎜ sin φ
⎜μ ⎟ ⎜ 0
⎝ z⎠ ⎝

− sin φ
cos φ
0

0
0 ⎞⎛ 1
⎟⎜
0 ⎟⎜ 0 cos θ
1 ⎟⎠⎜⎝ 0 sin θ

⎞⎛ cos α
⎟⎜
− sin θ ⎟⎜ sin α
cos θ ⎟⎠⎜⎝ 0
0

− sin α
cos α
0

⎛ μ in
⎞
⎜
⎟
2⎟
0 ⎞⎜
⎟ μ
⎟
0 ⎟⎜ in
2
⎜
⎟
1 ⎟⎠⎜ μ out ⎟
⎜
⎟
⎝
⎠

(28)

from which the following equations result when the expressions are integrated over 0 to
2π in α (circular dipole).

μ x2,in
μ

2
in

μ y2,in
μ

2
in

μ z2,in
μ

2
in

μ x2,out
2
μ out

μ y2,out
2
μ out

μ z2,out
2
μ out

=

1
2

{ cos

2

φ + sin 2 φ cos 2 θ

}

(29)

=

1
2

{ sin

2

φ + cos 2 φ cos 2 θ

}

(30)

=

1
sin 2 θ
2

(31)

= sin 2 φ sin 2 θ

(32)

= cos 2 φ sin 2 θ

(33)

= cos 2 θ

(34)
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Thus for the model employed here, the in-plane transition dipole components ( μ i2,in )
can take on values between 0 and 0.5 while the out-of-plane components ( μ i2,out ) can
range from 0 to 1.

From Equation (32):

μ x2,out
μ

2
out

(

= sin 2 φ sin 2 θ = sin 2 φ 1 − cos 2 θ

)

= sin 2 φ − sin 2 φ cos 2 θ

= 1 − cos 2 φ − sin 2 φ cos 2 θ

which combined with Equation (29) gives:

sin 2 φ sin 2 θ =

μ x2,out
2
μ out

= 1−

2 μ x2,in

(35)

μ in2

From Equation (33):

μ y2,out
μ

2
out

(

= cos 2 φ sin 2 θ = cos 2 φ 1 − cos 2 θ

)

= cos 2 φ − cos 2 φ cos 2 θ

= 1 − sin 2 φ − cos 2 φ cos 2 θ

which combined with Equation (30) gives:

cos φ sin θ =
2

2

μ y2,out
2
μ out

= 1−

2 μ y2,in

μ in2

(36)
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From Equation (34):

μ z2,out
2
μ out

= cos θ = 1 − sin θ = 1 −
2

2

2 μ z2,in

μ in2

which combined with Equation (31) gives:

cos θ =
2

μ z2,out
2
μ out

= 1−

2 μ z2,in

μ in2

(37)

In Equations (35)-(37) the molecular orientation parameters (left hand side) can
be calculated either by the out-of-plane transition or by the in-plane (circular) transition.
Therefore, if the assumptions above are correct, both results should agree, within
experimental uncertainties.
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7.3 Molecular Orientation in LB Film
Figure 7.3 shows both the transmission and RAIRS spectra for Pc (1). Figure
7.3a shows the transmission spectrum for the isotropic powder of Pc (1) in a KBr pellet.
Figures 7.3c and 7.3d show the transmission spectra for a thin film of Pc (1) on surface
modified IR-transparent silicon, while Figure 7.3b shows the RAIRS spectrum for the
same thickness Pc (1) films on modified Au. Although there are clear changes in the
relative intensity of several peaks, we have focused mainly on two peaks which are
assumed to have transition dipoles perpendicular to each other, both of which are marked
with a ‘ * ‘ in Figure 7.3. We use the absorbance υ(Pc-O-C, ip) at 1284 cm-1 as the in-plane
transition and δ(ring, C-H, op) at 745 cm-1 as the out-of-plane transition. The narrow peak at
745 cm-1 is overlapped with another transition whose contribution is removed by
subtraction followed by base-line fitting to isolate the out-of-plane transition.
As expected for highly ordered Pc rods made up of Pc disks with a nearly upright
orientation (with respect to the substrate plane) the transmission spectra show a strong
and complementary dichroism in both the υPc-O-C and δC-H bands, while the RAIRS
spectra, using a polarized excitation source, show very little intensity in the background
corrected δC-H band, versus the isotropic sample, and a high υPc-O-C intensity. As has been
noted previously, this result confirms the small extent of projection of the δC-H transition
dipole onto the z-axis.
These qualitative observations are confirmed quantitatively by calculating the
strength of transition dipole components along each of the coordinate axes (Equations 16,
17, 22, 23, 26, and 27). These ratios are summarized in Table 1 for both LB films of Pc
(1) and spin coated samples. Let us consider first the results for the LB films. The out-of
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Figure 7.3. IR spectra of films of Pc (1). The asterisks in the spectra indicate the inplane vibration at 1284 cm-1 and the out-of-plane vibration at 745 cm-1. The four spectra
show clear changes in relative intensity in the in-plane and out-of-plane peaks. (a)
transmission spectrum of Pc molecules dispersed in KBr pellet. (b) RAIRS spectrum of
four bilayers of Pc on gold. (c) & (d) transmission spectrum of four bilayers of Pc with a
polarizer. (c) polarizer oriented perpendicular and (d) polarizer oriented parallel to the
column axis. In all the spectra, absorbance is plotted against wave number (cm-1).
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plane δC-H dipole of the molecular mesophase is strongly aligned with the x-axis (

= 0.74) with a small component along the other in-plane direction (

negligible component along the z-axis (

μ z2,out
2
μ out

μ y2,out
2
μout

μ x2,out
2
μ out

= 0.23) and a

= 0.02). These values signify that the

out-of-plane dipole is preferentially distributed along the x-axis and the molecular plane
is standing nearly perpendicular to the substrate plane. The in-plane transition υPc-O-C

dipole strength is very weak along the x-direction (

confined and evenly distributed in the y-z plane (

μ x2,in

μ y2,in
μin2

μ in2

= 0.13), and is mainly

= 0.46 and

μ z2,in
= 0.41),
μin2

which again is quite consistent with an upright disk aligned in the y-z plane. The
agreement of the results above are quantified and tested in Table 7.2 where order
parameters are calculated using both the out-of- and in-plane transitions; although not
perfect, their satisfactory agreement reflects the consistency in our initial assumptions.
The results of the experiments described here can be compared with a similar
experiment done with a single bilayer Pc (1) film using Q-band absorbance dichroism in
an ATR geometry.24 These experiments resulted in values of 0.12 (± 0.04), 0.30 (± 0.08),
and 0.6 (± 0.1) for the dipole strengths in the x-, y-, and z-directions, respectively. The inplane x-component is almost the same for both the visible and infrared experiments, but
differences between the y- and z-components observed in the visible spectra are not
present in the infrared data. It should be pointed out that the visible ATR analysis
described previously requires a precise characterization of the film birefringence;24 that
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requirement is not needed in the RAIRS infrared data because only one Cartesian
component (the z component) appears in the analysis. Such a distinction may turn the
infrared approach described here less susceptible to additional experimental errors.

7.4 Molecular Orientation in Spin Coated Film
In order to further validate our methodology, we applied our theoretical approach
and assumptions to a spin coated sample. Unlike LB films, spin coating is expected to
result in less ordered molecular columnar aggregates in the sample plane (x and ycomponents) and we expect to get similar values of dipole strengths along those
directions. Our assumption is successfully confirmed in our results (Table 7.1) for both
in-plane and out-of-plane dipole strengths. The orientation distribution of the out-ofplane dipole in the spin coated sample along the z-direction (0.05) is similar to that which
was observed in the LB film (0.02) but it has almost equal amount of projections in both
x and y directions. This indicates, that, although the molecules are standing upright in the
spin cast film, they are not well ordered in the x-y plane. The in-plane transition of the
spin-coated film, besides showing the expected in-plane symmetry, has strength along the
z-component (0.40) in excellent agreement with the LB films (0.41)
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Table 7.1 Relative Transition Dipole Strengths

Dipole Strengths

LB Film

Spin Coated Film

μ x2,out

0.74 ± 0.009

0.46 ± 0.01

0.23 ± 0.008

0.49 ± 0.01

0.02 ± 0.006

0.05 ± 0.02

0.13 ± 0.02

0.31 ± 0.04

0.46 ± 0.06

0.29 ± 0.04

0.41 ± 0.07

0.40 ± 0.07

2
μ out

μ y2,out
2
μ out

μ z2,out
2
μ out

μ x2,in
μ in2

μ y2,in
μ in2

μ z2,in
μ in2
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Table 7.2 Comparison of In- and Out-of-Plane Transition Dipoles

Transition Dipoles

LB Film

Spin Coated Film

μ x2,out

0.74 ± 0.009

0.46 ± 0.01

0.74 ± 0.008

0.38 ± 0.02

0.23 ± 0.008

0.49 ± 0.01

0.08 ± 0.005

0.42 ± 0.02

0.02 ± 0.004

0.05 ± 0.02

0.18 ± 0.002

0.2 ± 0.05

2
μ out

Equation 35
sin 2 φ sin 2 θ
1−

2 μ x2,in

μ in2

μ y2,out
2
μ out

Equation 36
cos 2 φ sin 2 θ

2 μ y2,in

1−

μ in2

μ z2,out
2
μ out

Equation 37
cos 2 θ
1−

2 μ z2,in

μ in2
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7.5 Evaluation of the Assumptions
If our assumption that the transition dipoles for the υPc-O-C and δC-H vibrations are
perpendicular to each other is correct, then there should be a clear relationship between
the dipole components. These relationships were evaluated in quantitative terms by
comparing the results in equations 35-37 calculated with the in- and out-of-plane
transitions. The calculated results tabulated in Table 7.2, show a satisfactory agreement
with these expressions and therefore support our initial assumptions that the two
transition dipoles are almost perpendicular to each other. In addition, as stated in the
theory section, if the in-plane transition is a circular dipole, then the in-plane transition
components ( μ i2,in ) can take on values between 0 and 0.5 whereas if the out-of-plane
transition is a linear dipole, then its components ( μ i2,out ) can range from 0 to 1. These
conditions are well satisfied in our results and again show the consistency of the other
two assumptions.

7.6

Conclusion
We have developed a technique combining reflection and transmission infrared

spectroscopies to determine the relative dipole components along each of the laboratory
axes. The relative strength of this dipole along each of the laboratory axis showed that the
orientation of the Pc (1) molecules is upright in the LB film. Given the assessment of the
assumptions made in this approach and comparison of the results with our previous work
(Langmuir (2005), 21, 360-368), we suggest that this method, which probes specific
vibrational transitions at the molecular level, may be more reliable than approaches that
focus on absorbance spectra of extended aggregates, or X-ray diffraction or X-ray
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scattering studies that relay upon modeling of the thin film microstructure. These rigid
films of Pc (1) are an unusually convenient test material with which to evaluate each of
these approaches to the determination of molecular orientation.

Our results here

illustrate, however, that this approach should be applicable to study any ultra-thin film of
discotic molecules, where the individual mesogen possesses two distinct and
perpendicular transition dipoles.
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CHAPTER 8
CONCLUSION AND FUTURE DIRECTIONS

This dissertation has focused on the impact of molecular ordering in the photo
active layer on the performance efficiency of organic photovoltaic devices. Towards this
purpose, the work described here was extended from the design of a new phthalocyanine
molecular derivative as a donor material to its synthesis, characterization, device
fabrication, and testing of a complete photovoltaic device. This study reveals the
significance of molecular order on the ability to improve the device efficiency via
efficient exciton transport to the active interface and charge transports to the respective
electrodes. In view of the analysis and tests presented in this dissertation, conclusions to
the results, limitations, and suggestions for improvements are discussed below. Further
optimization of devices may allow for devices with greater solar conversion efficiency.

8.1 Molecular Architecture and Characteristics
The molecule of interest in this study was designed to have eight amide groups in
the side chains to facilitate the vertical columnar aggregation through hydrogen bonding
interactions incorporation with π-π interaction between the Pc cores.
As we anticipated, strong tendency for columnar aggregation through
intermolecular hydrogen bonding interactions were evidenced by NMR spectroscopy,
UV-VIS spectroscopy, powder X-Ray diffraction, and FTIR Spectroscopy. The
thermotopic properties of the molecules as analyzed by DSC, variable temperature XRD
and FTIR analysis also supports strong interactions between molecules.
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The results presented here proves that this elegant molecular design not only
stabilizes the columnar structure by intermolecular hydrogen bonding along the column,
but also aid in directing the molecules lie flat on substrates that provide hydrogen
bonding sites and also assist in “templating” the deposition of the layers to built a layerby-layer phthalocyanine architectures.
Although intermolecular interactions and layer-by-layer growth were successfully
stabilized by hydrogen bonding interactions, the main drawback of this molecular design
is its limited solubility. This molecule is only soluble in chloroform and toluene. Limited
solubility limits the choices of solvents for solution processing strategies and mostly
suppresses the molecular absorption in thin films. Since highly diluted solutions have
been employed in the thin film fabrication of the devices, the photocurrent generated by
theses device appear to have been limited by absorption behavior of this molecule in
devices.
In addition, contrary to other Pc derivatives, this molecular design led to loss of
liquid crystallinity due to the strong intermolecular interactions. If this was a liquid
crystalline molecule, post deposition film processing by thermal annealing could be used
to control the degree of crystallization in thin films and be expected to dramatically
influence the device performance.
In order to overcome the solubility problem, future studies need to be focused on
new designs and synthetic procedures of Pc derivatives. New phthalocyanine molecular
derivatives are currently being synthesized, the structure of the side chains of two new
derivatives are shown in Figure 8.1, where the molecules are designed to have hydrogen
bonding functional group in the side chains with long alkyl chains to improve the
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solubility. Preliminary characterization of the ‘new design-I’ shows very good solubility,
high molecular absorptivity and liquid crystallinity. However, further studies on the
microscopic ordering of these molecules in thin films has to be investigated, perhaps such
bulky side chains can introduce intracolumnar disorder in higher coverage films due to
steric crowding.

Figure 8.1 Proposed side chain structures to improve the solubility of hydrogen bonding
phthalocyanine derivatives.
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8.2 Homeotropic Alignment
The great success of this research project is the ability of aligning this molecules
homeotropically on surfaces, especially on ITO electrode, manipulating hydrogen
bonding interactions. To our knowledge, this is the first successful demonstration of
homeotropic alignment of a phthalocyanine derivative on a single ITO surface by a
simple solution processing method at room temperature. A systematic study and
understandings of the factors that control the self-organization of these molecules on
surfaces are the key findings in this research. Influence of solvent, concentration of the
solution, functional groups in the molecule, substrate-molecule interaction and moleculemolecule interaction were clearly investigated in this study.
The results presented here suggest that if interactions with the substrate material are
strong, however, and if deposition rates are low enough (prevent solvent vaporization) to
allow for molecule-substrate interactions to dominate over molecule-molecule
interactions, flat-lying monolayers of these discotic materials can be achieved. For
deposition of the second and subsequent monolayers of material, deposition rates need to
be low enough, and molecule-molecule interactions large enough, to allow for the
initially deposited monolayer to “template” the deposition of the second layer.
It was demonstrated that chemisoption method from very dilute solutions is the
proper approach to achieve control over the deposition of this Pc, and create well ordered,
layered structures, which AFM images suggest consist of layer planes separated by
multiple of 4-5Å and IR studies illustrate homeotropic molecular orientation in the layers.
In addition, quantized current through the Pc layers measured by conducting probe AFM
also provide solid evidence for well defined layered structure in thin films.
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However, limited solubility and strong aggregation of this molecule restrict very
low working concentrations for the formation of homeotropic alignment by
chemisorption method. In order to overcome the molecule-molecule interaction and to
facilitate substrate-molecule interaction, molecules were adsorbed from very dilute
solutions to form the homeotropic alignment. Though the chemisorption method is a very
simple solution processing approach, low working concentrations limit the thickness of
the layers to only ca. 15-20 nm, which weakens the absorption and questions the practical
applicability of this processing strategy for device fabrications.
Therefore future experiments should be focused to improve the thickness of the
film, by eliminating the factors that terminate the film growth or by using soluble Pc
derivatives. If the solubility of the molecule is substantial and the molecular aggregation
in solvent is minimal, then chemisorption can be done in concentrated solutions, which
can lead to thick films.
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8.3 Electrical and Charge Injection Properties
Nano-scale electrical properties of this molecule, studied by C-AFM signify
substantial electrical conductivity through this molecule compared to other p-type organic
molecules.1,

2

As a result of strengthened intermolecular overlap between electronic

orbitals on neighboring Pc molecules, guided by the subtle balance of hydrogen bonding
interactions and π – π interactions, optimal charge transport through the molecular
columns was achieved.
Besides the enhanced conductivity due to improved molecule-molecule
interactions, prefect substrate-molecule interactions, which originate form the
homeotropic alignment, led to significant decrease in contact resistance and interfacial
charge transfer barriers at the Pc-HOPG contact, as studied by the point contact
conducting probe AFM technique.
From the device prospective, it would be advantageous to know the Pc-ITO
contact resistance for further improvements of the electrical properties of ITO and device
performances. The point contact method applied here however, failed to determine the
Pc-ITO contact resistance, due to the electrical heterogeneity of the ITO surface.
However, this work will be the foundation for future approaches to determine the contact
resistance of organic molecules on ITO surfaces either by improving the point contact
techniques or by using new techniques. Kelvin Probe Force Microscopy has been used by
few researchers to study the nano-scale conductivity, in which electrostatic force
interaction between molecule and substrates is measured instead of current flow. Further,
this techniques allows to study the surface potential distribution of thin films and it can
also be employed to measure work functions of materials.3, 4
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8.4 Device Performance
From the experimental results of this study, the hydrogen bonding Pc derivative is
recognized as a promising candidate for organic photovoltaic applications in terms of
both structural and electrical properties. The device performances demonstrated here with
homeotrpically aligned Pc molecules and disordered Pc molecules, clearly show the
impact of molecular order on device performance. Enhanced photo current resulted from
the homeotropically aligned thin films are attributed to increased charge mobility in the
ordered Pc film caused by aligning the stacking axis of the molecular columns with the
desired direction of charge transport. Therefore, we propose that homeotropic alignment
of discotic molecules in devices is an elegant approach to overcome the exciton diffusion
‘bottleneck’ faced by the organic photovoltaic device community.
However, there is still scope for further improvements in the device performance.
First, the absorption of the Pc molecule used here is not adequate for the efficient
function of the device. Solution absorption is limited by solubility and strong aggregation
of the molecule. In addition, thick films couldn’t be formed, since the films used here
were made by chemisoprtion method from very dilute solutions to retain the molecular
order. Though thick films were made from concentrated solutions, homeotropic order
was not maintained throughout the film, which is an important limitation in practical
devices. Our attempt of using Pc (5) in order to increase the light absorption has been less
successful, possibly because of the inability to control the molecular order in the Pc (5)
layer. More work is required to reveal the limits of this approach.
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Future experiments should be directed to improve the light absorption of the
devices to increase the photocurrent. Basically this can be achieved by focusing on two
key issues:
(i)

enhancing light absorption of the photoactive layer.

(ii)

light management by strategic device architectures.

Phthalocyanine derivatives with extended absorption in the near IR region of the
sunlight spectra are currently under investigation by several researchers to enhance the
absorption of the photoactive layer in devices. Generally absorption of phthalocyanine
molecules is modulated by introducing peripheral substituents with functional groups of
different nature and/or sequential addition of fused benzene rings to the macro-cycles to
enhance the absorption at longer wavelength light regions.5
An attractive new route to improve the absorption is utilizing new nanocomposite
materials. Future work can be focused on the design of quantum dot - Phthalocyanine
(QD-Pc) conjugates to harvest the broad solar spectrum. Such new QD-Pc conjugates are
currently explored in the area of biomedicine as luminescent probes for imaging
applications and as photodynamic therapy agents for emerging cancer treatments.6-9
Some of these QD-Pc conjugates are illustrated in Figure 8.2. Silicon Pc interlinked to
CdSe and/or ZnS, Zinc Pc with CdTe and a few QD-porphyrins conjugates have been
reported in biomedical applications.10-17 However, so far, none of these QD-Pc conjugates
were used as light harvesting materials in photovoltaic applications.
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Figure 8.2 Some examples of quantum dot-phthalocyanine and quantum dot–porphyrin
conjugates used in bio medical applications. ((a) and (c) were reproduced by permission
of The Royal Society of Chemistry on behalf of the European Society for Photobiology
and the European Photochemistry Association, (b) J. Phys. Chem. B 2005, 109, 8679.
©2005 American Chemical Society).
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Figure 8.3 shows the design of a multiporphyrin modified CdSe nanoparticle
reported by Kang et al. as potential candidates for efficient solar energy conversion.18
Similar to this design, incorporating covalently linked Pc-CdSe conjugates in
photovoltaic devices are expected to produce significant photo current through efficient
light-harvesting by the nanoparticles, and photo induced energy transfer from the CdSe
nanoparticles to Pc. Quantum dots are currently explored for possible PV applications
owing to the tunability of the optical band gap via size dependant quantum confinement.
Combining the optical tunability of QD with the vast structural tunability of
phthalocyanines can stimulate a new generation nonocomposite photovoltaic material.

Figure 8.3 Molecular design of CdSe-Phopyrin conjugates, light harvesting
nanocomposite for photovoltaic applications. (Kang, S.; Yasuda, M.; Miyasaka, H.;
Hayashi, H.; Kawasaki, M.; Umeyama, T.; Matano, Y.; Yoshida, K.; Isoda, S.; Imahori,
H. Chemsuschem 2008, 1, 254. ©Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced
with permission).
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Aside from improvements in the photo active layer, light management in devices
is the other way to improve the light absorption. Tandem device, stacked multiple devices
in series, have been introduced as a general way to utilize large part of the solar spectrum
to improve the light absorption in devices.19-21
Further improvements in this device can be examined by incorporating a mixed
donor-acceptor layer in between the homogeneous donor and acceptor layers. Xue and
coworkers report that device efficiency can be improved as a means of possible efficient
exciton dissociation throughout the mixed layer in addition to the interfaces between the
mixed layer and the adjacent homogeneous layer.22
An additional means of improving the OPV devices can be accomplished by
reducing the sheet resistance of the ITO electrode (ca. 13 Ω/cm2) or finding alternative
materials to substitute the commonly used ITO. Modification of transparent conducting
electrodes with carbon nanotubes, conducting polymers, self assembled monolayer or
metal particles can be considered to improve the electrical conductivity of the ITO.23-31

The work described in this dissertation provides insight into the molecule design,
to the fabrication of photovoltaic device. Systematic studies on the organization of theses
phthalocyanine-based molecular material show how profound understanding of the
morphology at the nanometer-scale is needed in order to control the device performance.
The fundamental understandings of the chemical and physical features of this molecular
design shows promising arguments in concentrating on new phthalocyanine molecular
architectures and laid foundation for the incorporation ordered molecular arrays in
photovoltaic devices for the construction of efficient solar energy conversion.
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