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Abstract
The design of organic electronic devices is heavily dependent upon the orientation of the
molecular solid which influences the direction that charge carriers are able to traverse across the
π-system. In this work, thin films of copper phthalocyanine (CuPc) were deposited using thermal
deposition over SiO2 and CuI both substrates having demonstrated the ability to confer different
orientations onto thermally evaporated CuPc. A variety of scattering and spectroscopic
techniques were utilized to characterize the electronic, chemical, and crystalline structures of
CuPc to determine the effects that the substrates have over these structures when the molecule’s
self-assembly is altered. The findings in this study will be integrated into future works as
reference points and control studies in order to draw meaningful and direct connections between
MPcs that have differing electron affinity, transition metal cores, and functional groups as well
as multi-layers of various MPcs within unique heterojunctions.
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Chapter 1
Introduction and Background

1.1| Introduction
Organic semiconducting materials including polymers and small molecules have attracted
considerable attention for applications in flexible hybrid electronics due to ease processing, low
cost, and capability to be integrated via printing onto flexible substrates at low temperatures (<
150 oC).1–3 An additional advantage of organic semiconductors is that the opto – electronic
properties, including the absorbance and relative energy positions of the ground and optically
excited states, can be tuned via synthesis.4 Such promising attributes have enabled organic (“O”)
commericalized devices including light emitting diodes (OLEDs),5,6 field – effect transistors
(OFETs),1,2,7 and photovoltaics (OPVs).8–10
One of the main classes of organic semiconductors under is aromatic macromolecular
dyes such as porphyrins and phthalocyanines11–13 that can be grown into highly crystalline films
with tunable physical, chemical, and electronic properties. Fundamentally, charge transport in
organic semiconductors follow a charge hopping model (to be discussed below). In the hopping
regime, the hopping frequency and relative energetic differences between hopping sites is
effectively defined by the wavefunction overlap of the π – bond structure. 14–17 Thus, through the
hopping model, the mobility and conductivity of carriers is related to the intermolecular
spacings, π-orbital overlap and Van der Waals forces.
To maintain and even maximize the π-orbital overlap requires thin film deposition or
growth techniques that highly ordered, crystalline, molecular solids. Often, molecular solids have
anisotropic charge transport dependent upon the orientation of the orbital overlap. 18–20 The
13

highly crystalline structures have been reported to increase the mobility of charge carriers in
these materials by several orders of magnitude.9,19 The challenge with growing highly ordered
crystalline films is that there are often multiple energetically stable orientations that can be
adopted, principally stabilized through intermolecular interactions and the interactions with the
substrate. These various orientations of the final crystalline material are called polymorphs and
are favored by the weak molecular interactions which can change the growth mechanism of the
material and thus modify the properties of the film product. 21–23 It is due to polymorphism and
the tendency for the molecules to interact with each other and their surroundings that it is often
difficult to fully characterize them due to the lack of sufficiently large single crystals.
To meet this challenge, this effort targeted the control over the molecular assembly and
orientation, demonstrating the ability to selectively grow polymorphs of organic molecular
solids. A longer term goal is to co-deposit two molecules to understand underlying mechanism
associated with molecular doping, towards improving conductivity. The work described in this
thesis is the preliminary step in achieving this goal by single component films through thermal
evaporation and establishing control over the orientation of the film by employing templating
layers of either silicon dioxide (SiO2) or copper iodide (CuI). The use of CuI has been
documented in the literature as a templating agent for organic semiconductors deposited onto
substrates such as ITO and SiO2 in which it increases the surface energy of the substrate by
increasing the hydrophobicity of the surface (in other words, increasing the surface energy of the
substrate).24,25 This thesis focuses on the characterization studies of the thin films produced using
a suite of spectroscopic and scattering techniques that probe the chemical, electronic, and
physical structures to provide insight and context for future studies.
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1.2| Background
1.2.1| Conductivity in Organic Semiconductors – A Comparison with Inorganic Semiconductors
Organic semiconductors are conjugated molecules with highest occupied molecular orbitals
(HOMOs) and the lowest unoccupied molecular orbitals (LUMOs) comprised of delocalized π
electrons. The energetic distance that separates the two orbitals is called the band gap, and this
gap is tunable through chemical manipulation of the molecule. Organic semiconductors are
inherently insulating in nature in contrast to conventional inorganic semiconductors. The charge
carrier characteristics of organic semiconductors are subject to the same figures of merit as
inorganic semiconductors: mobility and conductivity, with the two intimately related by:

=

(1.1)

where σ is the electrical conductivity, e is the elementary charge, µ is the mobility, and the
concentration of charge carriers n. For reference, charge carriers in silicon have a mobility of
approximately 1400 cm2 V-1 s-1 for electrons and 450 cm2 V-1 s-1 for holes which puts the
conductivity of silicon to approximately 10-6 Ω-1 cm-1. For organic semiconductors, the mobility
of highly ordered molecular materials is approximately 1 cm2 V-1 s-1,which places the
conductivity on the order of 10-12 Ω-1 cm-1.26,27 In both cases, one assumes the intrinsic charge
carrier concentration is defined by Fermi statistics at room temperature.
Conductivity in organic semiconductors cannot be explained using the same theory and
rules as inorganic semiconductors. If silicon is used as a model inorganic semiconductor, the
individual silicon atoms are locked in a lattice with distinct delocalized valence and conduction
bands across the crystalline solid. Charge carriers can freely traverse the solid in all directions –
i.e. band transport. For organic semiconductors, the individual building blocks for the solid are
molecules that can chemically and electronically interact with each other. The electrostatic and
15

electrodynamic interaction of the molecules within the molecular solid is through Van der Waals
forces and quadrupole interactions that hold the molecules together in the π – structure, which
gives rise to anisotropic carrier transport for asymmetric molecules.
Many inorganic semiconductors have high dielectric constants which render coulombic
interactions between electrons and holes negligible and essentially free. This is not the case for
organic semiconductors in which the dielectric constant is much lower. 26,28 The charge diffusion
length can be increased by increasing charge separation to more than the coulombic radius,
changing the molecular stacking orientation or decreasing the distance between the molecular
sites. The molecular stacking orientation can be changed to ensure more preferential electrostatic
interactions between molecules.25,29

1.2.2| Charge Transport Mechanism
In organic semiconductors, the main transport levels are the HOMOs and LUMOs of the
individual molecules. The charge carrier mobility is influenced by conditions such as
temperature, molecular packing, carrier density, electric field, and disorder. 28 The charge
transport within organic semiconductors can be modeled on the microscale using Marcus theory.
Marcus theory sets a foundation for understanding and modeling the hopping of charger carriers
between localized states (from one molecule to the next). Under Marcus theory, electronic
interactions between two molecules are sufficient to facilitate electron transfer. The rate of
charge transfer also has a reorganization energy associated with it in which the surrounding
molecules must accommodate the effects of charge redistribution. The charge transfer time scale
is much faster than the time scale for surrounding molecule reorganization; it is these molecules
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that must vibrationally reorganize or relax that screen the charge – redistribution and compensate
for it.28,32
Organic semiconductors have been observed to undergo different transport mechanisms
when subjected to different operating temperature regimes. At low temperatures (< 100 K)
charge carrier mobilities decrease with increasing temperature and transport is facilitated through
a phonon scattering mechanism (similar to classical inorganic semiconductors). 33 Near room
temperature, the mean free path of the scattered charge carrier is at the same order of magnitude
as the intermolecular spacing and the charge transport is facilitated by a hopping mechanism.
The hopping mechanism or thermally assisted hopping mechanism involves the charge carrier
being coupled to a phonon creating a quasi-particle called a polaron. 19,30,34 The polaron is a high
energy particle that carries with it a geometric relaxation energy to the molecules, which must be
compensated through rearrangement within their lattice position. 30 This rearrangement in the
high-energy state lowers the activation energy necessary for the polaron to hop to the next
molecule. The initiator is the thermal energy that generated the phonon, thus as temperature
increases, the hopping contribution also increases until the temperature is theoretically sufficient
to dissociate the polaron, although it often exceeds the glass transition temperature. 30
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Figure 1.1: Distribution of transport levels along the solid that
the polaron (red sphere) can hop across.

The transport levels or molecular – based “highways” for carriers, are defined by the
energetic distributions of HOMOs and LUMOs, which deviate in space by the details of π –
stacking and intermolecular interactions. Effectively, each molecule’s HOMO or LUMO level
lies at a slightly different energy relative to its neighbors, a distinction that is not true to the same
extent in inorganic semiconductors. The anisotropic nature of the molecular solid forces the
polaron and any charges to move unilaterally, following the π – system. This method of transport
is a slower process than the delocalized band based transport seen in inorganic materials but can
be improved through the use of a highly ordered molecular solid and a preferred orientation of
the molecules. Molecules held by weak interactions are susceptible to interacting with substrates
of high surface energy thus to improve the mobility of charge carriers in organic semiconductors;
there must be control over the molecules as they are deposited onto a surface to ensure that there
are limited regions of disorder, different polymorphs or crystalline phases.
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1.2.3| Doping
In the case of tetravalent inorganic semiconductors, doping occurs by introducing pentavalent or
trivalent atoms into the lattice to increase the number of free carriers. Phosphorous and boron are
common dopants in silicon that are introduced during ingot processing and occupy vacancies
within the silicon lattice. Doping is much easier to carry out in inorganic semiconductors such as
silicon and germanium due to the strong covalent interatomic bonds and high dielectric
constants.
Given that organic semiconductors are generally insulating in nature, doping represents a
new paradigm to increase conductivity through increased carrier density. The difficulty in doping
organics can be traced to the large coulombic interactions between charge carriers and the
polaronic coupling between localized hopping sites. 35,36 The type of doping will affect which
frontier orbitals are injected with a charge carrier, similar to the concept seen in inorganic
semiconductors. Using a large energetic offset between matrix and dopant molecules, the HOMO
is injected with holes (oxidized) to achieve p – type doping and the LUMO is injected with
electrons (reduced) to achieve n – type doping. One approach is the cosublimination of a donoracceptor pair, tetracyanoquinodimethan (TCNQ) and tetrathiofulvalinium (TTF) in which the
resulting charge transfer complex was found to have a metallic – like temperature – dependent
conductivity that exceeds 105 Ω-1 cm-1 but is limited to a single axis.37,38 Another approach is
done by doping nickel phthalocyanine with oxidizing gasses such as iodine which was reported
to increase the electrical conductivity of these molecules significantly. A major challenge with
iodine – based dopants is the dopants have a tendency to diffuse which limits their usage in
devices.35,39,40
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Recent spectroscopic experiments were done to provide insight on how alkali dopants
influence the electronic structure of the phthalocyanines through changes to the occupied or
unoccupied structures in the form of new states or loss of states as well as the stability of the
system.35,41,42 Larger aromatic molecules such as the previously mentioned TTF – TCNQ system
have been demonstrated to have the most success if the donor-acceptor pair is energetically
compatible. There have been various combinations of donor-acceptor pairs that have been
investigated such as phthalocyanine – TCNQ or dicyano – dichloro – quinone (DDQ). The use of
perfluorinated molecules such as F4TCNQ and perfluorinated phthalocyanines have been studied
to create n – type organic materials.43–46 The effect of these dopants on the charge carrier density,
the population of the Fermi level, and device performance have not been investigated to their
fullest extent.35 Orientation based charge transfer has been studied by utilizing templating agents
such as copper iodide,24,47,48 carbon nanotubes (CNTs),43,49 and highly ordered pyrolytic graphite
(HOPG).38,50 The control of orientation has been shown to affect the molecular energy alignment
at the organic-organic interface and the mobility of charge carriers that are produced. The
ionization energy (IE) of the materials as well as where the transport levels lie as determined
through spectroscopy have given insight on how orientation can affect not just one molecule’s
electronic structure but the interface between them.50–54

1.2.4| Phthalocyanines
Phthalocyanines, presented in figure 1.2, are derivatives of porphyrins and are a class of
molecules that have been heavily studied first as pigments and in xerography. For the last 50
years, phthalocyanines have been at the forefront of organic semiconductor research because of
their versatility and performance.12,55 Researchers have found that by changing the central metal
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atom in metal phthalocyanines from one first row transition metal to another does not alter the
occupied electronic structure, but it does change the unoccupied structures. This is due to the
variations in the degree of hybridization the atomic d orbitals present and can be measured by
probing the unoccupied structure through X-ray absorption or magnetic measurements. 56,57 CuPc,
in particular, has been incorporated into a wide range of electrical devices such as thin film
transistors,58,59 photovoltaics,12,60,61 and organic light emitting diodes (OLEDs) and served as a
simple model in order to further the understanding of how to optimize the transport properties of
the materials used in molecule – based devices.5,6,62

1.2.4.1| Role of the transition metal

Figure 1.2: Chemical structure of a metal phthalocyanine.

Typical metal phthalocyanines have an absorbance onset at approximately 750 nm and any
changes to the metal center does not change this onset if the metal center is a transition metal
21

(Fe, Cu, Zn, etc.).12 By changing the metal center to heavier metal centers such as Pb, vandyl
(V=O), and titanyl (Ti=O) the symmetry of the macrocycle is broken and Jahn – Teller
distortions take effect. These distortions of the macrocycle tend to broaden the optical
absorbance of the molecules into the near – IR wavelengths as well. 12,21,63–65 For first row
transition metal phthalocyanines (more simply, MPcs) much research has been conducted on
differences between these molecules in terms of physical structure, chemical structure, and
electronic structure in order to draw connections between the metal center and the transport
properties of these materials when integrated into devices.

1.3 Thesis Overview
In this work, I have chosen to study copper phthalocyanine (CuPc) and how it changes
physically, chemically, and electronically as it is deposited over SiO 2 and CuI. CuPc has been
heavily studied in the past and can be serve as a reference point for future work involving the
study of how external ring and transition metal center substitution affects these structural
changes over various substrates. Work has been done on characterizing these individual
structures of CuPc along with other first-row transition metal phthalocyanines such as FePc,
CoPc, ZnPc, and NiPc but not altogether in a single body of work in which connections can be
drawn readily.56,57,66–69 The work presented in this thesis aims to study the occupied and
unoccupied electronic structures as well as the crystal structure of CuPc to establish a control
from which conclusions and connections can be drawn from when studying other MPcs.

22

Chapter 2
Experimental Methods and Materials

2.1| Overview
The electronic, chemical and physical structure of oriented organic semiconductors are studied
by analyzing the interaction of the first few nanometers of a material’s surface with light.
Spectroscopic studies of this nature require pristine surfaces coupled with techniques that are
highly surface sensitive. The various spectroscopic techniques used to investigate the effects of
controlling the molecular orientation of the studied phthalocyanine films in this work and their
background will be covered in the following sections.

2.2| Sample Preparation
The substrates used in this thesis were 380 µm thick P/B – type 76.2 mm Si (100) wafers with
native oxide and resistivity of 0.001-0.005 ohm·cm (University Wafer, Boston, part ID 1318).
The wafers were cut with a diamond scribe into 1 x 1 cm dice and rinsed three times using DI
water and TritonTM X -100 detergent solution followed by sonication in water for 5 minutes,
acetone followed by sonication in water for 5 minutes, and isopropyl alcohol followed by hot
sonication in water for 5 minutes at 60 oC. The substrates were then dried with N2 gas and stored
in a petri dish. Substrates were cleaned of surface organic contamination using a drop of 35 %
hydrofluoric acid and rinsing with deionized water. The native oxide was formed by waiting 5
minutes before loading into a custom-built vacuum thermal deposition system at 10 -7 mTorr. The
formation of the native oxide on each die was verfied through the use of XPS.
The surface energy of the SiO2 was altered in order to control the orientation of the metal
phthalocyanine films. In addition to the above description, CuI (Fisher Scientific), unpurified as
23

received, was deposited onto the surface using thermal deposition from a Knudsen cell. The cell
was baked at 150 oC then degassed by ramping up to the sublimation temperature of 350 oC over
the course of several hours. The cell was then held at sublimation temperature for 15 minutes
before deposition to establish a constant deposition rate, as monitored by a quartz crystal
microbalance calibrated with atomic force microscopy to monitor film thickness.
CuPc (Sigma-Aldrich) purchased at 99 % purity, were triply sublimed using gradient
sublimation. The purified molecule was loaded into a Knudsen cell and degassed at 250 oC
overnight before deposition to remove water vapor and adsorbed contamination. The deposition
rates and the quartz crystal microbalance were calibrated by depositing the molecule to a
nominal thickness of 30 nm and verified using atomic force microscopy. A deposition rate of 0.4
Å/s was used for all film preparations with thicknesses of 10 nm and 30 nm respectively. All
films were transferred immediately through vacuum into the analysis chamber of the
photoelectron spectrometer.

2.3| Characterization Methods
2.3.1|Photoemission Spectroscopy
Photoemission spectroscopy (PES) is a collection of surface sensitive analytical techniques used
to characterize the electronic structure of materials. The principle behind PES lies in the
photoelectric effect established by Einstein.1 The emission of photoelectrons arises from the
interaction between a material surface and incident photons of energy exceeding the work
function of the material. In short, upon the absorption of incident photon energy, an electron can
escape into vacuum as a photoelectron. It is the kinetic energy (EK) of the photoelectron that is
measured by photoemission spectroscopy.
=ℎ −

(2.1)
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where hν is the incident photon energy (in eV), EB is the electron binding energy
The inelastic mean free path (IMFP) of electrons in the sample determines the probing depth of
PES. While the IMFP does vary for different materials, the “universal curve” of IMFP as a
function of the electron kinetic energy (depicted in figure 2.1) gives a good approximation. From
the universal curve, the surface sensitivity of a PES technique can be determined based upon the
photoelectron kinetic energy. However, the IMFP is an average length and electrons from deeper
in the bulk material can undergo photoexcitation, but scattering events limit the amount of
electrons that can escape to vacuum. For x-ray radiation, average IMFP lengths are
approximately the first two nanometers of the material surface while for ultraviolet radiation, the
lengths are approximately the first two Angstroms.2,3

Figure 2.1: The “universal” IMFP curve for electrons in Angstroms as a function of
electron kinetic energy.2
Based on the photon energy utilized, many different varieties of photoemission spectroscopy
have been developed. Each technique has a respective sensitivity factor that is dependent upon
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the following: scattering cross section of the measured electrons to light of particular energy; the
element under study; and the surface roughness, which can affect the mean free path of
photoelectrons. Hence, each technique gives different but crucial information about the
electronic structure (core level and valence level) from different sampling depths within the
sample as determined by the IMFP curve. In this thesis, x-ray photoemission spectroscopy and
ultraviolet photoemission spectroscopy experiments were conducted using a Kratos 165 Ultra
Photoelectron Spectrometer located at the Laboratory for Electron Spectroscopy and Surface
Analysis (LESSA) at the University of Arizona.

2.3.1.1| X-ray Photoemission Spectroscopy
X-ray photoemission spectroscopy (XPS) is typically carried out using monochromatic radiation
resulting from the Kα lines of Al (1486.6 eV) or Mg (1254.6 eV). Such a relatively large photon
energy is capable of overcoming the binding energy of core level electrons. The binding energy
of a core level electron is heavily dependent upon the element and the local chemical
environment (the oxidation state) of that particular atom. In figure 2.2 the survey spectrum of a
30 nm thick CuPc film with each core level labeled to their respective peak is presented. The
relative binding energies of the detected photoelectrons gives insight on the local chemical
environments (oxidation states) which allow XPS to provide valuable elemental and chemical
composition information from the first two-five nanometers of a sample material (example C 1s
right, figure 2.2).2
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Figure 2.2: XPS survey spectrum of 30 nm CuPc/SiO 2 with major peaks labeled by
core atom (left) and the C 1s core level spectrum (right).
Analysis of XPS requires a two-part approach: background subtraction and comparison
with a chemical structure model. The chemical model allows for assignment of unique and
distinct chemical environments, within the resolution of the technique. Chemical models and fits
will be discussed in subsequent chapters; herein the background subtraction, satellite features,
and interface effects (in UPS section) are discussed.

Background Subtraction. All core spectra retrieved from the spectrometer were processed using
the Vision Processing program (Kratos Analytical, Manchester). The spectra were first
background corrected using a Shirley background subtraction over a range of 12 ± 1.2 eV. The
use of a linear background subtraction provided insufficient agreement in the atomic ratios listed
in Table 2.1 within the CuPc (C32N8H16Cu). The Shirley background utilizes an algorithm over a
range of binding energies to construct a background that is sensitive to changes in the data due to
screening effects (which can broaden the lifetime of the core – hole) and satellite features. The
choice of using a Shirley background was supported by precedent literature in which MPcs have
been studied using XPS and was able to provide the appropriate atomic ratios in agreement with
the constructed chemical model.4–7
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Table 2.1: Intensity ratio constraints placed upon the core level spectra.
Core Level

Ratio with respect to C 1s (n: C 1s)

C 1s

1:1

N 1s

1: 4

Satellite Effects. Proper identification of the spectral features in the core level spectra requires
that satellite peaks be considered. In an XPS spectrum, there are typically two types of spectral
features: the main line/peak (or zero-loss line/peak) and satellite lines. The main line features
arise from the initial photoemission process and the photoelectron that traverses through the solid
without a secondary collisions or loss. These zero-loss electrons make up what is known as the
intrinsic part of the spectrum. Electrons that do undergo inelastic collisions between the
photoexcitation site and the surface constitute the featureless, broad peaks that are called the
inelastic tail (the background). The generation of the main line through the photoemission
process will cause the molecule that emitted the photoelectron to undergo excitation, which
requires kinetic energy. Thus the spectrum will have spectral features that appear at higher
binding energy (lower kinetic enery) that correspond to the features generated from these excited
states (π-π* excitations). Therefore, to adequately fit the collected core level spectra to a
chemical model, the inclusion and consideration of the satellite peaks is crucial to fit the
appropriate atomic ratios set by the model. Satellite identification for each element will be
dicussed in the subsequent chapter.
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2.3.1.2 Ultraviolet Photoemission Spectroscopy
Ultraviolet photoemission spectroscopy (UPS) utilizes He I photons of energy 21.22 eV to probe
the valence electrons of a sample to provide insight on the hole transport levels – the most easily
oxidized states near the valence edge. Figure 2.3 shows a rotated UPS spectrum of a cleaned
SiO2 substrate, with energy along the y-axis. References to metrics to determine the work
function and ionization energy are provided, including a clear secondary edge and variation in
valence features. It is important to note that the valence region may contain spectral features
observed from the excitations of the He I β line (23.09 eV) can be identified by the peak to peak
separation of 1.87 eV and an intensity of 1.5 % of the higher binding energy feature.
The secondary electron cutoff (SECO) correspond to electrons of highest binding energy
(lowest kinetic energy) electrons that reach the detector (identified in figure 2.3). These electrons
are typically secondary electrons that were emitted from the valence states but lost energy
through inelastic scattering processes as they traversed to the surface. A negative 10 V bias must
be applied to accelerate these electrons to the detector, forming the SECO feature of the
spectrum. Using the onset of the SECO (ESECO), the work function of a material can be
determined using the equation:
= 21.22

−(

−

)

(2.2)

where EF is the Fermi level of the electrons in the solid within the band gap. Importantly for the
measurement to be physically relevant, the Fermi level of the sample is in thermodynamic
equilibrium with that of the instrument through physical electrical contact.
Evac is the often considered the energy of a free electron in a perfect vacuum or a
continuum of free electrons. Critically, when measured using UPS, Evac is not a universal level,
but is the energy of an electron that has been removed to just above the surface. This distinction
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is important, in that the electron can still be influenced by the surface potential. 9,10 Thus, any
change in the onset of the SECO (a change in the work function) can be interpreted as the result
of a change in Evac by the presence of surface dipoles on the sample.9–11
At the high kinetic energy, low binding energy end of the spectrum, the transport levels are the
most easily oxidized states of the organic film. The onset of the observed occupied states is
termed the ionization energy - the energy required to remove a valence electron from the
occupied states to the surface vacuum levels. In organic semiconductors, these occupied states
are representative of the highest occupied molecular orbitals (HOMOs). The ionization energy
(IE) is thus defined as the difference between the position Evac and the edge of the HOMO
(EHOMO):
= 21.22

−(

−

)

(2.3)

Figure 2.3: Rotated UPS spectrum of a SiO2 substrate before
deposition.
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The effects of dipoles on observed shifts in the Evac level of a surface are shown in Figure
2.4. In organic materials, the dipole moments are formed in chemical bonds due to the difference
in distributions of electron density (represented by δ+ and δ- in figure 2.4). UPS is very sensitive
to surface changes in electron density; even a simple change in orientation of a molecule on a
surface can induce changes in the last environment experienced by a photoelectron before
leaving the surface, effectively changing the surface potential that the photoelectron interacts
with at the vacuum levels.

Figure 2.4: Effects of surface dipoles on the vacuum levels and the work function.

If we consider a simple case for an aromatic molecule such as benzene that is orientated
in a standing orientation (edge-on), the surface is terminated with electropositive H-atoms and
the bulk material is electrostatically negative due to the presence of π electrons. Thus edge-on
molecules have a more electrostatically positive surface potential as opposed to the
electrostatically negative surface potential of face-on molecules (due to the π electrons
terminating the surface). Changes in the E vac levels of the two differing orientation can in
principle be readily detected using UPS and verified through complimentary techniques such as
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near edge x-ray adsorption fine structure (NEXAFS) which can provide information about the
physical orientations of molecular adsorbates (discussed below).
Interface Effects. In addition to electrostatics, the presence of the surface can also induce
interfacial effects. Band bending occurs from the rearrangement of an uneven distribution of
charge carriers, such as when molecules absorb to the surface or the formation of surface states. 8
The binding energy of the spectral features can also be influenced by the interface between the
MPcs and the substrate, from charging of the film if it is composed of an insulating material such
as organics. The distinction between band bending and charging is that for band bending, both
the core levels and valence states will shift by a similar amount relative to the Fermi level. Band
bending can be harder to deduce if there are electrostatic dipoles that can change the position of
the secondary edge. If the film is charging due to the insulating nature of the molecular solid,
then there will be no changes in the measured Evac (work function) by UPS as a function of
thickness because the secondary edge, core levels, and the valences will all shift by equal
magnitude. The possibility of spectral changes in both UPS and XPS due to charge transfer and
chemical interactions (chemical reactions or hybridization) in the 10 nm films were also
considered in order to provide more insight on the core level spectra of the thicker 30 nm films
and are discussed on molecule/substrate case basis when relevant in subseqent chapters.

2.3.2| Near Edge X-ray Absorption Fine Structure (NEXAFS)
Near Edge X-ray Absorption Fine Structure or NEXAFS is the element-specific absorption
analog of XPS. X-ray absorption specifically involves the transitions of core electrons from
element specific contributions of unoccupied molecular states. Synchrotron radiation enables a
range of energies and high photon flux to evaluate these transitions. Briefly, incident photon
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energies are scanned 30 – 50 eV below and above the edge of a particular core level. The
structural information is gained through the scattering of the emitted photoelectron (through an
Auger process) by the valence potential of the nearest-neighbor atoms. These interactions result
in the modulation of the ejected photoelectron intensity above the absorption edge, which is
unique for each environment of the atom.13 An added advantage of NEXAFS is that the physical
orientation of organic adsorbates on a surface alter the relative intensities of the absorption
features.
Measurement Physics. The NEXAFS experiments were conducted by Dr. Leah Kelly at the
Stanford Synchrotron Radiation Laboratory (SSRL) on beamline 8-2. The beamline has an
angular acceptance of 4.0 mrad from the bending manget source and is equipped with a 6 m
spherical grating monochromatorwith a photon energy range of 100 – 1300 eV. A series of 4
mirrors are used to focus the incoming beam to the monochromator. Many reflections are
required to maintain a constant resolution of at least 4 x 10 -4 ΔE/E as the gratings are rotated to
scan across photon energies.
The polarized photon beam scans across an appropriate range of energies for the core
level of interest and the sample generates a photoemission current that is dependent on the
excitation energy. These photoemission current measurements can be monitored in two modes:
total electron yield (TEY) and Auger electron yield (AEY). TEY is not energy resolved for the
produced photoemission current and is simply a measure of the sample drain current. AEY
measures the Auger electrons produced through the core-hole degradation process (illustrated in
figure 2.6b) using an electron energy analyzer to select a specific kinetic energy window.
Because of inelastic scattering events that can occur below the surface, AEY has the smallest
sampling depth of the two electron yield methods with the ability to measure approximately the
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first nanometer of the surface. TEY is dominated by the low kinetic energy electrons that arise
from secondary scattering events (some of which are Auger electrons that have been scattered).
It should be noted that photoelectrons can be generated deeper in the bulk material, but these
electrons lose too much energy to secondary scattering events to overcome the work function and
contribute to TEY.
Auger Electrons. NEXAFS has similarities with the XPS process described above. The first step
is the creation of a core hole by photo-ionizing a core electron (Figure 2.5B). However in the
case of NEXAFS, the core-hole is created through photoexcitation in which the incident
radiation is not enough to remove the core electron from the molecule completely but promote to
the molecule’s unoccupied states (Figure 2.5A). The core hole can then be filled by an electron
of higher energy resulting in a release of energy. This released energy can be emitted as a photon
or can be absorbed by a nearby electron to produce a photoelectron (the Auger electron). The
distinction between these two core-hole generation processes is illustrated in Figure 2.5C.

Figure 2.5: Core-hole generation processes: A) core electron absorbs x-ray
radiation and is promoted to an unoccupied state B) Core electron absorbs light
and is ejected as a photoelectron. C) Core-hole decay through the Auger process.
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Orientation Effects on X – ray Absorption. The electric field vector of polarized x-rays can only
probe the electronic transitions that have transition dipole vectors that are can form constructive
interferences. In figure 2.6, the light is s-polarized (from senkrecht, German for perpendicular)
and the CuPc layer is oriented in such a way that the σ* orbitals are orientated perpendicular to
the surface, and the π* orbitals are orientated parallel to the surface.

Figure 2.6: Schematic of NEXAFS sensitivity to bond orientation illustrating the
resulting transition intensities of copper phthalocyanine C 1s electrons to the π*
(orientated parallel to the substrate) and σ* (orientated perpendicular to the
substrate) orbitals after absorbing s-polarized light as a simple model system. The
dashed line represents the transition from core – π* transition to core – σ*
transitions. The spectrum used was measured by Dr. Leah Kelly at SSRL
Beamline 8 – 2.
In this thesis, NEXAFS spectra were background subtracted using an integrated background
(illustrated in figure 2.7) and then normalized to a point in the spectra that is in the extended xray absorption fine structure (EXAFS) region (430 eV for N K edge and 330 eV for C K edge)
where there are no distinct XAS features. An integrated background was chosen to account for
changes in the data due to screening effects to compensate for the generation of the core – hole.
Energy calibration was not necessary, as we are only primarily interested in the angular
dependency of absorbance features for qualitative physical information.
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Figure 2.7 Background subtraction process for NEXAFS spectra. A) Beam intensity
(Io) subtracted from spectrum. B) Spectrum background generated by integration and
altered to match up with spectrum at initial and final points (dashed line). C)
Background subtracted spectrum.

2.3.3| Grazing Incidence Wide Angle X-ray Scattering (GIWAXS)
Grazing incidence wide angle x-ray scattering (GIWAXS) is a physical structure measurement
that utilizes shallow angles (less than 1 o) combined with a high-intensity synchrotron x-ray
source. The use of grazing is used to compensate for the low scattering cross-section of softmatter materials such as organic thin films, which limits the use of more conventional x-ray
scattering techniques at molecular and atomic length scales (<1 nm).
Measurement Physics. In scattering techniques, x-rays scatter elastically upon interaction with
the electron cloud of an atom (Thompson scattering). Bragg’s law can be used as a first
approximation to model the scattering geometry and predict the resulting diffractogram 16, and
the geometry is further modeled using the Ewald sphere. 17 In crystalline materials, the atoms (or
molecules) are periodically arranged in a lattice where constructive interference with x-rays
results in peaks (reflexes) on the detector with the position of these reflexes relating to the
spacing between lattice points (d-spacing). The lattice spacing can be determined using Bragg’s
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law using the incident radiation energy, scattering angle, and the position of the reflexes on the
diffractogram16,18:

=2

(2.4)

where nλ is the nth order of x-ray wavelength, d is the lattice spacing, and θ is the scattering
angle.
The Ewald sphere is a geometric construction that illustrates the conditions in reciprocal
space that satisfy the scattering equation (Bragg’s Law). 17 Reciprocal space is the Fourier
transform of position vectors to study the periodicity of a lattice and the physical properties of
the lattice regarding wave vectors. The Fourier transform of the real space lattice produces a
lattice in which each reciprocal vector is normal to the real space planes. The lengths of the
vectors are the inverse of the real space lengths and when combined with the Ewald sphere, can
provide a basis for understanding diffraction and x-ray scattering diffractograms. The conversion
between real space (d-spacing) and reciprocal space (reflections) can be done using equation 2.5:

=

=

(2.5)

where q is the reflection’s position in reciprocal space.
The momentum transfer vector

is a vector in 3-D reciprocal space that describes the scattering

of incident light by the material surface. The GIWAXS experiments were conducted at SSRL by
Dr. Leah Kelly and utilizes a MAR345 imaging plate detector to detect scattered x-rays from
points which satisfy the Laue condition with 12.7 keV incident radiation from the synchrotron
with a detector distance of 320 mm. Figure 2.8 shows the experimental geometry used for
GIWAXS at the SSRL beamline 11-3.
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Figure 2.8: Schematic of a typical two-dimensional grazing incidence x-ray
scattering setup found at SSRL beamline 11-3. The incident light forms an
angle α with the surface, and an area detector captures the scattered x-rays.

Two-dimensional GIWAXS measures the momentum transfer vector q regarding the in and out
of plane components (qxy and qz respectively) however, GIWAXS diffractograms are typically
represented as a function of the momentum transfer vector (q) or by 2θ, which can be calculated
using equation 2.6.

2 =

.

(2.6)

in which 0.01745 radians is equivalent to 1 degree and is used to convert the calculated 2θ
from radians to degrees.
Data analysis. Interpretation of GIWAXS data was completed using WxDiff, an x-ray
scattering software designed by the staff at SSRL. A LaB6 calibration standard was measured to
create a correction image using WxDiff and calibrate the detector. The corrected diffractogram
can be converted over into reciprocal space maps (RSM) with a coordinate system of Qz vs Qxy.
Once these RSMs are generated, line cuts at constant Qz or Qxy are used to identify the the points
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of highest intensity for each reflex in that particular region. The coordinates of each highest
intensity point for the reflexes in the diffractogram can then be compared with that of the
reported literature and the calculated Q values using literature reported unit cell parameters for
identification of the crystal structure. The measurement of the film’s critical angle (θc) is
required to ensure that the incident angle chosen will measure reflexes that are representative of
the film with minimal contributions from the substrate by measuring at an angle that is slightly
above the film’s critical angle but below the substrate’s. To find θc for the MPc thin films, we
scanned a range of incidence angles from 0.08 – 0.2 o for the angle that gives reflexes of the
highest intensity.

2.4 Experimental Summary
The above mentioned techniques and the information that they provide are summarized in table
2.2 below. The use of these techniques provides an indepth analysis of the MPc thin films in
three distinct structural domains: chemical, physical, and electronic. Through the understanding
of the thin film structures, we will be able to establish a series of controls for reference in future
studies with support from the cited literature.
Table 2.2: Characterization techniques used for this thesis and the information gained from those
results.
Characterization Technique
Information gained
XPS
UPS
NEXAFS
GIWAXS

Chemical structure, core levels
Electronic structure, Evac and IE
Chemical structure, unoccupied
electronic structure, and physical
orientation
Crystal structure and physical
orientation
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Chapter 3
Orientation Effects on the Electronic, Chemical, and Physical Structures of
Copper Phthalocyanine

3.1| Overview
Copper phthalocyanine (CuPc) is a highly crystalline organic semiconductor material with the
following properties: hole mobility of 10-4 – 10-2 cm2/Vs1–4, an energy gap of approximately 1.7
eV and a transport gap of 2.3 eV5–10, a thermal conductivity of 0.39 W/mK11, and a Seebeck
coefficient of 0.91 mV/K.12 Due to these properties, CuPc has been used in some devices
including but not limited to photovoltaics6,13–18, light – emitting diodes6,19,20, transistors21–23, and
gas sensors24,25. Importantly, CuPc is established to adopt different polymorphs which each have
a unique set of chemical and physical properties. For example, the herringbone structure has
been demonstrated to have a significantly lower conductivity than the brickstone and is
preferable for in – plane charge transport for devices such as transistors while the brickstone
structure is preferred for devices that require out of plane charge transport such as photovoltaics
and diodes.10,26,27 In particular, charge transport properties vary with molecular packing and
intermolecular distances.28–30 Thus, to maximize charge transport properties of CuPc in organic
electronic devices such as transistors and photovoltaics, processing procedures must be able to
grow one particular polymorph in the bulk selectively; the motivation for this fundamental work.
Herein the impact of substrate – templated molecular orientation on the electronic, chemical, and
physical structures of copper phthalocyanine (CuPc) on native SiO2 and CuI/SiO2 surfaces is
investigated. The insights gained from this study are expected to impact approaches in device
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architecture and provide context for the necessary considerations to expedite the integration of
organic materials into a more diverse range of electronic devices.

3.2| Introduction
Hole and electron transport in organic semiconductors is assumed to follow an intermolecular
hopping process. By using a random walk approximation, the diffusion coefficient can be
estimated as:

=

( )

(3.1)

where l(t) is the displacement distance of charge position at time t, relative to the starting point at
time t = 0, and d is a space dimension (i.e. d = 1, 2, 3 for 1D, 2D, 3D). The diffusion coefficient
effectively reduces to:

=

(3.2)

where a is the intermolecular spacing and the charge transfer rate k is derived from Marcus
theory and is indicative of the inverse of the hopping time (hopping frequency); contained within
k are the transfer integrals and the relative free energy differences between initial and final
molecular sites.
In addition to diffusion, mobility can also be estimated in terms of relative intermolecular
spacings. The mobility (µ) is the ratio of the charge drift velocity (v) and the electric field Φ:

=

(3.3)

By approximating this as a Boltzmann hopping process, v can be estimated from the nearest site
distance (a), the time it takes to hop (τ):
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≈

=

∗

(3.4)

Where k is the rate constant from Marcus theory, but now includes the additional consideration
of an electric field:

=(

)

exp −

(∆

)

(3.5)

Completion of the approximation can be achieved using the relationship between mobility (µ),
and diffusion (D) can be described through the Einstein relation:

=

(3.6)

where e is the charge on the carrier, kB is Boltzmann constant, and T is the temperature. Thus,
any change to intermolecular distances results in a change in the effective current density (drift
or diffusion). The takeaway from both of these is the direct connection to a transport
phenomenon with intermolecular site distance.31
Intermolecular distances in CuPc polymorphs have been estimated using a number of
spectroscopic approaches. The large disk-like metal phthalocyanines yield columnar assemblies,
with strong π-π interactions favoring aromatic cores arranging in stacks either perpendicular or
parallel to a surface. The stable β phase which was first reported by Brown 32 in 1968 to adopt a
monoclinic herringbone molecular arrangement (shown in figure 3.1a) with lattice parameters
given in Table 3.1. From the discussion above, one would expect an asymmetric charge transport
mechanism: decreased mobility along the a or c lattice direction with increased mobility along
the shorter b axes.
The metastable α phase has been difficult to fully characterize with many iterations of its
crystal structure being published over the years by numerous groups using powder diffraction
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and transmission electron microscopy33–35 and other polymorphs for CuPc have also been
published in recent years as well.35–37 The molecular arrangement commonly referenced for the α
phase is a monoclinic herringbone structure published by Ashida et al.. 33 Here the asymmetric
transport is expected to be more distinct due to the larger a and c axes lattice parameters; the
direction of current flow along the π – π stacking is absolutely critical for current flow in
electronic devices. For example, edge – on orientation is preferred for horizontal transport
devices including organic field effect transistors while face-on is desired for vertical transport
devices such as photovoltaics.10,26,27,38–40 As such a number of structural modifications to CuPc
have been proposed in order to control the face-on or edge-on orientations of CuPc using alkyl
side chains.4,38,41–46 The major challenge is that while self-assembly can be controlled to an
extent, any disorder in the film results in loss of transport due to insulating alkyl chains. 41,44
Definitive evidence and structural interrogation of α-CuPc has been difficult because high
purity single crystals are needed to accurately determine the crystal structure. 34,47 Attempts
include power diffraction and transmission electron microscopy33–35 and other polymorphs for
CuPc have also been published in recent years as well. 35–37 Most recently, Hoshino et al.
suggested α-CuPc adopts a brickstone arrangement in a triclinic structure (shown in figure 3.1b,
lattice parameters in Table 3.1).35 This reinvestigation was done to reconcile the varying
proposed models for molecular stacking of α-CuPc and propose a universal system for the
columnar stacking structures of MPcs. Importantly, the brickstone polymorph shows exceptional
promise for organic electronic devices due to the shortest lattice constants, if the molecular
orientation of the films can be controlled.

43

It has been demonstrated in the literature that transition between the α and β polymorphs
requires heat, indicating that there is an activation barrier for this transition. 10,47–49 Cruickshank
et al. demonstrated using grazing incidence wide angle x-ray scattering (GIWAXS) that the
molecular arrangement for α-CuPc is thickness dependent; for thin films of thickness below 10
nm, CuPc was observed to adopt a monoclinic herringbone arrangement on ZnO (11̅00).
Conversely, at higher thicknesses, CuPc films demonstrated a mixed phase of monoclinic
herringbone and triclinic brickstone arrangement. 34

Figure 3.1: a) herringbone molecular arrangement and b) brickstone molecular
arrangement of α-CuPc. The boxes indicate the unit cell parameters for each along the
a-axis. Figure was inspired by Hoshino et al.35 Lattice parameters are reported in
Table 3.1 and are for the b and c axes and are as reported by Ashida (herringbone) 33
and Hoshino (brickstone).35
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Table 3.1: Unit cell parameters for α-CuPc and β-CuPc (herringbone and brickstone) 33–35
α-CuPc

α-CuPc

β-CuPc

(herringbone)

(brickstone)

(herringbone)

a (Å)

25.92

12.886

19.407

b (Å)

3.79

3.769

4.790

c (Å)

23.92

12.061

14.628

α ( o)

90.4

96.22

120

β ( o)

90

90.62

120

γ ( o)

90

90.32

120

Structure

Our work is centered on using substrate templating effects to control the orientation of CuPc
films, with applications to organic electronic devices. In addition to controlling the physical
structure, this effort also reports on changes to the electronic structure associated with molecular
dipoles at the surface. The differences in electrostatics can have a direct impact on contact choice
to minimize injection and/or extraction barriers.
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Figure 3.2: Indexed diffractograms of 30 nm CuPc/SiO 2 (left) and CuPc/CuI (right), measured
by Dr. Leah Kelly. In the CuPuc/SiO2 sample, the brickstone features are labeled in yellow
while the herringbone features are labeled in black. Index applied using a series of line cuts
and comparing extracted d values between those by Cruickshank and calculated d values using
reported lattice parameters. The black box denotes a reflex that could not be accounted for
using the lattice parameters of either morphology. For the CuPc/CuI, the red boxes highlight
the reflexes associated with the CuI substrate.29 The index applied was reported by Ahn et al.
and Mativetsky et al.26,51

3.3| Results and Discussion
3.3.1 GIWAXS. Grazing incidence wide angle x – ray scattering (GIWAXS) was used to confirm
a change in orientation and provides information on the crystalline orientation of CuPc deposited
on SiO2 and CuI that will serve as a basis for the succeeding chapters (Figure 3.2). The incident
angle used for the CuPc deposited on SiO2 was 0.13 o and at an angle of incidence of 0.16 o for
the CuPc/CuI sample; both angles are above the critical angle of the film (0.10 o) and below the
critical angle for the substrate. Line cuts were then taken in Figure 3.2 to evaluate the relative
peak spacings.
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Figure 3.3: (Top) Linecuts taken at Qz ≈ A) 0.00, B) 0.27, and C) 0.50 Å-1 30 nm CuPc
films deposited over SiO2. Panels i, ii, and iii are linecuts for the lower d – spacing
regions for A, B, and C. Peak assignments were done using the indexing reported by
Cruickshank et al.34
(Bottom) Linecuts taken at Qxy ≈ 0.47, 0.60, 0.70, 1.00, and 1.10 Å-1 of 30 nm CuPc films
deposited over 2 nm CuI surfaces with the reflexes labeled according to the index
published by Ahn et al. and Mativetsky et al. The panels are listed as follows: A – 0.47 Å 1
, B – 0.6 Å-1, C – 0.7 Å-1, D – 1.0 Å-1, E – 1.1 Å-1, i – 0.47 Å-1 zoomed in at lower d –
spacings, ii – 0.6 Å-1 zoomed in at lower d – spacings, and iii – 0.7 Å -1 zoomed in at lower
d- spacings.
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3.3.1.1 GIWAXS of CuPc on SiO2. Our diffractograms, when compared with the literature,
reported CuPc films deposited over SiO2 and other weakly interacting substrates shows strong
agreement23,26,34,50–54 and confirms that we do have edge-on growth of CuPc over SiO 2 in a mixed
α-phase consisting of the herringbone and brickstone configurations.
For the herringbone configuration, line cuts were taken vertically across the Qxy = 1.7-1.9 Å-1
region and scanned the Qz region with particular attention paid to the Qz = 0.2-0.5 Å-1 region
(shown in figure 3.3 top). We compared our findings to that of Cruickshank’s 34 (Table 3.2) and
found good agreement with both their coordinates and the coordinates calculated by Ashida for
the same regions.33
Table 3.2: Comparison of the (Qxy, Qz coordinates) of the (1 1 2) and (1 1 3) reflections for the
herringbone arrangement reported in this work, by Cruickshank, and calculated by Ashida.
Coordinates were obtained by taking a line cut at Qz = 0.27 Å-1.
Cruickshank 5 nm
CuPc/ZnO

34

Ashida33

Qxy (Å-1)

Qz (Å-1)

Qxy (Å-1) Qz (Å-1)

1.76

0.27

1.76

1.86

0.28

1.86

This Work

Qxy (Å-1)

Qz (Å-1)

Reflection34

0.27

1.75

0.27

1 1 2, 1 1 2

0.28

1.86

0.27

1 1 3, 1 1 3

Brickstone arrangement can be confirmed from the peaks at Qz = 0.27 Å-1 which were
noted to be weaker compared to the reflections around Qz = 0 – 0.1 Å-1. These stronger
reflections and the weak reflections at Qz = 0.5 Å-1 were reported to be of the brickstone
arrangement as calculated by Cruickshank.34 Most recent work done by Jeong and coworkers in

48

2016 attributes the reflections at Qxy = 0 Å-1, Qz = 0.5 Å-1 to either (1 0 0) or (2 0 0) and as a
definitive indication of edge-on growth of the CuPc film.
The coexistence of both herringbone and brickstone configurations in edge-on MPc films
was first reported by Kobayashi et al. when depositing 10, 25, and 50 Å thick films of ZnPc,
CuPc, and PtPc onto 30 Å carbon films over gold microgrids and analyzed using electron
microscopy.52 Kobayashi and coworkers identified the misalignment and shifting of molecules
by half a period within the Pc films in which within the majority herringbone configuration, there
is a region that will adopt the brickstone configuration. This stacking fault has been attributed to
the anisotropic nature of the strong intermolecular π orbital interactions between the molecules
within the column as opposed to the relatively weaker interactions between the columns. 52
3.3.1.2 GIWAXS of CuPc on CuI. As opposed tp the native SiO2 substrate, when CuPc is
deposited onto strongly interacting substrates such as CuI38,40,51,55,56 the molecule-substrate
interactions become more dominant and produces a film with face – on orientation in which πstructures are perpendicular to the surface. The presence of α – CuPc deposited onto the CuI
substrate can be determined by a 90 o rotation of the (1 0 0) reflection that was observed in the
CuPc/SiO2 in which the molecular plane will be rotated from a perpendicular orientation to a
parallel orientation with respect to the substrate. Another point of reference for orientation
changes between the substrates is the (0 0 1) or (0 0 -1) reflection. This plane indicates that in the
horizontal direction the molecular planes of CuPc are aligned perpendicular to the substrate
surface and when CuPc has been deposited over CuI (or any high surface energy substrate) that
the molecular planes in the horizontal direction are now rotated so that they are parallel to the
substrate surface.23,51,57
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Our diffraction patterns were found to match that of MPcs deposited onto CuI in the literature as
well as onto other highly interacting substrates.23,29,38,51,56,57 Figure 3.3 (bottom) shows the
corresponding line cuts along Qxy ≈ 0.47, 0.60, 0.70, 1.00, and 1.10 Å-1. The primary indication
of a face – on orientation is the (1 1 -2)23,26 and (0 1 -2)23 reflections which correspond to the
triclinic brickstone arrangement and the absence of the Qxy = 1.7 – 1.9 Å-1 reflexes that were
present in the CuPc/SiO2 films.23,51,53,56,57
Table 3.3: Comparison of the (Qxy, Qz coordinates) of the (0 1 2) and (1 1 2) reflections for the
brickstone arrangement reported in this work, by Ahn51. Coordinates were obtained by taking
line cuts between Qxy = 1.7 and 1.9 Å-1
Ahn et al.51

This Work

Qxy (Å-1)

Qz (Å-1)

Qxy (Å-1)

Qz (Å-1)

Reflection34

0.45

1.8

0.47

1.77

012

0.30

1.9

0.45

1.82
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Work published by Ahn et al. and Xiao et al. among other researchers have cited the presence of
the herringbone structure through the presence of the (1 0 0) plane in the vertical direction but
this plane is obscured by the CuI features when the CuI thickness exceeds 2 nm or when the
substrate is heated respectively.23,26,51

3.3.1.3 GIWAXS Summary. Using GIWAXS, we have confirmed a distinct change in orientation
of thermally evaporated 30 nm thick films of CuPc in which CuPc/SiO 2 adopts an edge-on
orientation with a mixed herringbone and brickstone configuration, and CuPc/CuI adopts a face50

on orientation with a triclinic brickstone configuration. This control over orientation means we
have the capability to tailor the film growth of CuPc for the purpose of increasing the efficiency
of charge transport in devices.

3.3.2| NEXAFS
NEXAFS was used to investigate the orientation – dependent electronic structure of the
unoccupied molecular orbitals and serves as a qualitative confirmation of the GIWAXS results
described above. Briefly, the angular dependence of relative peak intensities in NEXAFS
originates from the unoccupied states’ absorption cross section being dependent upon the linear
polarization vector of the incident light. By changing the sample’s tilt angle, we can observe
trends in the change in intensity of the π* and σ* transitions to understand how the molecules are
orientated with respect to the substrate surface. 54,58–60
3.3.2.1 Molecular Orientation from NEXAFS. The NEXAFS experiments were carried out at the
Stanford Synchrotron Radiation Laboratory at beamline 8-2. CuPc/CuI and CuPc/SiO2 samples
were tilted at 20, 55, and 90 o relative to the surface normal while the radiation source was held
at a fixed position. We first consider the N K – edge of CuPc deposited on SiO 2 (top) and CuI
(bottom), as shown in Figure 3.4. We observe a strong angular dependence of the π * resonances
o

o

as the samples are tilted from grazing (20 ) to normal incidence (90 ). For CuPc/SiO2, the
maximum intensity of the π*(minimum intensity of the σ*) resonances is observed when the
sample is tilted 90 o confirming that when deposited on SiO2 CuPc molecules are arranging in an
edge-on orientation. These findings are consistent with those published in literature of similar
work in which Pcs are deposited onto weakly and strongly interacting substrates such as gold and
ITO.54,58,59,61,62
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o

For CuPc/CuI, the maximum intensity of the π* resonance is when the sample is tilted 20 while
at the same angle the σ* resonance intensity is at a minimum confirming that CuPc molecules
deposited on CuI are arranged in a face-on orientation.

Figure 3.4: NEXAFS N K edge spectra of 30 nm thick CuPc/SiO2 (top) and CuPc/CuI
(bottom) with intensities normalized at photon energy 430 eV as a function of tilt
angle. Spectra are offset for clarity.

3.3.2.2 Elemental Contributions to Unoccupied Molecular Orbitals of CuPc. In addition to
molecular orientation, NEXAFS can also provide information about the unoccupied states
through the core level transitions to the unoccupied states, and by assigning these resonances for
CuPc in this chapter, it can serve as a basis for analysis on the effect that the chemical
composition has on the unoccupied electronic structure of Pcs. In figure 3.5, the C K edge, N K –
edge and Cu L3 K edge are aligned with the knowledge that all three core levels share an
unoccupied state to which the core levels can transition.
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Figure 3.5: a) Energy-scale alignment of the C K edge, N K edge, and Cu L edge
NEXAFS spectra in the π* regime. The resonances present are labeled A, B, C, and D.
b) Energy diagram detailing the transitions from C 1s to the unoccupied states.

The rationale behind the alignment of the 3 NEXAFS spectra is that all three spectra have a
transition to the same unoccupied state. The C K – edge, N K – edge, and Cu L3 edge were
energy-aligned to resonance B as shown in figure 3.5. Resonance A is only present in the C K –
edge which means that this resonance is related to the transition of electrons in the benzene ring
to the unoccupied states (from the C 1s to primarily the LUMO, 2eg). This is further supported
by the separation between resonance A and B (1.1 eV) being similar in magnitude to that of the
separation between the C 1 and C2 features in the XPS (1.3 eV), described below. Given that
position of resonance B is through energy alignment shown to have contributions from the C and
N absorption edges, it suggests that this resonance is the transition of the C and K – core
electrons to the π* orbitals located at the pyrrole carbon and nitrogen atoms. The alignment of the
Cu 2p absorption edge suggests that there is some hybridization of the Cu metal center with the
pyrrole ring’s C-N bonds, showing that although the Cu does not contribute to the HOMO, it
does contribute to the LUMO63–67.
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The assignments for resonances C and D have been attributed to the C1s (or N 1s) to LUMO + 1
and LUMO + 2 respectively68–71. However, the composition and energetic location of these
molecular orbitals are dependent upon the theoretical model used to interpret the spectrum. A
point of consistency between most approaches is that the original of the transitions is centered
upon contributions of the benzene carbon transitions to unoccupied π * states delocalized and
centered above the pyrrole C-N bonds.63,68,70,71 Aristov et al. and Calabrese et al. attribute the
resonances C and D to transitions from the C 1s of the benzene ring to the LUMO + 1 and the
LUMO + 2 respectively with contributions from the pyrrole carbon. Both MOs were calculated
to be delocalized over the macrocycle but centered over the C-N bonds. Evangelista et al. used
an approximation for the ground state assigned resonance C 1s to transitions to the LUMO + 1
centered primarily over the benzene carbons with minor contributions from the pyrrole ring.
Resonance D was attributed to the transition of C 1s to LUMO + 2 with contributions primarily
from the benzene carbons and some pyrrole contribution as well. 68
For the CuPc data as presented in figure 3.4, we used similar considerations as Evangelista by
considering the energy separation of resonance B and C (energetic distance between the LUMO
and LUMO + 1) which was calculated to be 1.9 eV, in agreement with literature. 5,68,72 The
reported energetic separation between the LUMO and LUMO + 2 in the literature ranges
between approximately 3.4 and 3.6 eV which is similar to the observation made by Evangelista
is lower than the separation between resonances B and D (3.9 eV).5,72 This value is within 10 %
of the higher end of the range reported in the literature which suggests that the assignment of
resonance D being a transition from the core levels to the LUMO + 2 could be appropriate. This
assignment of resonance D is also shown to be appropriate as it is also consistent with prior
experimental work done by Aristov et al. and Calabrese et al.. 63,70
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3.3.3| Chemical States using X – Ray Photoemission (XPS)
The use of XPS in this section was to probe the core levels to determine if there is chemistry
between the substrate and MPc. The effects of these chemical interactions manifest as chemical
shifts in the spectra. Chemical shifts are changes in the spectral features due to a change in the
local chemical environment of that specific atom. 73

3.3.3.1 Chemical Model. A chemical model was first constructed to properly assign peaks and
spectral features to each unique chemical environment present in the MPc systems, as shown in
Figure 3.6. There are two chemically resolvable carbon species attributed to the benzene (labeled
C1) and the pyrrole (labeled C2). The three benzene carbon atoms are all labeled as C 1 because
any differences in binding energy between the three carbons would be insignificant and difficult
to resolve using our instrumentation accurately. Likewise, two chemically distinct nitrogen
species are expected associated with the aza nitrogen (labeled N 1) and the pyrrole nitrogen
(labeled as N2). The atomic ratios between the C: N is 4:1, C 1: C2 is 3:1, and N1: N2 is 1:1.

Figure 3.6 Chemical model for CuPc with each
distinct chemical species labeled.
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Figure 3.7 XPS spectrum of CuPc C 1s (left) and N 1s (right) with residuals. Top) 30
nm CuPc/SiO2. Bottom) 30 nm CuPc/CuI

Fixed peak – peak distances between carbon and nitrogen features were determined based on
those that have been published in literature,63,68,74–76 the peak – peak distances, full width half
maximum values, and the number of peaks used in the fit were all constraints for the fitting
procedure and are recorded in Table 3.3. The relative atomic concentration of each unique C and
N was calculated using the Vision Processing software and used to verify that the fit is consistent
with the model presented in figure 3.6.

3.3.3.2 30 nm Thick CuPc Films. The C 1s spectrum of CuPc/SiO2 (figure 3.7 left) contains three
peaks that are typically assigned to three spectral features similar to that of the CuPc: the
aromatic carbons, the pyrrolic carbons and the satellite of the pyrrolic carbons. 5,8,13,15,16 In our
interpretation of the C 1s spectrum for CuPc, we included an assignment of the C 1 satellite (SC1)
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through our fitting procedure which is commonly done in the literature for CuPcs 63,68,79 in order
to maintain the atomic ratios between the C 1 and C2 of 3:1 in order to incorporate all
photoelectrons that describe the unique chemical environments. The position of S C1 was
determined by using the distance between the C 2 and SC2 (2.06 eV) as a reference point. After
fitting, the SC1 peak was positioned 1.8 eV from the C 1 peak, within 10 % of the theoretical
results published by Evangelista.68 The lowest binding energy feature is attributed to the C 1
carbon environment with the associated satellite at 286.33 eV. The second feature located at
285.79 eV is attributed to the C2 carbon environment with its satellite located at 287.85 eV.
These assignments are in good agreement with the assignments published in previous works by
various authors63,75,78–81
The N 1s spectrum for NiPc must be fit with the consideration of the two chemically unique
environments present in the macrocycle: the four bridging aza N (N1) which are bonded to two
Cs and the four pyrrolic N (N2) which are bonded to a C and the Ni metal center82. This places a
ratio constraint to maintain the N ratio to be 1:1 (N 1: N2) and also maintain the ratio of C: N to be
4:1 established by our chemical model. The N 1s spectrum as shown in figure 3.7 (right) consists
of two peaks, the first peak is assigned as a combination of both types of N located
approximately 300 meV apart at 398.96 eV (N1) and 399.26 eV (N2) and a satellite that is
composed of the satellite features of both N1 and N2 located at 440.87 eV. These values compare
to work done by Ottaviano, in which N1 and N2 are located 398.66 eV and 399.01 eV
respectively, and the satellite is located at 400.56 eV.82
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Table 3.4: Tabulated position and full – width half max (FWHM) of spectral features of C 1s and
N 1s XPS spectra for 30 nm CuPc/SiO2 and CuPc/CuI.

3.3.3.3. 10 nm Thick CuPc Films. To determine whether there are any chemical interactions
between the substrate and the bulk CuPc below the surface, we deposited 10 nm films and
presented the core level spectra in figure 3.8 and the tabulated peak positions and FWHM for
each spectral feature in Table 3.5.

Figure 3.8 XPS spectrum of CuPc C 1s (left) and N 1s (right) with residuals. Top) 10
nm CuPc/SiO2. Bottom) 10 nm CuPc/CuI.
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Table 3.5: Tabulated position and full – width half max (FWHM) of spectral features of C 1s and
N 1s XPS spectra for 10 nm CuPc/SiO2 and CuPc/CuI.

By applying the same model and fitting procedure used for the 30 nm thick CuPc films, the 10
nm films were found to have the same spectral features present in their core level spectra (C 1s
and N 1s) with no new spectral features being present. It is important to note that we do not
expect molecular packing density to alter core levels for these films. Instead, we found that many
of the spectral features have become broadened in the thinner films. This may be due to
increased disorder arising from the increased presence of the brickstone configuration mixed
with the herringbone, although this cannot be definitively concluded from XPS alone.
By comparing the relative binding energies of the films on the different substrates at 30 and 10
nm, it is evidence that there is a systematic shift in all levels which is indicative of i.) charging or
ii.) band bending. Specifically, we observe ~ 400 meV shift to higher binding energy for the 10
nm CuPc/SiO2 sample, relative to the 30 nm thick sample. Alternatively, the 10 nm CuPc/CuI
sample shows a ~ 100 meV shift to higher binding energy, relative to the 30 nm film. Definitive
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differentiation between charging and band bending can be confirmed by following the relative
binding energy shifts of both the core level and transport levels (discussed below).
3.3.4| Hole transport levels using Ultraviolet Photoemission Spectroscopy (UPS)
UPS measures the transport levels of the CuPc film surface from which the electronic structure
of the CuPc films can be characterized in relation to the orientation of the molecules. The change
in orientation of CuPc has been confirmed through the use of GIWAXS and angle – resolved
NEXAFS, and the chemical structure was found to be unchanged when probed by XPS. Thus we
hypothesize that the changes in orientation are the result of electrostatic interactions and these
differences in electrostatics can be measured in the electronic structure by probing the transport
levels.
3.3.4.1 Surface dipole effects. Surface dipoles from the orientation of the molecules can change
the surface electronic environment which will change E vac(S), this is illustrated in figure 3.9. If
the nonpolar molecules (CuPc in the context of this chapter) are orientated in a face-on
configuration (CuI), then the surface is terminated by the π-bonds creating a negatively charged
surface from the tailing of the electron cloud and a positively charged bulk due to the absence of
electrons relative to the surface. While if the CuPc is orientated in an edge-on configuration
(SiO2), the surface is terminated by the hydrogen, with the electron cloud is concentrated in the
bulk, and the surface is now electron deficient creating a positively charged surface environment.
It can then be hypothesized based on prior work done by Ishii and coworkers using the
differences in work function that depend on the crystal face that the electrons are ejected from
and the changes in the Evac,83 that the edge-on orientated CuPc will have a higher ionization
energy due to the direction of the surface dipole.
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Figure 3.9: Schematic of surface dipoles due to molecular orientation. a)
shows that the face-on orientation of CuPc has a surface that is terminated by
electron-rich π-bonds has a negative electrostatic environment above the
surface. b) shows that the edge-on orientation of CuPc has a surface that is
terminated by H-atoms, created a more positive electrostatic environment.

3.3.4.2 30 nm and 10 nm Thick CuPc Films. The UPS spectra for both films are shown in figure
3.10 along with their respective band diagrams. The measured work function of the CuPc/SiO 2
film was measured to be 3.7 eV, and the onset of the transport levels was measured to be -0.9 eV
with respect to Evac. The work function and transport level onset for CuPc/CuI were measured to
be 4.2 eV and -0.7 eV with respect to Evac respectively.

Figure 3.10: a) UPS spectra of 30 nm CuPc/SiO 2 vs. CuI in which the transport level
onset and SECO onset for each sample have been labeled. b) Band energy diagram for
CuPc/SiO2 vs. CuPc/CuI with ionization energy and work function labeled.
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Figure 3.11: a) UPS spectra of 10 nm CuPc/SiO 2 vs. CuI in which the transport level
onset and SECO onset for each sample have been labeled. b) Band energy diagram for
CuPc/SiO2 vs. CuPc/CuI with ionization energy and work function labeled.

From the above band diagram and using the work function and transport level onset, we can
calculate the ionization energy of CuPc/SiO2 to be 4.6 eV and 4.9 eV for CuPc/CuI. These values
and the difference between the two films are consistent with work published by Chen et al., in
which the ionization energy of CuPc/SiO2 is published to be 4.75 eV and 5.15 eV for
CuPc/HOPG (another strongly interacting substrate)84, and other similar work done by other
groups85–87 within 10 % tolerance. The results also are in agreement with the model presented in
figure 3.10 and is in agreement with similar studies done with other organic semiconductors such
as pentacene.88–91 The change in ionization energy proves the hypothesis of an orientation change
in the CuPc when it is deposited over SiO2 or CuI affecting the Evac (S) due to the orientation of
the surface dipoles.83,88,92
The relative changes in binding energy for the transport levels between the different
substrates at 30 nm and 10 nm (figure 3.11) show differences in how thickness affects the
electrostatics and final state screening of the two films. For 10 nm CuPc/SiO 2 we observe a ~ 100
meV shift of the spectrum relative to the 30 nm thick CuPc/SiO 2 sample with no changes to the
ionization energy. The same value in ionization energy allows us to rule out band bending. It is
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possible that there is some charging occurring, as the XPS also showed a 400 meV shift to higher
binding energy for the thinner films.
In comparison, the 10 nm CuPc/CuI sample has a shift in the work function of ~ 200 meV
and a shift of ~ 100 meV for the transport levels, resulting in a ~ 100 meV increase in the IE of the
film relative to the 30 nm thick sample. Likewise, the 10 nm CuPc/CuI sample shows a ~ 100 meV
shift to higher binding energy, relative to the 30 nm film in XPS. This does suggest the possibility
of some band bending at the surface, although it is important to note that 100 meV shift is at the
resolution limit of the UPS measurement.
As a final note, templated substrates have been previously cited by researchers such as
Jeong et al. and Xiao et al. to only be able to control the molecular orientation to an extent; as the
films become thicker, the intermolecular forces will slowly dominate over the substrate – molecule
interaction.24,58 This increase in disorder might be responsible for the electronic changes observed
in the UPS results, although is difficult to resolve in this context.

3.4| Conclusion
We have confirmed the chemical, electronic, and physical effects of changing the substrate
surface energy on CuPc and establishing a basis for comparison for future work on MPcs.
Increasing the substrate surface energy using CuI was confirmed to change the crystal orientation
of CuPc qualitatively using NEXAFS and quantitatively using GIWAXS. The changes in
electronic structure were measured in the UPS and manifested in the ionization energy; the
change in ionization energy from the edge-on orientation to face-on orientation showed an
increase of 300 meV (0.3 eV) due to the presence of surface dipoles. The effects of the change in

63

orientation were determined to be purely electrostatic in nature with no observable chemical
effects as shown in the XPS results.
The findings discussed in this chapter are crucial for the understanding of transport
phenomenon in organic thin films by setting the stage using a set of controls. By analyzing the
chemical and electronic structure in conjunction with the physical structure, we can demonstrate
that our control over orientation is strictly limited by design to only the physical structure while
leaving the electronic and chemical structures unchanged. While CuPc is one of the most heavily
characterized MPcs in the present literature, other metal phthalocyanines are less well
characterized. Using CuPc as a benchmark can improve understanding and insight when
compared with new molecules characterized in the same manner in order to understand their
physical, chemical, and electronic structure and how they change when orientated differently on
a substrate. When conducting such studies, we can use CuPc as a reference point for the physical
and electronic structures to determine differences between these MPcs and infer from these
results how these differences or similarities will effect transport and ultimately device
architecture and design.
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Chapter 4
Conclusion
While insight on the molecular orientation of single component thin films of CuPc deposited
over SiO2 and CuI has been achieved using XPS, UPS, NEXAFS, and GIWAXS using 30 nm
thick films, further work must be done using thinner films to truly understand the effects of the
substrate at the molecule – substrate interface. Specifically in this body of work, 10 nm thick
films of CuPc have been deposited over both SiO 2 and CuI substrates but have only been
analyzed using PES. In order to draw conclusions of the extent of influence that the substrate has
over molecular assembly, a study of the crystal structure of CuPc using GIWAXS and NEXAFS
of the 10 nm films must be done, assuming sufficient sensitivity and resolution.

4.1| MPc thin films on SiO2 vs CuI
4.1.1 Effects of Substrate and intermolecular forces on molecular assembly. The effects of
substrate interactions on the molecular assembly of the 30 nm thick MPcs were studied to draw
meaningful conclusions for use in design criteria of materials, unique heterojunctions, and
molecular self-assembly control.
The 30 nm thick CuPc film deposited over SiO2 was determined to have strong intermolecular
interactions relative to the effects of the substrate on molecular orientation, in which edge-on
orientation was confirmed using GIWAXS and NEXAFS. The CuPc film however did show that
these intermolecular interactions can be separated into two different domains: interactions within
a molecular stack and interactions between molecular stacks. Films with a thickness of 30 nm
were found to have domains in which the intermolecular interactions within the stack were
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dominating, conferring regions of brickstone configuration crystal phase within the majority
herringbone configuration crystal phase.
The CuI templating layer was shown to have influence over how the molecules self-assembled as
they were deposited over a slow deposition rate of 0.4 Å/s. It was found that this influence was
dominate over the intermolecular forces even at a thickness of 30 nm. This is contrary to the
molecular assembly over SiO2 in which CuPc adopted a mixed crystalline phase due to the
influence of intermolecular forces between the molecules within a stack and between molecular
stacks.
4.1.2 Chemical States Chemical states were studied using XPS to probe the local chemical states
for spectroscopic signatures of charge transfer and chemical interactions between molecule and
substrate that may have induced one orientation over the other. The chemical model established
to interpret the XPS data can be used as a point of comparison when studying other MPcs in
which the macrocycle has been perfluorinated, functionalized, and when the transition metal
center has been changed.
4.1.3 Electronic Structure UPS data shows that the CuPc surface is electronically changed when
the molecular orientation is altered using templating layers such as CuI which can be observed in
the change in IE of CuPc when deposited over SiO 2 and CuI. The change in Evac is due to
changes in how the molecule’s electron cloud is spread across the material surface based on
orientation.

4.2| Future Work
The work presented in this thesis was done with the objective of setting control systems for later
experiments that will involve transport measurements of the differently oriented films of CuPc.
The demonstration of control over intermolecular orientation can allow for measurement of
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effective hopping frequencies between molecules, which is predominantly only speculated in the
literature. Future work will target new molecular design criteria and understanding the changes
in intermolecular spacings with doping.
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