
ABSTRACT 

MCAFEE, TERRY RICHARD. Investigation and Control of “Sphere-Like” 

Buckminsterfullerene C60 and “Disk-Like” Copper(II) Phthalocyanine.  (Under the direction 

of Harald Ade and Daniel Dougherty). 

 

Due to the growing global need for cheap, flexible, and portable electronics, 

numerous research groups from mechanical and electrical engineering, material science, 

chemistry, and physics have increasingly turned to organic electronics research over the last 

~5-10 years.  Largely, the focus of researchers in this growing field have sought to obtain the 

next record holding device, allowing a heuristic approach of trial and error to become 

dominant focus of research rather than a fundamental understanding.  Rather than working 

with the latest high performance organic semiconducting materials and film processing 

techniques, I have chosen to investigate and control the fundamental self-assembly 

interactions of organic photovoltaic thin films using simplified systems.  Specifically, I focus 

on organic photovoltaic research using two of the oldest and well studies semiconducting 

materials, namely “sphere-like” electron donor material Buckminsterfullerene C60 and “disk-

like” electron acceptor material Copper(II) Phthalocyanine.  I manufactured samples using 

the well-known technique of physical vapor deposition using a high vacuum chamber that I 

designed and built to accommodate my need of precise material deposition control, with co-

deposition capability.  Films were characterized using microscopy and spectroscopy 

techniques locally at NCSU, including Atomic Force Microscopy, scanning tunneling 

microscopy, X-ray photoelectron spectroscopy, and  Ultraviolet-visible spectroscopy, as well 

as at National Laboratory based synchrotron x-ray techniques, including Carbon and 

Nitrogen k-edge Total Electron Yield and Transmission Near Edge X-ray absorption fine 



structure spectroscopy, Carbon k-edge Resonant Soft x-ray Microscopy, Resonant Soft x-ray 

reflectivity, and Grazing Incidence Wide-Angle X-ray scattering.   
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CHAPTER 1 

Introduction 

 

1.1 Motivation for Organic Photovoltaic Research 

As the energy demands of the world grow, and we deplete our reserves of non-

renewable resources, sources of renewable and sustainable energy are becoming increasingly 

important.  Solar energy is one such renewable energy source, but the high manufacturing 

cost and scarcity of necessary elements of traditional condensed matter solar panels makes 

them unsuitable for our current and future needs.
1
 Organic photovoltaics (OPVs), however, 

show promise for not only being cheap and primarily composed of earth abundant elements, 

but are already known to be light-weight, flexible, and easily transportable.  Device power 

conversion efficiencies (PCE) of OPVs have increased by roughly an order of magnitude in 

the last 20 years, with the current record at 11.5%,
2
 making them a promising candidate to 

supply our energy needs.  Several manufacturing options show promise in achieving 

economy of scale, including slot-die printing,
3
 blade coating,

4
 and vapor deposition,

5
 which 

can be easily integrated into mass production techniques such as roll-to-roll processing.
1, 5

 

The rapid increase of PCE, especially advances past the 10% benchmark, is largely due to 

individual and collaborative research efforts made by mechanical and electrical engineers, 

material scientists, chemists, and physicists. Specialization is required for advancement of 
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understanding of each aspect of an OPV. I have chosen to focus on morphology 

characterization and control. 

 

1.2 What are Organic Electronics? 

The fundamental difference between a traditional inorganic solar cell and an organic 

solar cell is the creation of free charges after photo absorption. Unlike traditional condensed 

matter solar cells where an absorbed photon directly results in separated charges, an absorbed 

photon in an OPV device results in a relatively tightly bound electron-hole pair, known as an 

exciton.  The binding energy of an exciton in an OPV is ~0.25 eV
6
, making it too strongly 

bound to be dissociated by the internal electric fields.  Thus, the exciton can only be 

separated into free charges at defect/trap sites (which is detrimental to solar cell 

performance), or preferably at an interface between two materials. If such an interface has 

electronic states with sufficient band offset energy to overcome the binding energy of the 

exciton, charges can be separated. During the dissociation process, the primary photon 

absorber typically ‘donates’ an electron to the second material, so this interface is typically 

called a donor/acceptor (D/A) interface. 

 The need for a D/A interface in an OPV to split the exciton into free charges makes 

efficient charge generation nontrivial.  Typically, an active layer thickness of ~100 nm is 

required to absorb enough photons, but the exciton diffusion length is only ~10 nm.  This 

means that in a bilayer OPV, which is analogous to the inorganic p / n junction solar cell, 

only ~20% of excitons are able to reach the D/A interface to be split into free charges.  To 
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increase the number of excitons that reach the D/A interface, either the exciton diffusion 

length must increase, or the path length of the exciton to the D/A interface must be 

decreased.  Although the exciton diffusion length can be manipulated in the range of ~1-30 

nm by choice of materials
7
, crystallinity

8
, molecular orientation

9
, etc., the path length of the 

exciton to the D/A interface can be drastically reduced by abandoning the bilayer device 

architecture in favor of a mixed or bulk heterojunction (BHJ) morphology
10

. 

Due to the short exciton lifetime in OPV materials, a bulk heterojunction (BHJ) 

device morphology is used to create a bi-continuous network of (ideally) ~10-50 nm D/A 

domains, which allows the exciton to reach the D/A interface and dissociate into free charges 

before decaying.  The morphology of the OPV device is thus a key parameter that strongly 

affects its overall performance.
1
 Organic Molecular Beam Epitaxy (OMBD) can achieve a 

BHJ type morphology by co-deposition of the donor and acceptor materials followed by 

thermal annealing
11

.   To create a BHJ by solution processing, donor and acceptor materials 

are dissolved into a common solvent and cast onto the substrate.  The resulting BHJ 

morphology is a result of the self-assembly of the donor and acceptor materials during the 

drying process, and is heavily influenced by the type of solvent and processing conditions.   

 

1.3 History of OPV device performance 

OPVs were demonstrated to be a possible energy source in 1986 when Tang achieved 

a 0.95 % PCE with an OMBD grown bilayer device using CuPc as the electron donor 

material and a perylene tetracarboxylic derivative (PV) as the electron acceptor material
12

. 
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There was little improvement in OPV performance from 1986 until ~2000, at which point 

there have been new records every year.  Although the performance was not record breaking, 

the discovery/invention of the Bulk Heterojunction in 1995 by Heeger, et. al
13

 allowed 

solution processing to become an alternative to OMBD for organic thin film device creation.    

A few important benchmarks in the evolution of OPV devices are worth mentioning. In 2001 

Peumans and Forrest made a major leap past the ~1% PCE benchmark with a OMBD grown 

CuPc / C60 bilayer device with a 3.6 % PCE
14

.   Aernouts, Mertens, et. al. achieved 3.1% in 

2002 using solution processed MDMO-PPV:PCMB in a BHJ device architecture
15

.  The fact 

that these two devices both achieved above 3%, yet are made of different materials, and 

completely different thin film creation techniques, showed a glimpse into the vast parameter 

space that could be investigated to further improve the PCE in OPVs.   It was around this 

time that publications in the OPV field begin to pick up, with many researchers competing to 

be the new record holder.   

 A notable landmark in the importance of optimization was in 2003 when Sariciftci, et. 

al. published a PCE increase in P3HT:PCBM based BHJ from 2.5% to 3.5% by adding a 

thermal annealing step post device production.
16

  This result, in combination with related 

advances in OPV fabrication/optimization techniques in the early to mid 2000’s, resulted in 

considerable research on P3HT:PCBM BHJs, allowing many researchers to consider it the 

“fruit fly” of the OPV community.  Numerous research groups employed various 

optimization experiments using P3HT:PCBM OPVs in attempts to be the next PCE record 
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holder, leading to Heeger, et. al. reaching 5% PCE in 2005
17

.  Only slight increases in PCE 

for P3HT:PCBM have been reported since then.   

Just as many researchers flocked to optimization of solution processed P3HT:PCBM 

OPVs in the early 2000’s, optimization of OMBD based OPVs also gained attention. Forrest, 

et. al. also achieved a 5.0% PCE device
18

  by modification of the CuPc / C60 bilayer device 

into a planar-mixed heterojunction, where a mixed layer of CuPc and C60 is added between 

the pure CuPc and C60 layers of a bilayer device. Similar to the advantages of the BHJ, the 

mixed CuPc:C60 layer dramatically increases the interfacial area between CuPc and C60 

domains, which increases the probability of an exciton reaching a D/A interface for 

dissociation before decaying. 

 By optimizing of CuPc:C60 and P3HT:PCBM if the early 2000’s, researchers were 

able to nearly double the PCE of these material systems. Since then, however, there have 

been very little improvements to the PCE in those material systems.   This made it clear that 

although optimization is crucial for achieving high performance OPVs, alternative organic 

semiconducting materials were needed for OPVs to reach the ~10% PCE benchmark thought 

to be needed for them to be a practical alternative energy source. 

 Many chemist and chemical engineers began developing new donor and acceptor 

materials for OPVs.   In 2012, Seth Darling, et. al., achieved 6.8% PCE by “judicious 

Molecular Design and Device Optimization”
19

 of a new donor material they synthesized 

called DPDCPB, which has a substructure of Donor-Acceptor-Acceptor groups within the 

molecule.  Since 2012, many new solution processed small molecule materials, comprised of 
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combinations of donor and acceptor units, have been synthesized and characterized. One 

such material in 2013, called SMPV1, achieved a single junction OPV with a certified PCE 

of  8.02 %, and uncertified tandem OPV with 10.1 % PCE
20

.  A very recent publication 

reported a certified PCE of 10.10 % using a single junction, solution processed, small 

molecule OPV based on oligothiophene
21

.  

 The performance of OPVs has continuously increased over the last ~15 years through 

a combination of synthesizing new organic semiconducting materials, and by optimization of 

processing techniques of existing materials.  This has been achieved largely due to the gain in 

collective understanding of the OPV community, namely, how the choice in materials and 

processing conditions impact the optoelectronic properties of the active layer.  Overall, the 

gain in OPV performance is due to a deeper understanding of the processes occurring within 

the active layer of an OPV, allowing for the intelligent design of materials and processing 

techniques.  

 

1.4 How does a photovoltaic work? 

The key metric for evaluating the performance of an OPV is the Power Conversion 

Efficiency (PCE).  The PCE is a measure of the power output of the solar cell as a percent of 

incident solar power.  PCE can be expressed by the product of the short circuit current (J sc), 

open circuit voltage (Voc), and the fill factor (FF), divided by incident solar power per area, 

shown in equation 1.  

(𝑒𝑞. 1)     𝑃𝐶𝐸 =
𝐽𝑠𝑐 ∗ 𝑉𝑜𝑐 ∗ 𝐹𝐹

𝐼𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑠𝑜𝑙𝑎𝑟 𝑝𝑜𝑤𝑒𝑟 𝑝𝑒𝑟 𝑎𝑟𝑒𝑎
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Numerical values for the Jsc, Voc, FF, and PCE for a photovoltaic device can be 

determined by measuring the current output of the cell as a function of the voltage difference 

between the electrodes, as illustrated in figure 1. The device can be operated anywhere in 

Quadrant IV, while quadrants I and III must be measured with an applied bias. The Jsc is the 

measure of the current density out of the device when the cathode and anode are held at the 

same potential . The value of the Jsc in a solar cell is primarily dependent on the number of 

photons absorbed in the active layer, resulting in excitons which can be split into free charge 

carriers. The Voc is the maximum possible voltage output of the device under operating 

conditions, and is the voltage difference between the cathode and anode when the device is 

under illumination and there is no current flowing.  When the cell is in an open circuit 

condition, meaning there is no net charge flow through the device, free charge carriers self-

arrange within the active layer to cancel the electric field, resulting in no internal electric 

field.   

If we consider sweeping an applied bias in between the Jsc and Voc conditions, we see 

that the current decreases as the bias increases. The reduction in the current is due to 

recombination losses.  The reduced electric field slows down the rate charges transport to the 

electrodes, increasing the free charge carrier density and thus the probability of 

recombination.  The FF is the ratio of the actual maximum power output of the cell per area 

divided by the product of the Jsc and Voc.  In the ideal case (FF=1), charge extraction is so 

efficient that lowering the electric field results in a negligible increase in recombination, 

allowing the current to remain near the Jsc value as the bias approaches the Voc.  In reality, 
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FF is often degraded by low intrinsic carrier mobility, charge traps, or morphological dead 

ends that prevent efficient charge extraction. 

 

   

Figure 1.1 Solar Cell Performance.  Illustration of the relationship between the 

power conversion efficiency and the current, as a function of voltage, in a photovoltaic 

cell. 

 

1.5 Steps to converting photons to electrical energy 

To understand the process of converting photons to electrical energy in a 

photovoltaic, it can be useful to consider each step in both energy space as well as real space.  

Figure 1.2 illustrates each step in the photo-conversion process in energy space diagram on 

the left hand side with the corresponding real space diagram on the right hand side. Figure 
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1.2 (a) and (b) show the system in equilibrium in dark conditions without photo excitations.  

Both the donor and acceptor materials have a two energy bands responsible for the 

conduction of charges. The higher energy band is referred to as the Lowest Unoccupied 

Molecular Orbital (LUMO), which is analogous to the conduction band in a conventional 

solar cell. The lower energy band is referred to as the Highest Occupied Molecular Orbital 

(HOMO), which is analogous to the valence band in a conventional solar cell.  The energy 

difference between the HOMO and LUMO, or bandgap, is intrinsic to the material and is 

directly correlated to the onset of optical absorption.  The relative position of the energy 

bands with respect to vacuum depends on the work function of the material.   
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Figure 1.2 Photoconversion Steps.  Energy band diagram (left) and spatial schematic 

(right) illustrating the steps to convert photons into electrical energy in an OPV device.  

A bilayer architecture was chosen for simplicity. 
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The first step in harvesting solar energy is to absorb photons in the active layer of the 

device, shown in figure 1.2 (c) and (d).  The absorbed photon creates an exciton in the active 

layer which must then diffuse to a D / A interface, shown in figure 1.2 (e) and (f).  The 

energy band offset between the donor and acceptor material provides the energy to separate 

the exciton into free charges, shown in figure 1.2 (g) and (h).  Once the exciton is split into 

free charges, the electron(hole) must transport through the active layer to the anode(cathode), 

shown in figure 1.2 (i) and (j). The last step is for the free charge to transfer from the active 

layer to the electrode, shown in figure (k) and (l).   

The illustration of the photo-conversion process shown in figure 1.2 is an overview, 

and skips the complexity of each step. Trap states, charge transfer states, band bending, and 

higher energy unoccupied states are not included.  The complexity of exciton dissociation at 

the D/A interface is one aspect of OPVs that is still not well understood. Prior to the creation 

of free charges at the D/A interface, the exciton is thought to first transfer to intermediate 

states such as charge transfer states or by formation of polar-pairs. Recombination of charges 

is a major loss mechanism. Recombination prior to the creation of free charges is referred to 

as geminate recombination, while recombination of free charges is referred to as bimolecular 

recombination.  

The efficiency of each of the individual steps in the photo-conversion process all 

contribute to the PCE of the OPV.  Since the output of one step is the input for the next step 

in the photo conversion process, the PCE of an OPV can be dramatically reduced by 

inefficiency in any one of the steps. The maximum achievable Jsc and Voc are intrinsic to the 
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bandgap of the donor and acceptor materials chosen. The size of the bandgap determines the 

minimum photo energy which can be absorbed by that material.  By integrating the 

absorption profile of the material with the solar spectrum, the number of absorption events 

can be determined. The maximum achievable Jsc is thus fundamentally limited by the 

bandgap of the material since absorption of photons is the first step in producing a current.  

The maximum achievable Voc is determined by the energy difference between the ionization 

potential of the donor (IPD) and electron affinity of the acceptor material, (EAA) less the 

binding energy of the bound electron-hole geminate pair following charge transfer, as shown 

in equation 2
22

.  Where q is the charge of an electron, 𝜀0 is the vacuum permittivity, 𝜀𝑟 is the 

relative dielectric constant of the bulk organic material, and r is the separation distance of the 

electron and hole directly following exciton dissociation. 

(𝑒𝑞. 2)  𝑉𝑂𝐶 =  (𝐼𝑃𝐷 − 𝐸𝐴𝐴 −
𝑞2

4𝜋𝜀0𝜀𝑟𝑟
) 𝑞⁄  

Ideally, every photon that enters the active layer is absorbed and creates an exciton. 

The primary influence on what percentage of incident photons is absorbed is the thickness of 

the active layer.  The specific thickness required depends of the choice of materials and the 

molecular orientation of the materials within the active layer, but is typically 100 nm or more 

for organic materials. The majority of organic semiconductors have anisotropic light 

absorption due to the orientation of orbitals within the molecule.  Due to the alignment of the 

transition dipole moment in organic molecules, typically the absorption is highest when the 

polarization of the incident photons is perpendicular to the Pi-Pi stacking direction of the 

molecule. 
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The next limiting step is what percentage of the generated excitons result in free 

charges.  Once created, the exciton can either decay by radiative or non-radiative processes 

or preferably be dissociated into free charge carriers. The binding energy barrier of the 

exciton can be overcome, allowing dissociation, by either an electric field or by transferring 

one of the charge carriers to a lower energy state.  Lower energy states occur at an interface 

between two materials or at locations with defects or impurities within a homomaterial.   

The internal electric field within an OPV is not strong enough to dissociate excitons 

due to their high binding energy.  Dissociation at an impurity or defect within a 

homomaterial results in one of the charge carriers being spatially trapped since the energy 

band it is in is localized at the site of the defect or impurity. Therefore, in order to produce a 

free electron and hole which both have energy pathways to the electrodes, the exciton must 

be dissociated at the D / A interface.  Since the exciton diffusion length is ~10 nm, the best 

way to get the exciton to the D / A interface before decaying is to have it generated within 10 

nm of the D / A interface.  Once the electron(hole) is a free charge in the acceptor(donor) 

material, it must transport through the acceptor(donor) material to the anode(cathode) 

without becoming trapped or recombining with a free hole(electron).  The existence of a 

continuous pathway to the electrodes is trivial for a bilayer device, but is often problematic 

with BHJ devices.  Once the charge reaches the electrode interface, it must transfer to the 

electrode.  Nearly all high PCE OPVs not include electron and hole blocking layers between 

the active layer and the electrodes.  The blocking layers only provide energy states for either 

the electron or the hole, allowing only the desired charge carriers to reach each electrode. 
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The probability of a free electron(hole) encountering a free hole(electron) and 

recombining is directly related to the density of free charge carriers in the active layer.  Since 

you do not want to decrease the rate free charges are being created, the only beneficial way to 

reduce the density of free charge carriers is to extract the charges as quickly as possible.  To 

extract charges more rapidly, either the path length to the electrodes must decrease or the 

transport velocity must increase.  Reducing the path length to the electrodes is not practical 

since it would require reducing the active layer thickness resulting in less light absorption.  

The transport velocity is determined by the charge carrier mobility of the material and the 

strength of the electric field.  The charge carrier mobility is determined primarily by the 

intrinsic properties of the organic semiconducting material chosen as well as the morphology 

within that material. Due to increased orbital overlap, charge transport between molecules is 

fastest in the Pi-Pi stacking direction. The presence of grain boundaries and/or molecular 

disorder within the material induces trap sites and/or band bending which can greatly inhibits 

charge transfer.   

By manipulation of the active layer morphology, the efficiency of any one step can be 

nearly perfect, but results in unacceptable losses in the other steps.  For example, the active 

layer thickness can be increased so that nearly every photon entering the active layer is 

absorbed, but this necessitates an increase in the path length the free charges must travel 

before charge extraction, leading to increased recombination and a lower current.  

Alternatively, having an active layer that is only a monolayer thick of each material would 

ensure that every exciton would reach the D / A interface since the entirety of the active layer 
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is the D / A interface.  The obvious issue here is that very few excitons are created since very 

few photons can be absorbed in two monolayers of organic materials.   

By consideration of the morphological needs of the various steps in the photo 

conversion process, we can make an educated guess as to what morphology, if achieved, 

would provide the maximum possible PCE for an OPV system. An interdigitated “comb-

like” morphology. shown in Figure 1.3, is thus thought to be one possible morphology to 

achieve peak OPV  PCE.   The width of the domains would be the size of the exciton 

diffusion length.  This morphology would potentially allow all excitons to reach the D / A 

domain as well as providing continuous pathways for free charge carriers to reach the 

electrodes.   The thickness would then be optimized to balance efficient light absorption with 

recombination losses.  To control film morphology approximating the structure shown in 

figure 1.3, we need to pay careful attention to the interface creation in donor-acceptor 

materials.  This thesis will use organic molecular beam deposition to create model donor-

acceptor interfaces that allow new insights into structure, morphology and photovoltaic 

function. 
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Figure 1.3 “Comb-like” morphology.  Example of a morphology theorized to achieve 

High OPV PCE. Red = Acceptor, Blue = donor material.  Width of domain strips set to 

match the exciton diffusion length. 

 

1.6 Small Molecule Films grown by Organic Molecular Beam Deposition 

 Similar to liquid/surface contact angle measurements, the surface and interfacial 

energy relationships are the primary properties governing the film growth morphology. When 

the molecule-substrate interaction dominates the energetics in the system, the film will 

exhibit a layer-by-layer, or Frank-van-der-Merwe, growth mode.  In contrast, if the molecule-

molecule energetics far outweighs the molecule-substrate interactions, a Vollmer-Weber 

growth mode occurs, where 3D island growth starts with the first monolayer.  A third growth 
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mode known as Stranski-Krastanov, exhibits a transition from uniform film growth in the 

first monolayer(s) to 3D island growth.  

 Unlike liquid/surface contact angle measurements, the energetics of a given organic 

material often cannot be described by a single numerical value. Asymmetry in individual 

molecules leads to non-negligible variation in interaction energies as a function of molecular 

orientation.  This leads to orientation dependent energetics both at the film-substrate interface 

as well as the molecule-molecule interactions within the film.  For example, molecules may 

preferentially adopt either a face-on or edge-on orientation in the first monolayer to minimize 

the film-substrate interfacial energy, but switch orientation in subsequent layers to minimize 

the molecule-molecule interactions.  The molecule-molecule interactions within the film are 

further complicated by crystallization.  Depending on the material(s), substrate, and growth 

parameters used, multiple crystal structures and/or crystal orientations may be induced in the 

film, each with different energies of formation. 

 Since film growth is an inherently non-equilibrium process, knowing the preferred 

morphology in static equilibrium is not enough to determine the actual morphology of a film 

growth by OMBD.  In particular, the deposition rate and substrate temperature can have a 

dramatic impact on resultant film morphology.  The deposition rate essentially determines 

how much time a molecule, or layer of molecules, arriving at the film surface have to self-

arrange before additional molecules arrive.   Higher deposition rates thus increases disorder 

within the film, typically resulting in poorer crystalline order and increased surface 

roughness.  The substrate temperature determines how much energy the molecules have to 
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rearrange themselves on the surface.  At low temperatures, molecules do not very much 

energy available to rearrange, causing them to become trapped in a local, quasi-stable, low 

energy configuration.  Higher substrate temperatures allow molecules to have more energy to 

diffuse across the surface and overcome local energy barriers, significantly increasing the 

chances of a molecule to reach its lowest energy configuration. 

 The parameters described above are intended to highlight the principle mechanisms 

involved in film formation, and is in no way a complete summary. Stress/strain relationships, 

vibrational and rotational degrees of freedom within a molecule, and epitaxial growth 

conditions, for example, may also have a significant impact on film formation. 

  

1.7 How can physics contribute to the OPV community? 

Although intimately related, the continual PCE increases in OPV devices over the last 

~15 years can be attributed to two primary research tracks: 1) optimization of known OPV 

D/A material systems via film processing procedures, and 2) the development of new organic 

semiconducting materials.  Unfortunately, there is no practical limit to the number of 

possibilities for researchers to consider for new materials as well as for the optimization of 

the materials.   

Given that semi-infinite parameter space that can be pursued to achieve high PCE 

OPVs, it is imperative to narrow down the possibilities researches must investigate.  By 

gaining a deeper understanding of the opto-electronic processes that occur in an OPV, 

researchers can make educated decisions about what materials and processing conditions 
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have the potential to achieve higher PCEs.  As described above, there are 5 basic steps which 

must occur for a photovoltaic device to convert a photon into electrical energy.  The 

sequential nature of the photo conversion process means that inefficiency at any one step 

necessarily results in inefficiency of the entire cell.  It is thus of great benefit to determine 

which process is limiting the performance of the device, and how the efficiency of that 

process can be improved.  

High performance OPVs often exhibit similar morphological characteristics such 

crystallinity, domain size, domain purity, and molecular orientation, regardless of the means 

used to produce the optimal morphology. This points out that the various methods of 

optimization via processing conditions are non-additive. For example, similar performance 

can be obtained by either using a solvent additive such as DIO or by thermal annealing, but 

using both the DIO additive and thermal annealing results in a poorly performing device.
23

   

Although theoretical predictions
24

 combined with heuristic trial and error methods 

have provided many advances to the performance of OPVs, the use of techniques, such as 

TEM,
25

 AFM,
26

 SANS,
27

 GIWAXS,
28

 and R-SoXS
29

 to characterize the morphology OPV 

devices provides critical insight into what properties allow specific combinations of material 

selection and processing conditions to make a better device  

 

1.8 Tying it all together 

The majority of OPV research is driven by the end goal of finding a cheap alternative 

energy source.  The practical benefits of achieving high performance OPVs puts the 
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emphasis of research on the improvement of the PCE.  Researchers from not only academia 

have flocked to OPV research, but from national laboratories and industry as well. Due to the 

variety of challenges which need in-depth research understanding, scientists with different 

specialties are needed, particularly  mechanical and electrical engineers, material scientists, 

chemists, and physicists.   

The interdependence of the morphology on each step of the photo conversion process 

makes it nearly impossible for the efficiency of any one step to approach unity without 

causing the efficiency of the other steps to decrease.  By optimization of the morphology, a 

balance between the efficiency of each step can be found to maximize the resulting PCE of 

the OPV. To accomplish this, we must thoroughly understand how the morphology impacts 

each step in the photo conversion process.   

The growing need, as well as the monetary benefits, of finding a cheap alternative 

energy source have led to a breadth of OPV funding and research worldwide. The goal of 

research on OPV is primarily focused on achieving the end goal, a cheap OPV with high 

PCE, regardless of the methods used. If a researcher produces a new OPV with record PCE, 

the device fabrication method alone merits publication, even without insight as to why it 

performs better.   In this context, it doesn’t matter if the end goal is achieved by intelligent 

design through a deep understanding or by brute force with trial and error.  In practice, OPV 

device researchers use the existing knowledge and understanding of the community to guide 

which parameters are worth experimental investigating.   
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It can be beneficial for the OPV researcher to decide whether the primary impact of 

their work contributes to understanding how to make high PCE devices or to actually 

produce a new PCE record device.  As a physicist working in the organic electronics 

community, I am best suited to contribute to the collective fundamental understanding of the 

mechanisms that impact the PCE. 

  

1.9 Outline of Thesis 

1.9.1 Overview 

When struggling to solve a complexed problem, it is often useful to solve a simplified 

version of the problem.  By understanding the simplified problem in depth, the insight gained 

can often assist with solving the more complexed problem.  For example, a common classical 

mechanics problem is to solve for the kinematics of a 2-stage rocket.  If a student can’t figure 

out the 2-stage rocket, then it might be suggested that they solve for the kinematics of a 1-

stage rocket first.  Similarly, insight into the performance of a BHJ device can be gained 

from a deeper understanding of a bilayer device.   For example, the well-defined D/A 

interface in a bilayer device would likely be better suited for understanding the impact of 

molecular orientation on exciton dissociation rather than in a BHJ.  

 In an effort to focus my research on advancing the understanding of the fundamental 

processes that occur within a OPV device, I have chosen to study pure and bilayer films of 

CuPc and C60 grown by OMBD.  Of the many choices of organic donor and acceptor 

materials available, CuPc and C60 are not only two of the oldest and most well studied donor 
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and acceptor materials to date, but are also highly symmetric.  Considering mathematicians 

and physicists often model a complexed shape as a superposition of spheres, rods/discs, and 

or a plane to allow for analytical solutions, the “disc-like” like structure of CuPc and the 

“sphere-like” structure of C60 make them ideal materials for fundamental OPV research.  

Investigation of pure and bilayer films rather than a mixed or BHJ film morphology, allows 

for the isolation of the individual steps in the photo conversion process, such as having a 

well-defined morphology at the D / A interface.  Although OMBD does not provide the ease 

of scalability provided by solution processing techniques, the sub-monolayer thickness 

accuracy of OMBD provides for very precise control of film growth, making it ideal for 

fundamental OPV research. 

 

1.9.2 Chapter 3: Thermally induced dewetting in ultrathin C60 films on 

Copper Phthalocyanine 

By investigation of the evolution of thermally annealed ultrathin fullerene-C60 layers 

on copper phthalocyanine, evidence for the incompatibility of C60 for long-term device 

stability is demonstrated as well as providing a practical method to achieve a morphology 

resembling the “ideal” OPV shown in figure 1.  Thermal annealing of the bilayer film at a 

relatively low temperature of 105˚ C induced spherical island ripening of the top C60 layer 

from ~5-10 nm as-grown into ~20-40 nm radius domains over a 48 hour period. Although the 

operation temperature for OPVs in practical situations would not likely reach 105˚ C, 
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operation at 50˚ - 75˚ C is likely to occur. Thus, over 10 – 20 years of operation, the film 

morphology of a C60 containing OPVs may exhibit detrimental morphology changes. 

 

1.9.3 Chapter 4: Toward Single-Crystal Hybrid-Carbon Electronics: 

Impact of Graphene Substrate Defect Density on Copper Phthalocyanine 

Film Growth 

By investigation of CuPc films grown on Graphene and Graphite, we demonstrate 

how the presence of defects impacts CuPc film growth and the suitability of Graphene as an 

electrode for OPVs.   Low defect density graphite substrates allow CuPc crystals larger than 

a micrometer to be formed.  Additionally, the CuPc molecules adopt a flat-lying morphology, 

which enhances light absorption.  The morphology of CuPc in defect free regions meets all of 

the key requirements for a donor layer in an efficient bilayer device. Namely, the substantial 

reduction in traps, defects, and grain boundaries, and preferred molecular orientation.  These 

properties improve each of the steps necessary for photo conversion, with no conceivable 

detrimental effects. 

   

1.9.4 Chapter 5: Layer-by-Layer Growth of Crystalline C60 Films on Flat-

lying Copper Phthalocyanine 

By investigation of C60 film growth morphology on CuPc / Graphite, the validity of a 

bilayer device being ideal for efficient photo conversion, as suggested by my findings in the 
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previous chapter, is further investigated.  Remarkably, the co-facial D / A interface induces a 

C60 film morphology that is not only composed of large, highly ordered crystals, but is also 

stable under thermal annealing up to 150˚ C. In addition to the reduced traps, defects, and 

grain boundaries provided by having large, ordered C60 crystals, the co-facial interface 

enhances Pi orbital overlap between the CuPc and C60 molecules which should facilitate 

more efficient exciton dissociation. 

These findings give merit to an alternative method of achieving High PCE OPV 

devices using tandem bilayer devices.  Tandem cells stack two or more OPVs on top of one 

another.  This means each cell is only responsible for absorbing a portion of the incident 

photons, allowing for a thinner active layer, which reduces recombination due to improved 

charge extraction.  Since however many cells are needed can be added to absorb all of the 

incident photons, the thickness and morphology of each cell can be optimized for efficient 

exciton dissociation and charge transport.   

 

1.9.5 Chapter 6: Morphological, optical, and electronic properties of three 

distinct crystal orientations present in a Beta CuPc thin film 

 In this chapter the morphological, optical, and electronic properties of a beta CuPc 

film is examined. In addition to the alpha herringbone and brickstone crystal structures 

adopted in CuPc thin films, as described/characterized in previous chapters, the beta 

herringbone crystal structure is of particular interest due to not only being the most stable 

CuPc crystal structure known, but also exhibits the highest charge carrier mobility.  
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GIWAXS on beta CuPc reveals three orientations of beta herringbone crystals coexist in the 

film. Micro Uv-Vis, AFM, and KPFM on individuals crystal domains is employed to further 

characterize the properties of each of the three observed crystal orientations. 
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CHAPTER 2 

Experimental Methods 

 

2.1 Sample Fabrication Techniques 

 The first step in performing an experiment on an organic semiconducting material is 

sample fabrication.  The method used to create a sample may have a significant impact on its 

optoelectronic properties due to differences in the morphology. The three primary routes for 

fabricating a sample from an organic semiconducting material are using a tube furnace, 

solution processing, and thermal evaporation in high vacuum.   

Tube furnaces provide purification of the material as well as being useful for creating 

3-D crystals of controllable sizes, which is particularly beneficial for creating device from a 

single crystal. Solution processing includes a variety of techniques including drop casting, 

spin coating, blade-coating, and slot-dye printing. The scalability of solution processing 

makes it highly suitable for mass production of organic electronics, but the complexities of 

the BHJ can make it challenging to manipulate the film morphology as desired, making it 

less suitable for experimental studies of fundamental optoelectronic properties.  Thermal 

evaporation/sublimation in high vacuum or ultra-high vacuum of materials onto a substrate is 

commonly used to deposit metals, such as electrodes, as well as being compatible with some 

organic materials. The sample creation technique chosen by the researcher is largely 

dependent on what properties of the material they wish to investigate.  
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In the literature, thermal evaporation/sublimation of materials in vacuum has several 

names, but is commonly referred to in general as Physical Vapor Deposition (PVD), or 

OMBD if the material is organic.  OMBD is not compatible with all organic materials due to 

decomposition of the material prior to evaporation. Specifically, high molecular weight 

materials, such as polymers like P3HT
30

, suffer from decomposition due to heating prior to 

thermal evaporation, resulting in a film composed of broken fragments of the original 

material.   Unlike alternative organic sample fabrication techniques, OMBD provides sub-

monolayer deposition precision of materials as well as simultaneous deposition from multiple 

sources.   

The precise control offered by OMBD makes it suitable for experimental studies of 

fundamental optoelectronic properties, but the higher thermal budget and need of 

loading/unloading samples into vacuum makes it less suitable for mass production of 

devices. As a physicist interested in investigating the impact of morphology on the 

fundamental properties of organic semiconducting materials, I choose to use OMBD as my 

primary method of sample fabrication. 

 

2.2 Organic Molecular Beam Deposition Chamber 

 For precision film growth with minimal impurities, OMBD is most likely the best 

choice. By monitoring the deposition rate with sub-nanometer accuracy, pure or blended 

films of a desired composition can be grown with sub-monolayer thickness precision.  Since 

no solvents are used, arbitrarily high film purity can be achieved by growth in higher vacuum 
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and by further purification of the starting materials prior to deposition.   The expressed 

advantages of OMBD are not intrinsic, and are achieved by careful design of the deposition 

system.   

 After using the Dougherty group’s existing OMBD “box chamber” for sample growth 

for a few months, it became apparent that it was not suitable for achieving the film 

precision/accuracy necessary for my experiments.  Using spare high vacuum equipment in 

Dougherty Lab, along with ~ $2500 in additional equipment purchased using my GAANN 

NEEM grant, I constructed a new OMBD chamber, shown in figure 2.1, with the 

precision/accuracy I needed. The OMBD chamber I constructed features: two deposition 

sources, with optional third source, co-deposition capable; sub-monolayer thickness 

precision, with less than 5% thickness variation over the ~ 2 in by 2 in sample plate; and  by 

minimizing the chamber volume, a fast pump down time of only ~ 45 minutes is needed to 

reach an acceptable deposition pressure of 2*10
-6

 torr. These features of the OMBD chamber 

I constructed were achieved primarily by careful design of the chamber. 
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Figure 2.1 External view of chamber shown in (a). Internal view of chamber is 

shown in (b), as seen through the View Port labeled in (a). The hot-filament ionization 

gauge (Ion Gauge) measure the pressure in the OMBD chamber in the range of ~10
-4

 – 

10
-10

 torr range.  Quartz Crystal Microbalance (QCM) monitors the deposition rate by 

measuring the mass adsorbed. A shutter is essential for OMBD because it allows 

experimenter to stabilize the deposition rate prior to film growth. 

 

The first thing to determine when designing an OMBD chamber is the maximum 

number of source materials  one needs to use for a film growth.  When making devices, in 

addition to your donor and acceptor materials, a hole blocking material such as BCP, and a 

metal for the anode, such as aluminum, may be needed.  The next decision is what film 

thickness accuracy/precision/variation is acceptable, and over what area.   Once the answers 

to these questions, you can design the OMBD chamber using basic geometry.  The film 

thickness accuracy/precision/variation is determined by the distance between the substrate 

and the source, as well as the source type and physical orientation.   
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Figure 2.2 Deposition Uniformity.  Illustrates of the deposition uniformity of a 

crucible modeled as three point sources.   

 

A crude method of estimating the deposition profile of a source is to model it as a 

point source.  A much more accurate method would be to model the source as a continuous 

distribution of point sources.  For this example, I have modeled my deposition source as 

three point sources, as seen in figure 2.2 (a).  Looking at figure 2.2 (a), it can be seen that a 

substrate placed near the crucible would have a narrow area where it would receive flux from 

all three point sources.  It is also clear from the arcs of equal flux that the source- sample 

distance varies significantly, even in the region directly above the crucible.  Figure 2.2 (b) 

shows two distinct advantages for increasing the source to substrate distance.  First off, a 

much larger area can “see” all three point sources. Secondly, the arcs of equal flux begin to 
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overlap.  Thus, the primary factor that determines the deposition uniformity over a given area 

is the distance between the source and substrate. Arbitrarily high precision can be achieved 

by this method.  Secondly, the orientation of the crucible is important.  For maximum 

uniformity, the crucible should be oriented such that if one were to draw an imaginary line 

through the center of the crucible and extent it to the substrate position, it would intersect the 

center of the sample plate.  As seen in figure 2.2, tilting the crucible by only ~10 degrees can 

drastically change the deposition profile.  It is thus imperative that the crucible is not only 

aligned coaxially with the substrate plate, but that it is physically stable, especially if the flux 

monitor is outside of the area of uniform deposition..  

Considering these factors, the position of the QCM is important for the thickness 

accuracy.  Often, the QCM is positioned off to the side of the sample plate to allow the 

substrates to be placed within the region of low thickness variation.  The reduced flux from 

the QCM being off axis from the crucible can be easily calibrated to represent the actual 

deposition rate at the substrate.  While a slight change in the crucible orientation angle would 

not result in a substantial variation in deposition uniformity at the substrate, if the QCM is 

already outside of the uniform deposition area, it would experience a much more substantial 

change in flux, making the film thickness calibration inaccurate.  Considering this, I chose to 

sacrifice some of my sample plate area by cutting a hole in the center of the sample plate to 

allow the QCM to be positioned in the center of the uniform deposition area, as seen in figure 

2.1 (b). 
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2.3 Atomic Force Microscopy 

 AFM is a powerful tool for surface investigation of a film.  In addition of providing a 

3-D mapping of the topography of a film, it can also measure electrical and magnetic 

properties as well. Topography measurements can be performed by two primary methods.  

The first, and original technique, often referred to as “contact mode”, is where the tip is kept 

in contact with the film by a constant force, and dragged across the sample while measuring 

the height of the tip as it rasters across the sample.  Contact mode works well with hard 

materials, such as silicon, but can lead to substantial damage to the surface of soft materials, 

such as organic materials used for organic electronics.  The alternative method to contact 

mode AFM is “tapping mode”, which can substantially reduce the tip-film interaction, 

making it more suitable for studying the topography of soft materials. 

 In tapping mode, the cantilever is oscillated near its resonant frequency above the 

film surface.  As the tip approaches the film, van der Waals forces create a potential well that 

dampens the oscillations of the cantilever. Thus, the cantilever can be modeled as a damped 

driven simple harmonic oscillator.  The surface topography is measure by lowering the 

cantilever until either the amplitude changes by a specified amount for amplitude modulated 

AFM, or the frequency changes by a specified amount for frequency modulated AFM. The 

cantilever is then moved to the next location, and its height is adjusted to maintain the same 

dampening, or “set point”.  I used amplitude modulated, tapping mode, AFM to measure the 

topography of my films.  The amount of dampening specified by the experimenter 

determines how strongly the tip interacts with the film.  In some cases, the tip can be 
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prevented from making contact with the film by specifying a set point high enough to be 

sensitive to the attractive, long range, van der Waals forces.  

 There are two primary considerations when choosing how strongly to dampen the tips 

oscillations in tapping mode.  The longer range, attractive component of the van der Waals 

force exhibits a slow change in the applied force with decreasing tip-substrate distance, 

which the shorter range, repulsive component exhibits a rapid change in the applied force 

with decreasing tip-substrate distance.  Choosing a low tip dampening, such as in the 

attractive regime of the van der Waals potential, necessitates a slower scan rate to allow the 

tip to equilibrate at each location. Choosing a high tip dampening allows for faster scanning, 

but may introduce sample and/or tip deformations. 

 Organic small molecules, especially C60, can be particularly susceptible to 

deformations in the sample and tip morphology.  Choosing a high tip dampening in this case 

causes molecules to detach from the sample and attach to the tip, leading to not only a 

morphology change in the sample, but the deformed tip also induces tip imaging. 

 In addition to the topography, AFM can also be used to measure the electrical and 

magnetic properties of a film.  While van der Walls forces have a distance dependence of ~ 

1/r
6
 for the attractive component and 1/r

12
 for the repulsive component

31
, electric and 

magnetic forces have a distance dependence of 1/r, 1/r
2
, or 1/r

3
.  Thus electric and magnetic 

forces are much longer range than van der Waals forces.  By taking advantage of the distance 

dependence of the forces, once the topography is known, the AFM cantilever can be 
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withdrawn from the surface enough to make the van der Waals forces negligible, allowing 

the electrical and/or magnetic properties to be measured.   

Kelvin Probe Force Microscopy (KPFM), is once such measurement which allows the 

electric surface potential of the film to be measure.  After each topography line scanned, the 

same line is scanned again but at a specified distance above the now known topography.  By 

varying an applied voltage between the sample and the AFM cantilever, the electric force on 

the cantilever can be made zero. If there is no electric force between two materials, there is 

also no net electric field, necessitating they are at the same potential, thus the surface 

potential for that location is determined.  I used KPFM for my work in chapter 6 to compare 

the variation in surface potential of Beta CuPc crystals of different orientation. 
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Figure 2.3 Schematic of Atomic Force Microscopy primary components.  Motion in 

the plane of the sample is controlled by X and Y piezo motors on the sample stage.  

Motion perpendicular to the plane of the sample is achieved by the Z piezo motor 

attached to the cantilever. The cantilever height and oscillations are measure by 

reflecting a laser off the cantilever.  Using the z-height and cantilever oscillation 

dampening as inputs, a feedback loop is used measure the height of the film as the 

cantilever raster across the sample. 

 

2.4 Grazing Incidence Wide-Angle X-ray Scattering 

 Grazing Incidence Wide-Angle X-ray Scattering (GIWAXS), also commonly referred 

to at Grazing Incidence X-ray Diffraction (GIXD), measures the in-plane and out-of-plane 

crystal structure of a film. GIWAXS is an elastic hard X-ray scattering technique similar to 

X-ray Diffraction (XRD), but with a fixed incidence angle for the X-ray beam and utilizing a 

2-D detector.  Using a 2-D detector allows GIWAXS to probe the crystal structure 

perpendicular to the sample plane, which may also be measured by XRD, as well as the 

crystal structure in the plane of the sample, which is not measureable by XRD.  The 

drawback of GIWAXS is the need to be a fixed incidence angle, which limits probe-able q-
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space in the out of plane direction to a single point.  GIWAXS is quite useful for identifying 

the crystal structure and orientation of organic thin films. 

 GIWAXS measurements were performed at beam line 7.3.3
32

 of the Advanced Light 

Source using 10 keV photons and Pilatus 2M and 2M detectors. Hard x-rays scatter primarily 

from electrons. To reduce scattering from molecules in the air such as N2, which has 14 

electrons per molecule, samples are loaded into an enclosure filled with Helium, which has 

only 2 electrons per atom. This reduces the air scattering by a factor of seven. 

There are three primary paths the photon can take. First, the photon may be reflected 

off of the surface of the film.  If the photon is reflected off of the surface of the film, there is 

an evanescent wave localized at the surface, allowing scattering from only the very top of the 

film. The second path the photon can take is though the film as well as the substrate. 

Scattering from this process is referred to as direct beam scattering since the x-ray beam 

maintains the same momentum vector while in the film. The third path the photon can take is 

through the film, but reflected from the film/substrate interface.  Once reflected, the x-rays 

have a different momentum vector than the incident beam as they travel back through the 

film, allowing scattering during this process to be referred to as scattering from the reflected 

beam.  The difference in momentum between the direct and reflected beams depends on the 

incidence angle.  As the incidence angle approaches zero, there is no momentum difference 

between the direct and reflected beams.  Inelastic scattering, multiple scattering events, as 

well as multiple reflections from interfaces may also occur, but is generally considered 

negligible.  
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 Often with GIWAXS, the incidence angle is chosen by the experimenter to maximize 

scattering from the film.  To do this, an incidence angle higher than the critical angle of the 

film, but lower than the critical angle of the substrate.  This allows for the longest path length 

of the x-rays in the film, and thus the most scattering.  The downside to this approach is that 

the scattering signal is coming from both the direct and reflected beam.  If an accurate and 

precise q value of the scattering peak is desired, an incidence angle higher than the critical 

angle of both the film and the substrate is preferred.  By using an incidence angle higher than 

the critical angle of the substrate, the reflected beam is minimized.  

  

 

Figure 2.4 Grazing Incidence Wide-Angle X-ray Scattering.  Schematic of GIWAXS 

setup shown in (a).  Figure (b) is an illustration of momentum transfer vector, q, and 

separated in its in-plane component, qxy, and out-of-plane component, qz. 

 

Figure 2.3 b illustrates the momentum transfer during the scattering process.  The 

black arrow, pi, represents the incident photon. The red arrow, pf, represents the scattered 
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photon.  The green arrow, q, is the difference between pi and pf, known as the momentum 

transfer vector. The momentum transfer vector can be decomposed into components either 

parallel to the substrate, qxy, or perpendicular to the substrate, qz.  As mentioned above, one 

drawback of GIWAXS is that the qxy component is zero only when pi and pf are in the same 

plane and have the same incidence angle.  For scattering at higher q values, the momentum 

transfer vector has more and more of a qxy component, resulting in a “forbidden wedge” of 

data missing along the qz axis. 

 

2.5 Total Electron Yield Near-Edge X-ray Absorption Fine Structure 

 NEXAFS, also referred to as X-ray Absorption near edge structure (XANES), 

measures the absorption spectra of a material due to the excitation of a core electron into an 

unoccupied molecular orbital. NEXAFS is particularly sensitive to the types of bonds within 

the molecule since each bond contributes to the molecular orbitals. Since changing a bond 

within a molecule alters the molecular orbitals, it also alters the energy difference needed to 

excite a core electron into an unoccupied state. This allows each molecule to have a unique 

“fingerprint”. Unlike hard x-ray and neutron techniques which “see” contrast based on 

density variations, the bond specific contrast of NEXAFS is highly suitable for distinguishing 

differences in organic materials, which generally have very similar densities. 
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Figure 2.5 Total Electron Yield Near Edge X-ray Absorption Fine Structure.  

Schematic of TEY NEXAFS experimental setup is shown in figure (a), where the x-ray 

beam, sample, and sample plate are in a high vacuum enclosure.  Figure (b) illustrates 

the energy band diagram for x-ray absorption and Auger decay processes occurring 

during TEY NEXAFS measurements. 

 

 NEXAFS can be performed by transmission, x-ray fluorescence, or electron yield. 

Transmission NEXAFS is experimentally analogous to Uv-Vis absorption spectroscopy, and 

provides accurate absorption spectra as long as the film thickness is in a range to absorb 

enough photons, but not all. X-ray fluorescence and electron yield methods measure the 

absorption spectra indirectly by observing either photons or electrons ejected from the 

sample when an electron transitions from a valence band back to a core hole created when an 

x-ray is absorbed. 

 The absorption cross section for electrons is much higher than that of x-rays in 

organic materials, making electron yield methods surface sensitive, where transmission and 

x-ray fluorescence methods sensitive to the bulk of the film.  Electron yield methods can be 
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less accurate for measuring the absorption spectra of a material due to the non-linearity of 

electrons ejected from the sample per photon as a function of energy.  Total electron yield 

measurements are easy to obtain by simple measuring the drain current from the sample 

plate.  If a more accurate absorption profile is needed, partial electron yield measurements 

can be implemented, where a detector with energy filtering can be used to detect electrons in 

a specific energy range.  For my experiments is chapter 3, I needed to measure the surface 

composition, making TEY NEXAFS the best choice.  A schematic of a TEY NEXAFS 

experimental setup is shown in figure 2.5. 
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CHAPTER 3 

Thermally-Induced Dewetting in Ultra-Thin C60 films on Copper 

Phthalocyanine  

 

3.1 Preface 

  This chapter will be comprised of a reproduction of work that was previously 

published in 2013 in The Journal of Physical Chemistry C, Vol 117, pages 26007-26012  

 
Coauthors: T. McAfee, E.H. Gann, H. Ade, and D.B. Dougherty* 

Department of Physics, North Carolina State University, Raleigh, NC 27695 

*Corresponding Author:  dbdoughe@ncsu.edu 

 

3.2 Abstract 

The evolution of thermally-annealed ultra-thin fullerene-C60 layers on copper 

phthalocyanine is examined by Atomic Force Microscopy and Near Edge X-Ray Absorption 

Fine Structure spectroscopy.  Annealing causes C60 films to dewet the copper phthalocyanine 

substrate surface via lateral surface mass transport.  Coarsening of C60 clusters is observed 

that creates mounds that exceed the nominal C60 thickness by more than an order of 

magnitude and is consistent with surface diffusion-mediated mass transport. Implications for 

thermal morphology control in organic solar cells, such as the destabilization of multilayered 

C60:CuPc with individual layers only ~5-10 nm thick, are discussed. 
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3.3 Introduction 

Bilayer photovoltaic cells employing interfaces between Copper Phthalocyanine  

(CuPc)  and fullerene-C60 were among the first to demonstrate that organic materials can 

provide a cost effective alternative to the traditional inorganic solar cells.
14, 33

 These materials 

are of interest due to their synthetic reproducibility in structure and the precise film thickness 

control offered by organic molecular beam epitaxy (OMBE) compared to solution-processed 

devices.  While solution-processed polymer devices have recently defined the state-of-the-art 

in organic photovoltaic device performance with power conversion efficiencies reaching >8 

%,
34

 small-molecule devices, such as the CuPc:C60 bilayer, offer advantages in terms of 

precise composition control during vacuum evaporation and relative ease of integration into 

tandem architectures.
35

 CuPc:C60 bilayer films have also become important experimental and 

theoretical model systems in order to investigate the impact of molecular orientation at the 

heterojunction interface.
36

 

Recently, evaporated small -molecule organic photovoltaic (OPV) devices achieved a 

power conversion efficiency (PCE) of 6.6 ± 0.2 % using a novel “donor-acceptor-acceptor” 

molecular architecture which increases both the short-circuit current (Jsc) and open-circuit 

voltage  (Voc) by manipulating the optical bandgap of the active material.
19

  However, such 

advances in control over the bandgaps of OPV materials may not be sufficient to reach the 

PCE needed to be cost effective. A deeper understanding and control of the domain size, 

domain purity, and molecular orientation are crucial for achieving efficient exciton 

dissociation, charge transport, long-term device stability, and ultimately the PCE.  Control of 
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the film morphology in these devices is thus vital and methodologies such as post deposition 

thermal annealing need to be assessed for their efficacy as a control parameter.   

The need for morphology control and manipulation has been recognized in efforts to 

grow mixed films of small-molecules by vacuum co-deposition in order to create intermixed 

morphologies analogous to those achieved in solution-processed bulk heterojunction (BHJ) 

solar cells.
11a, 37

  The BHJ morphology comprises a bicontinuous network of nanoscale donor 

and acceptor domains that is thought to be ideal for simultaneous optimization of exciton 

dissociation and free-carrier transport.  Unfortunately, it is not always straightforward to 

achieve BHJ-like device performance using small-molecule co-deposition.  Morphologies 

and donor-acceptor connectivity can be degraded
11a

 and exciton dissociation efficiencies can 

be reduced.
38

   However, there have been notable successes
39

 including a tandem cell with a 

high PCE of more than 6 %. 

Small-molecule intermixing strategies have been elaborated using the uniquely-

precise capabilities of OMBE growth to create compositionally-graded solar cells by co-

deposition of C60 with CuPc and with boron sub-phthalocyanine.
37

  Holmes and co-workers 

showed that by creating films with controlled gradients in donor-acceptor composition, they 

could achieve improvements in PCE compared to simply co-depositing the two materials to 

create a film with fixed composition.  This clearly shows that it is possible to adjust OMBE 

growth conditions to improve the donor-acceptor networks in the OPV.   More generally, 

controllable nanostructuring of donor-acceptor mixtures shows promise for solving the 

morphology problem for many donor-acceptor OPV’s.
40
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 In this work, we investigate the morphological stability of the C60:CuPc interface.  We 

find that ultra-thin C60 films on top of CuPc are unstable under even relatively low 

temperature annealing conditions resulting in large-scale lateral dewetting.  This 

interpretation is unambiguously revealed by a combination of AFM imaging and NEXAFS 

spectroscopy on the same samples, which distinguishes lateral dewetting from previously-

asserted vertical phase segregation of CuPc.
41

  Direct AFM observation of the dewetting 

process suggests a surface diffusion-mediated ripening of C60 clusters at the interface that 

implies significant surface diffusivity and a strong tendency for phase segregation that needs 

to be considered as part of small-molecule OPV processing strategies.  Moreover, the 

dewetting process could be implemented as a means to controllably nanostructure donor-

acceptor interfaces in order to achieve a comb-like morphology that would simultaneously 

optimize carrier transport and exciton dissociation allowing for thicker OPV devices with 

increased light absorption and Jsc. 

 

3.4 Experimental Methods 

Four bilayer samples of 1.9 ± 0 .3 nm C60 / 10 ±1 nm CuPc / Silicon(100) were 

prepared in parallel by sequential deposition in a UHV chamber with a base pressure of <1 × 

10
-8

 Torr.   The C60 (98%) and CuPc (95%) were obtained from Sigma-Aldrich and loaded, as 

received, into quartz and boron nitride crucibles, respectively, followed by several hours of 

outgassing in high vacuum prior to film growth.  A Silicon(100) wafer with native oxide was 

cleaved , then sonicated in Acetone followed by Isopropyl Alcohol for 15 minutes each then 
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immediately loaded into the UHV chamber for deposition. The CuPc and C60 thin film layers 

were then grown at < 6 x 10 
-7

 torr by thermal evaporation from the heated crucibles.  A 

quartz crystal monitor (QCM) was used to monitor the growth rate and thickness of each 

layer.   Samples were thermally annealed at 105 °C for 30 minutes, five hours, and 48 hours 

in a dry nitrogen glove box with ~2 ppm  of Oxygen and 1-5 ppm H2O.    This annealing 

temperature was chosen for direct comparison with a recent study reporting vertical phase 

separation in the same system.
41

  Moreover, it is within the range of temperatures relevant to 

small-molecule OPV processing for enhancing charge transport.
33, 42

  A separate sample 

prepared in the same way was annealed at a higher temperature of 150 °C for comparison.  

Films of pure C60 and CuPc were prepared using identical procedures and it was confirmed 

that no changes in these films were observable after annealing.   As-Grown and 30 minute 

annealed at 200 °C samples of thicker bilayers films of 60±6 nm C60 / 80±8 nm CuPc / 

Silicon(100) were grown at pressures < 2 x 10 
-6

 torr by the same experimental methods 

described above. Total Electron Yield Near Edge X-ray Absorption Fine Structure (TEY 

NEXAFS) and Atomic Force Microscopy (AFM) were performed on the 1.9±0 .3 nm C60 / 

10 ±1 nm CuPc / Silicon(100) samples.  Resonant Soft X-ray Reflectivity (RSoXR) data was 

taken on the 60 nm C60 / 80 nm CuPc / Silicon(100) samples.  

Total Electron Yield Near Edge X-ray Absorption Fine Structure (TEY NEXAFS) 

spectra and RSoXR data were collected at Beamline 6.3.2 at the Advanced Light Source. 

TEY NEXAFS carbon K-edge spectra were obtained for the photon energy range from 270 – 

400 eV.  The data was normalized to the incident photon beam intensity measured by a 
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photodiode.  Atomic Force Microscopy was carried out in non-contact mode under ambient 

conditions using a commercial instrument (Asylum Research MFP-3D).  AFM tips (Budget 

Sensors, Tap300AL-G) had a nominal radius of ~ 10 nm and a nominal resonant frequency of 

~ 300 kHz.  The TEY NEXAFS technique is surface sensitive and so our use of very thin 

films of C60 allows direct access to interfacial composition changes that would not be 

possible for thicker films typically used in bilayer OPV’s.   

 

3.5 Results and Discussion 

3.5A  AFM Measurements of Film Morphology 

The AFM measurements shown in Figure 3.1 illustrate significant changes in 

morphology near the bilayer surface due to annealing.  Films of C60 grown on top of CuPc 

exhibit a granular morphology as shown in Figure 3.1a suggestive of small C60 aggregates 

decorating the somewhat larger grains of the CuPc film.  This is very similar to the granular 

growth of C60 on top of pentacene films.
43

  While no change in film morphology is obvious 

after 30 minutes of annealing, after 5 hours it is clear that average cluster size has increased 

in both height and width on the surface (see quantification in Sec III.C).  This growth in 

cluster size persists for further annealing up to 48 hours.  In between the large clusters, film 

morphology is consistent with that of a pure CuPc film grown on SiO2 annealed at low 

temperature (less than 150 C), well-known from our own work and several other studies.
44
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Figure 3.1 AFM Time Series of C60 Dewetting.  2 μm x 2 μm AFM images collected 

in non-contact mode of nominal 2 nm C60 / 10 nm CuPc / Si(100), a) As-Grown and 

annealed at 105 °C for times of:, b) 30 minutes, c) 5 hours, and d) 48 hours 

 

The morphological changes increase in rate when annealing at higher temperatures as 

shown in the sequence in Figure 3.2.  Here, a somewhat thicker film is imaged so that an 

increase in surface mound size is more apparent than in Figure 1 after only 30 minutes of 

annealing at 100 °C as shown in Figure 3.2b.  Significant mound coarsening is observed after 

30 minutes of annealing a separate film of the same thickness at a higher temperature of 150 

°C as shown in Figure 3.2c.  This indicates the expected acceleration of activated surface 

mass transport as temperature increases.   
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Figure 3.2 AFM Temperature Series of C60 Dewetting.  2 μm x 2 μm AFM images 

of a 2.2 nm C60 film on CuPc a) As-grown; b) annealed at 100 C for 30 minutes; and c) 

annealed at 150 C for 30 minutes. 
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3.5B  NEXAFS Measurements of Film Surface Composition 

In order to clarify the composition of the observed 3D mounds on this surface, we 

carried out TEY NEXAFS on the same films shown in Figure 3.1.  Figure 3.3 shows the 

NEXAFS spectra for the four bilayer films after different annealing protocols along with 

reference spectra for the pure C60 and CuPc.  The NEXAFS spectra for the pure materials 

show a very convenient anti-correlation just above 285 eV where C60 has a local minimum 

and CuPc has a strong peak due to multiple transitions into its lowest unoccupied molecular 

orbital.
45

  As a function of annealing time, an enhancement of the CuPc peak is seen in this 

local region starting with the 5 hour annealing time.  The relative changes in these spectra 

can be quantified by fitting the bilayer spectra to linear combinations of the pure material 

spectra (including also linear and constant background terms).  The results of this fitting 

show that the relative contribution of the pure CuPc to the spectra increase from 34% for the 

as-grown and 30 minute annealed bilayers, to 38% after 5 hours annealing and 52% after 48 

hours annealing.  
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Figure 3.3 Surface Composition.  TEY NEXAFS spectra of the Carbon K-edge in 

the region of highest absorption contrast between CuPc and C60. The results of 

component fitting are shown in the legend in percentage of CuPc. 

 

 The combination of AFM and NEXAFS leads to the clear conclusion that C60 

laterally dewets CuPc with annealing.  The increase in the exposed surface area of CuPc 

explains the increase in its relative contribution to the surface-sensitive NEXAFS spectra.  

The AFM results provide direct morphological evidence that this interpretation is correct via 

the appearance and thermal coarsening of large C60 mounds.  This conclusion favors an 
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alternate interpretation of recent photoemission studies of similar bilayers of 2 nm C60 on 

CuPc that was interpreted in terms of vertical phase segregation of CuPc toward the 

surface.
41

  Instead of vertical surface segregation, the same results (see Fig. 3 of Ref. 14) 

could be interpreted as the result of the purely lateral dewetting process visualized in Figure 

3.1 and Figure 3.2. 

 

3.5C  Discussion of C60 Dewetting 

 In order to quantify the dewetting process, we measured the full-width-at-half-

maximum and height of a large population of C60 mounds observed by AFM under each 

annealing condition.  The results are shown as a plot of mound height as function of mound 

width in Figure 3.4a.  The strong correlation between the two shows that the mounds grow in 

three dimensions (as opposed to only laterally).  Most importantly, the approximate slope of 

the linear trend for the 5 hour and 48 hour annealing times is nearly identical.  This leads to 

the conclusion that the shape of the mounds is largely determined by near-equilibrium 

interfacial energetics.  The size of the mounds may then be inferred to grow primarily as a 

result of kinetic processes as opposed to a thermally-induced mound re-shaping. 
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Figure 3.4 C60 Cluster Statistics.  (a) C60 cluster Height vs FWHM for 5 Hour and 48 

Hour annealing with lease squares linear fit (b) Normalized histogram of cluster heights 

for time dependent annealing at 105 °C and 30 min annealing at 150 °C (c) Normalized 

histogram of cluster FWHM for same conditions as in part b). 
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To clarify the nature of the kinetic processes that give rise to the observed mound 

ripening, we plot a normalized histogram of mound heights and widths in Figure 3.4b and 

3.4c respectively.  The as-grown and thirty minute annealed samples are once again almost 

identical, and have a roughly Gaussian distribution of heights just below 10 nm.  Further 

annealing results in the emergence of a second broad distribution of mound heights that is 

much taller than the initial species.  The total number of smaller mounds and the average 

height of these mounds both decrease with annealing time, while the larger mounds continue 

to grow.  This is consistent with surface diffusion-limited mound ripening as described for 

alloys and thin films.
46

  We also note that the C60 surface diffusion implied by the dewetting 

rate is comparable to the reported dewetting of a planar organic on SiO2.
47

  In general, the 

surface diffusion coefficients at organic-organic interfaces have been predicted
48

 to be 

sizeable, allowing large-scale surface rearrangements with only modest annealing.   Finally, 

at 150° C after only about 30 minutes, the degree of C60 island coarsening is intermediate 

between the images shown in Figure 3.1c-d, consistent with a thermally activated surface 

diffusion process.  The mound height and width distributions for this annealing protocol are 

shown in Figure 3.4b and 3.4c. 

 The observation of C60 dewetting at a CuPc interface illustrates two important facts 

about the C60:CuPc interface: 1)  surface diffusion of C60 on CuPc is significant even at mild 

annealing temperatures; and 2)  Interfacial energies between these two materials are 

generally unfavorable.  The later point suggests a strong tendency for phase segregation that 

is known for polymer-fullerene heterojunctions and has also been indicated by AFM 
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observations of mixed, co-deposited C60:CuPc films after annealing deposited on a heated 

substrate.
38

  Recent work has also shown that solvent-vapor annealing results in a roughening 

of the fullerene surface in a combined solution-vacuum-deposited solar cell.
49

  This 

roughening is explained by the annealing induced lateral dewetting process we describe here.  

While such uncontrolled processes may be a disadvantage to device performance, they could 

also be exploited as a mechanism for nanoscale interfacial morphology control.  By tuning 

annealing time (or temperature) during sequential thin layer deposition, it is possible that 

nanoscale morphologies could be created that would simultaneously optimize exciton 

dissociation and carrier mobility.
50

 

Enhancements in device performance have been made by adding a mixed
51

 and 

graded
52

 layer in between the CuPc and C60 layers.  The increased donor-acceptor interface 

increases the Jsc, but reduces the fill factor due to recombination at these interfaces as well as 

decreased carrier mobility.  A fully-intermixed assembly of CuPc:C60 , for example, would 

lead to strong recombination effects that degrade device performance.
53

  Incorporation of 

dewetting and/or phase-separation-controlled structures into the production and processing of 

OPV devices may lead to improved device performance and stability in this system.  This is 

analogous to extensive considerations of annealing
54

 and solvent-vapor annealing
55

 that have 

been used for morphology-driven efficiency improvement in solution-phase BHJ growth.    

One possible strategy would be to use dewetting of C60 as a mechanism to create columnar 

fullerene structures that have recently been reported to allow improvements in BHJ solar cell 

performance.
40a

  Further characterization of these kinds of film processing strategies for 
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small molecule films will ideally lead to control of domain sizes in the active layer that is 

crucial for efficient exciton dissociation and also for control of crystallinity, which is 

connected to carrier mobility.  In particular, a fully-intermixed assembly of CuPc:C60 would 

lead to strong recombination effects that degrade device performance.
53

   

 

3.6  Summary and Conclusions 

In conclusion, we have combined AFM and NEXAFS to demonstrate dewetting at the 

technologically-relevant C60:CuPc interface.  By considering very thin 2 nm C60 films grown 

on CuPc, we could combine surface sensitive spectroscopy and real-space imaging to reveal 

lateral de-wetting due to annealing at 105 °C. This process is to be distinguished from the 

vertical CuPc segregation proposed to occur for similar CuPc: C60 bilayers.
41

  Our combined 

microscopy and spectroscopy results show that CuPc does not transport vertically to the 

surface for bilayers with C60.  They contribute compelling evidence for the strong tendency 

toward phase segregation in the C60:CuPc system, even in bulk co-deposited films,
38

 that 

needs to be incorporated into new strategies for small molecule solar cell morphology 

optimization. In particular, the implications of these observations extend beyond vacuum-

deposited bilayer photovoltaics to situations where C60 interfaces with solution-grown layers 

are subjected to solvent-vapor annealing that roughens the C60 surface.
49

  Alternately, a 

strategy to engineer morphology could use multilayered C60:CuPc with individual layers only 

~5-10 nm thick, for which controlled annealing could yield a complex heterostructure with 

domains the size of the exciton diffusion length.  This would improve the fill factor of these 
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devices and allow for a thicker active layer with a higher Jsc, leading to much higher PCE.  It 

is plausible that the lateral dewetting behavior of C60 on CuPc is not unique, and may occur 

for C60 bilayers with other donor materials.  Finally, it reasonable also to extrapolate this 

observation even to the case of mixed fullerene films, whose morphology is likely to be 

strongly influenced by phase segregation. 
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3.8 Associated Content 

 Details of quantitative analysis of NEXAFS spectra included in Appendix B. 
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CHAPTER 4 

Towards Single Crystal Hybrid-Carbon Electronics: Impact of 

Graphene Substrate Defect Density on Copper Phthalocyanine 

Film Growth 

 

4.1 Preface 

 This chapter will be comprised of a reproduction of work that was previously 

published in 2014 in Crystal Growth & Design, Vol 14, pages 4394-4401  

 
Coauthors: Terry McAfee, Eliot Gann, Tianshuai Guan, Sean C. Stuart, Jack Rowe, 

Daniel B. Dougherty, Harald Ade 

 

Department of Physics and Organic and Carbon Electronics Laboratory, North 

Carolina State University, Raleigh, NC 27695 

 

4.2 Abstract  

Graphene has long been recognized as a potential replacement for indium tin oxide as 

a transparent conducting substrate that may not only be cheaper to manufacture, but also 

provide mechanical flexibility and templating for preferential organic film growth. Here, we 

report the discovery that the thin film growth mode and crystal structure of copper 

phthalocyanine (CuPc), a prototype organic semiconductor, is extremely sensitive to even 

atomic-scale defects (e.g. steps) on the graphene surface and that high quality films can be 

grown with a well-defined crystal orientation that should be favorable for optimized solar 

cell applications.  The initial growth involves flat-lying copper phthalocyanine molecules in a 
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triclinic brickstone crystal with (012̅)  orientation.  Thicker films on pristine graphite, as 

well as thin films on lower quality graphene, show an orientational transition to the flat-lying 

(112̅)-oriented brickstone, which nucleates near film defects and grows in more compact 3D 

islands.  The thickness dependent transition between these two flat-lying crystal orientations 

is sensitive to substrate defect density since this determines the extent to which initial island 

elongation along the substrate can alleviate strain in the film.  The sensitivity of copper 

phthalocyanine film morphology demonstrates the extreme importance of graphene substrate 

quality to controlling organic film growth. The high crystallinity and optimal molecular 

orientation achieved here implies a new driving force for high performance organic 

optoelectronics based on substrate-controlled crystal engineering. 
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Figure 4.1 Brickstone CuPc Molecular Planes.  Illustration of CuPc molecular plane 

tilt angles in the Brickstone crystal with respect to the  (012̅) and (112̅) crystal planes.  

As viewed parallel to the (012̅) and (112̅) planes (a), (012̅) and molecule plane (b), 

(112̅) and molecule plane (c).  Perspective view of CuPc molecule packing along the 

(012̅) and (112̅) planes are shown in (d) without indicating the molecule plane. 
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4.3  Introduction 

The growing global need for a cost effective renewable energy source has led to a 

substantial increase in Organic Photo-Voltaic (OPV) research and solar power conversion 

efficiency over the past decade.
56

  OPV devices are promising because of their low cost, 

mechanical flexibility, and light weight properties as well as their often earth-abundant 

elemental composition. Identifying new transparent conducting electrodes is an important 

technical challenge in the ongoing development of OPVs especially those that can provide 

more optimal small molecule film growth than the current standard, Indium Tin Oxide (ITO).  

ITO, as well as similar traditional transparent conductors, is costly to manufacture, non-

flexible, involves scarce elements, and tends to exhibit a rough surface morphology that can 

be detrimental to film growth.  Replacements for ITO considered to date include other metal 

oxides,
57

  various conducting polymers,
58

  carbon nanotubes, and graphene
59

.  Bilayer OPV 

devices of Ag/Bathrocuprine/C60/CuPc/Graphene
59

 show that graphene has the potential as 

an electrode, but the reduced fill factor and short circuit current strongly suggests that the 

active layer is far from optimized. Two recent publications report that 50 nm of CuPc 

deposited on graphene partially adopts a preferred flat lying (012̅)60
 and (112̅)61

 oriented 

growth of the triclinic brickstone crystal structure
62

 with extensive coexistence of the 

undesirable standing (100) oriented CuPc alpha phase.   Here, we report that the undesirable 

(100) orientation can be eliminated on low-defect density graphene and that highly 

crystalline CuPc films can be grown with a uniform flat-lying molecular orientation 

optimized for solar cell performance gains.  
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On graphitic carbon, interactions between the substrate and the growing molecular 

film are strong enough for some molecules to stabilize a "flat-lying" or "face-on" molecular 

orientation where the aromatic plane of the molecule is parallel to the surface plane.  

Molecular orientation and crystallite size have a significant impact on the optical absorption 

cross section, charge transport, and electronic band alignment properties of thin films
63

, and 

must be optimized for organic device fabrication.    

Molecular orientation is often described as “flat lying” or “face-on” when the 

aromatic plane is parallel to the substrate and described as “standing” or “edge-on” when the 

aromatic plane is perpendicular to the substrate.  The flat-lying molecular orientation 

preferentially aligns intermolecular π-overlap interactions with the anode-to-cathode 

transport direction needed for charge transport in OPV's and enhances light absorption.  

Finally, the Highest Occupied Molecular Orbital (HOMO) and Lowest Unoccupied 

Molecular Orbital (LUMO) energy levels are lowered,
64

 which increases the energy gap 

between charge-separated holes (in the donor) and electrons (in the acceptor), thus increasing 

the open circuit voltage (Voc) achievable in the device.   

In addition to this preferred face-on orientation, it is necessary to optimize film 

crystallinity for peak device performance.
65

  Charge mobility and recombination are often 

hindered by grain boundaries and can be improved with larger crystal domains. Larger 

crystallites are particularly advantageous for OPV devices for this reason, provided that the 

exciton lifetime allows diffusion to the donor–acceptor interface where charge separation can 

occur.   
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  The less optimal orientation of “standing” CuPc is commonly observed in films 

thicker than a monolayer on many substrates, such as silicon
66

, copper,
67

 and ZnO (11̅00) 

62b
.  Two crystal structures for standing CuPc, as-grown at room temperature, have been 

reported as the  monoclinic herringbone
68

 (200) and the more recently identified triclinic 

brickstone
62a

 (100).  CuPc has also been reported to partially form the triclinic brickstone in 

the (012̅) 
60

  and (112̅) 
60

 orientations on graphene, both of which have advantageous flat 

lying CuPc molecules.  The  CuPc crystal plane parallel to the substrate is uniquely defined 

by the Miller Indices of the crystal and is illustrated in Figure 4.1.  The (012̅) and (112̅) 

planes of the the brickstone crystal are rotated by 14.6˚ from one another, and have a tilt 

angle of the CuPc molecule of ~10˚ and ~7˚ from flat-lying with respect to the substrate for 

the (01̅2) and (112̅) orientation, respectively. Consequently, both orientations will enhance 

charge transport and optical absorption in OPV cells.
69

  Fortuitously, face-on molecular 

stacking of CuPc, as well as many other commonly used organic semiconductors, improves 

all of the performance characteristics in OPV devices. 

In this paper, we report the crucial impact of substrate defect density on controlling 

crystllinity and orientation in CuPc films.  We use Atomic Force Microscopy (AFM) and 

Grazing Incidence Wide-Angle X-ray Scattering (GIWAXS) to characterize the film growth 

of CuPc on Highly Oriented Pyrolytic Graphite (HOPG) and epitaxial graphene on 

SiC(0001). By comparison of CuPc film growth on epitaxial graphene on stepped SiC(0001) 

to that grown on pristine, cleaved HOPG, we observe the impact of substrate defect density 

on growth of CuPc.   On defect-free graphite, CuPc films grow epitaxially in (012̅) oriented 
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flat-lying crystals, which form elongated strips due to asymmetric tensile strain. The larger 

domains of flat graphene on the HOPG surface allows strain relief via elongation in the 

(012̅) domains, making it the sole crystal growth orientation up to a film thickness of 25 nm. 

Thicker films, up to 250 nm, exhibit a transition to a flat-lying (112̅) brickstone orientation, 

and show no evidence of the less desired "standing" (100) CuPc.  By contrast, growth of 

CuPc on graphene on SiC(0001) with numerous atomic step and etch pit defects due to high 

temperature vacuum processing, shows coexisting flat-lying and standing crystal orientations 

at all film thicknesses.   This comparison has the important implication that the details of 

active-layer film growth on graphene substrates will be strongly impacted by the substrate 

quality. A path towards high quality, “single crystal” organic think film devices can thus be 

envisioned that depends solely on the achievable quality of the graphene substrates.  

 

4.4 Results 

4.4A  CuPc Films on Graphene/SiC(0001) 

Growth of CuPc/Graphene/SiC(0001) (CuPc/G/SiC) was investigated by GIWAXS 

and AFM, revealing some similarities and differences to the recent reports of CuPc growth 

on CVD Graphene
60-61

.    The single layer graphene grown from Silicon Carbide on our 

substrates has flat, defect free, graphene domains ranging from  ~10-500 nm in diameter, 

which arises from the unavoidable miscut from the perfect (0001) plane.  This surface 

exhibits a regular array of triple-bilayer SiC steps (height 0.75 nm) as well as random "etch 

pits" due to rapid thermal desorption of Si during graphene growth.
70

   The single layer 
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graphene grown on single crystal SiC(0001) wafers has an added advantage of forming a 

continuous 2-D single crystal of graphene across the sample with essentially no rotational 

disorder in the plane of the surface.   However, the intrinsic SiC surface steps and etch pits 

formed during graphene growth by thermal desorption of Si in ultrahigh vacuum give our 

graphene on SiC(0001) substrates substantially higher defect density than cleaved graphite. 

 

Figure 4.2 AFM of CuPc / Graphene / SiC.  2 um x 2 um AFM scan on the same 20 

nm CuPc / G / SiC sample at locations separated by less than a centimeter,  showing 

regions with large, ~10-300 nm, crystals (a) and small, ~10-50 nm, crystals (b). 

 

 

AFM images of CuPc/G/SiC show a macroscopic inhomogeneity of  CuPc domain 

sizes ranging from ~ 10 – 300 nm.   Figure 4.2a shows a region of the sample exhibiting 

relatively large domains, primarily larger than 100 nm in size.  The domain morphology 

resembles that previously reported for annealed films of CuPc on CVD graphene
60

  and 

HOPG
71

.  These larger domains were observed several times on multiple samples, but do not 

represent the typical topography observed for thick films on graphene on SiC.  Instead, 

Figure 4.2b shows the typical topography observed by AFM for CuPc/G/SiC, which has ~10-

50 nm CuPc domains which corresponds to the size of flat graphene regions available on flat 
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terraces of the G/SiC substrate used.  The inhomogeneity of CuPc domain sizes is attributed 

to the large variation in the graphene defect density, as epitaxial graphene on SiC prepared in 

UHV is known to be extremely spatially inhomogeneous.
70

  This is reflected in our AFM 

measurements shown in Figure 4.2a and 2b that show highly variable film morphology in 

different macroscopic surface regions.   

 

Figure 4.3 Calculated diffraction peaks for CuPc Brickstone (012̅) and (112̅) (a). 

GIWAXS data, with excluded wedge correction, for 80 nm CuPc/G/SiC with in plane 

rotation of the sample by (b) 10.0 deg, (c) 3.0 deg, (d) 0.0 deg showing relative peak 

intensity variation for both the (012̅) and (112̅) brickstone reflections. 
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To probe the crystalline structure of CuPc/G/SiC, GIWAXS was employed.  

GIWAXS data was obtained for films of 5 nm, 25 nm, and 80 nm of CuPc deposited on 

G/SiC, all of which had reflections from both the (112̅) and (012̅) orientations of the 

brickstone crystal structure, as well as the less favorable (100) orientation of the monoclinic 

crystalline structure.  However, only a subset of the reflections from each crystal orientation 

were observed, suggesting that the CuPc crystallites exhibit ordering in the plane of the 

substrate, for a large range of film thicknesses.  To investigate the in-plane ordering of the 

CuPc crystal domains, we monitored the GIWAXS peak intensities from the 80 nm CuPc on 

G/Si sample as a function of azimuthal rotation of 120° in 2° steps.    The standing (100) 

orientation was present for all azimuthal angles, as is evident by the high intensity peak at Qz 

= ~ 0.5 Å-1
, Qxy = 0.0 Å-1

.  The angular dependence of the emergence and disappearance of 

reflections from the (112̅)  and (012̅) brickstone orientations, shown in figure 4.3, 

necessitates that all crystallites of each species have a fixed in-plane growth direction with 

respect to the graphene single crystal.  The azimuthal dependence of each scattering peak 

was cyclical in 60° increments (see supplemental data), which means both crystal structures 

exhibited a six-fold symmetry in the in-plane structure.  This observation thus indicates 

epitaxial CuPc film growth on graphene, which is consistent with low energy electron 

diffraction observations of ordering in the first monolayer of PdPc on graphite
72

 and 

graphene.
73

     

 

 



67 

 

 

 

 

4.4B  CuPc Films on HOPG 

To further investigate the presence of both (112̅)  and (012̅) orientations of the 

brickstone crystal structure observed for all samples of CuPc/G/SiC, and the observed 

topographic variations shown in figure 4.2, we performed a thickness dependent study of 

CuPc growth on mechanically-cleaved HOPG.  This substrate has roughly an order of 

magnitude lower defect density and thus larger pristine graphene areas to promote crystalline 

film growth with optimized flat-lying orientations.  
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Figure 4.4 Plot of computed diffraction peak locations for CuPc Brickstone (012̅) 

(a) and (112̅) (b) orientations. GIWAXS data, with excluded wedge correction, for (c) 5 

nm, (d) 25 nm, (e) 80 nm, and (f) 250 nm CuPc on HOPG. 

  

GIWAXS and AFM were used to determine the structure, orientation, and topography 

of CuPc crystals formed on HOPG at deposition thicknesses of 5 nm, 25 nm, 80 nm, and 250 

nm.  Figure 4.4 shows the thickness dependence of the crystal structure for CuPc on HOPG. 
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A clear evolution of the Brickstone (012̅) orientation transitioning to the Brickstone (112̅) 

orientation at larger film thickness is observed. The lowest order scattering peak locations for 

each of these two observed brickstone orientations were calculated and plotted in figure 4.4 

(a,b).  The samples with 5 nm and 25 nm of CuPc on HOPG show only the (012̅) 

orientation, while the 80 nm and 250 nm films show both orientations of the brickstone 

crystal structure.  Significantly, we point out that films of up to 250 nm of CuPc on the low 

defect density HOPG show no evidence of the disadvantageous edge-on (100) CuPc crystals.  

This is the first observation of an entirely flat-lying crystalline film of this material at device-

relevant thicknesses. 

 

Figure 4.5 AFM of CuPc / HOPG.  2 um x 2 um AFM on films of (a) 5 nm, (b) 20 

nm, (c) 80 nm, and (d) 250 nm CuPc on HOPG.  
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AFM imaging of 5 nm of CuPc grown on HOPG (figure 4.5a) shows that, at these 

small thicknesses, the substrate is only partially-covered by CuPc domains.  This suggests 

that the CuPc is mobile on the HOPG surface during growth, and is able to aggregate into 

crystalline domains.  Many surface regions without CuPc crystals are associated with defects 

in the graphene surface, primarily from step edges and step bunches between the basal planes 

of the HOPG. The initial growth of CuPc on HOPG forms flat, elongated crystal grains that 

are remarkably semi-parallel to one another, adding to the evidence for epitaxial film growth.  

At 25 nm of CuPc grown on HOPG (Figure 4.5b) the elongated strips have grown together 

filling the HOPG domains. Within a crystalline domain the surface is quite flat with small 

gaps where the individual strips have grown together.   

AFM imaging of thicker films of 80 nm and 250 nm CuPc/HOPG (Figure 4.5c,d) 

shows elongated crystals in regions with large graphene terraces, but the strips are noticeably 

rougher on the 250 nm sample. Since the (112̅) orientation only begins of form after the 

(012̅) orientation fill the graphene domains, the  (112̅) orientation must be nucleating on top 

of the  (012̅) orientation.  We conclude the rougher regions in figure 4.5 c,d are (112̅) 

oriented crystals, which are primarily present in the smaller domains.    This means that as 

the (012̅) oriented crystal domains continue to grow, they become constrained by the size of 

the graphene domain in which they have nucleated, and the film instead begins to grow in the 

(112̅) orientation.  
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4.5 Discussion 

4.5A  Mechanism of Substrate Controlled CuPc Film Growth 

   Despite nearly identical sample fabrication, both (012̅) and (112̅) brickstone 

orientations have been reported for room temperature growth of CuPc/CVD Graphene
60-61

.  

This discrepancy, added to our own observations of both crystal orientations over a range of 

film thicknesses of CuPc/G/SiC forces us to consider the impact of the quality of the 

graphene substrate at mesoscopic length scales as a crucial factor in controlling film growth.  

We point out that the CuPc molecular tilt angle with respect to the substrate for both the 

(012̅) and (112̅) orientations are both nearly perfectly flat lying, meaning that both 

orientations will enhance charge transport and optical absorption in OPV cells compared to 

the (100) orientation.   

Although HOPG is not transparent, making it unsuitable for device applications, the 

presence of large pristine graphite domains, an order of magnitude larger in diameter than 

produced in our G/SiC substrates, permits observations of the characteristics of CuPc film 

growth on defect-free graphene.  For the 5 nm and 25 nm CuPc/HOPG samples, only the 

(012̅) orientation of the brickstone is present.  We also observed a narrow distribution of 

long, thin, crystalline domains which are semi-parallel to each other within each graphene 

domain.  The elongated shape of initial CuPc islands is very important to consider in 

understanding the growth and evolution of these films. Numerous inorganic heteroepitaxial 

systems involving strained island growth show elongated islands arising either from 

minimization of strain energy in the growing island as described by Tersoff and Tromp
74

 or 
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from kinetic effects.
75

  The prevalence of elongated islands in strained layer growth under a 

variety of circumstances permits the qualitative conclusion that strain is important in the 

initial film morphology in this system. In addition, the more compact nature of the (112̅) 

domains that appear after the orientation transition suggests that they are not as strained.  

This implies that strain relief is likely an important factor in the thickness dependent 

orientation transition that we observe. 

To evaluate the competition of strain relief mechanisms of elongated crystal growth 

and a crystal orientation transition, we consider the strain relationships at the epitaxial 

interfaces.  First layer growth of CuPc on Graphene, imaged directly with single molecule 

resolution using Scanning Tunneling Microscopy, has been reported to form a wetting layer 

of perfectly face-on CuPc molecules arranged in a nearly square 2-D lattice with dimensions 

of 1.369 nm x 1.496 nm.
76

  Combining our observations from CuPc/HOPG with the 

observation of epitaxial growth of CuPc/G/SiC, we can form a more complete picture of the 

orientation of CuPc molecules as successive film is grown upon the wetting layer.  For 

epitaxial growth of the (012̅) brickstone, we calculate the strain from lattice mismatch with 

the CuPc wetting layer.  A relaxed (012̅) plane has CuPc molecule spacings of 1.289 nm x 

1.351 nm at an included angle of 89.3 degrees, leading to a tensile strain of 5.9% and 9.7%. 

The strain is high compared to inorganic epitaxial growth conditions, but the CuPc molecules 

are also able to change their tilt angle to relieve stress and achieve lattice matching.  We 

assert that the elongated islands (Figure 4.5) arise from the asymmetry in strain, resulting in 

preferred growth in the low strain direction.  As films grow thicker, subsequent layers of a 
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given elongated (012̅) crystal relax toward the unstrained crystal unit cell and islands 

elongate in the plane of the substrate. When island elongation is impeded by substrate 

defects, it becomes favorable to relieve strain by nucleating the  (112̅) orientation which has 

an intermolecular spacing of 1.351 nm in common with a spacing in the bulk (012̅) plane.  

This picture explains the presence of the (112̅) brickstone orientation for all 

thicknesses of CuPc grown on G/SiC.  On the G/SiC substrate, small graphene domains 

immediately inhibit the mechanism of strain relief by the elongated (012̅) growth.  The 

GIWAXS experimental observation of both flat-lying (012̅) and (112̅) CuPc orientations for 

even the 5 nm CuPc/SLG/SiC sample is the strongest evidence for our claim that the 

transition from the (012̅) to the (112̅) brickstone orientations is intimately tied to the 

extended or mesoscale defect (e.g. step and/or etch pit) density of the graphene substrate.  

From this observation, we conclude that the achievable CuPc film thickness of single crystal 

brickstone (012̅) oriented domains is limited by the lateral size of defect-free graphene 

available on the substrate.  In addition to controlling the thickness dependence of the (012̅) 

to (112̅) orientation transition, extended defects also evidently promote the nucleation of 

unfavorable (100) crystal orientations in our experiments on G/SiC.  The standing (100) 

growth mode of CuPc is dominant when the molecule-molecule intereractions exceed the 

molecule-substrate interactions. We thus infer the (100) growth mode would occur for film 

thickness >>250 nm on pristine graphene, and for all thicknesses grown on graphene with 

extremely high defect density.  This general picture agrees well with recent investigations of 
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CuPc growth on other graphene substrates for which mesoscale defect density may be 

significant and allow different growth modes.
60-61

  

 

 4.5B Implications for Organic Photovoltaics 

Regarding the use of graphene as a transparent electrode, substrate quality is crucial 

just as it is when considering ITO for the same purpose. In the case of graphene, however, 

both the CuPc (012̅) orientation of the Brickstone crystal associated with pristine substrate 

domains and the (112̅) orientation induced by the need for strain relief in the presence of 

substrate defects are expected to show significant advantages over the typical standing 

orientations found for growth on ITO and conducting polymer substrates. Graphene defect 

density is a major controlling factor in CuPc film growth, but graphene is always 

advantageous as a substrate from the perspective of molecular orientation-based optimization 

of light absorption and charge extraction. Furthermore, low defect density graphene allows 

CuPc crystalline domains of more than a micrometer in lateral size and at least 25 nm in 

height, which would result in a significant reduction in crystallite domain boundaries in films 

for device applications.   

For high performance bilayer OPV devices employing CuPc / graphene interfaces, 

domains of graphene must be uniformly distributed over the entire device area.  The 

remaining challenge is that the (01̅2) orientation often has large gaps between domains 

(Figure 4.5) that might be filled by the subsequent growth of an acceptor layer. This could 

potentially lead to continuous pathways between electrodes in the same material that reduce 
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the fill factor of the device. The (112̅) orientation, however, does not have gaps on these 

scales and has an advantageous surface roughness on the size scale of the exciton diffusion 

length.  The epitaxial growth of the (112̅) oriented crystals on top of the (012̅) oriented 

crystals indicates that significant orbital interaction between CuPc molecules still occurs at 

the interface and would not necessarily significantly reduce charge mobility. The dependence 

of the transition to the (112̅) orientation on the graphene defect density can be exploited to 

create a CuPc bilayer OPV device with an optimized CuPc layer.  If achieved, the nearly flat 

lying CuPc film would have higher light absorption increasing the short circuit current, 

lowered HOMO energy levels increasing the open circuit voltage, and the continuous crystal 

networks will have improved charge mobility and reduction in trap states, improving the fill 

factor.  Doping of the graphene to modify its work function may also improve the fill factor 

by increasing the charge carrier tunneling asymmetry between holes and electrons at the 

CuPc/Graphene interface, which is often achieved on ITO by using a PEDOT:PSS layer. 

 

4.6 Conclusion 

The critical observation of this work is that CuPc film crystal texture and morphology 

on graphitic substrates are very sensitive to the density of mesoscale substrate defects.  By 

using cleaved, low defect density graphite substrates, we have achieved flat-lying, crystalline 

orientations in films as thick as 250 nm, with no measured contamination from unfavorable 

standing orientations.  We observe flat-lying CuPc films grown on graphene and graphite to 

have a transition with increasing film thickness between an initial triclinic “brickstone” 
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structure with (012̅)-oriented crystals to a secondary (112̅)-oriented brickstone. The critical 

thickness for this orientation transition is determined by the defect density of the graphene 

substrate surface, and reflects a competition between strain relief by island elongation and 

strain relief by nucleation of the second film orientation.  The presence of surface steps, step 

bunches, etch pits, or crystalline domain boundaries favor nucleation of the (112̅) orientation 

of the triclicnic brickstone crystal structure as a mechanism of strain relief when island 

elongation is impeded.  This implies a major role for even relatively minor surface defects 

beyond the roughness effects previously reported for organic films on sputtered graphene
77

.    

   The effect of the quality of the graphene substrate on the CuPc thin film morphology 

and crystal structure could plausibly be extrapolated to other organic films on graphene, 

especially those with planar aromatic groups
78

.  With the many methods of transparent 

graphene electrode production currently being explored for organic device applications, such 

as CVD graphene
79

, functionalized graphene
80

, and solution-cast graphene
81

, we show that it 

is crucial to consider how the distribution of extended defects like steps, wrinkles and etch 

pits on graphene  will impact the properties of subsequent thin film formation.  Notable 

among the graphene variants under heavy investigation in recent years is epitaxial graphene 

on SiC
82

 which is a platform that is intrinsically highly crystalline and also transparent to 

visible light.   With this variety of high performance graphene as a substrate, we envision the 

use of highly crystalline organic semiconductor films with optimal charge carrier mobilities 

for improved solar cell efficiency.  More generally, this work makes clear that graphene is a 

strong candidate for broader use as a transparent electrode in OPV’s and other optoelectronic 
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devices.  In particular, the dependence of organic film growth on fine details of substrate 

quality present new opportunities for control of morphology and crystallinity that can be used 

to optimize OPV performance. The high quality growth achievable changes the perspective 

on organic optoelectronics from "dirty" devices dominated by disorder and complexity, to 

devices in which crystallinity leads to high performance, analogous to the more traditional 

inorganic semiconductors. 

 

4.7 Experimental Methods 

CuPc (95%) was obtained from Sigma-Aldrich and loaded, as received, into a boron 

nitride crucible, followed by several hours of outgassing in high vacuum prior to film growth. 

Graphene was grown from Silicon Carbide using the standard van Bommel UHV-growth 

method described in detail in a separate paper.
70

   Substrates were exposed to air for ~ 5 

minutes while transferring to the CuPc film deposition chamber.  HOPG was exfoliated using 

scotch tape immediately before loading into the CuPc deposition chamber.  CuPc thin films 

were grown using thermal evaporation at pressure < 2.0 x 10
-6 

torr in a high vacuum chamber 

with a base pressure of 10
-9 

torr.  Deposition rates, monitored using a quartz crystal 

microbalance, between 0.01 Å/s and 6.0 Å/s, typically 0.25 Å/s, were used during film 

growth.   AFM was carried out in non-contact mode in air using a commercial instrument 

(Asylum Research MFP-3D).  Commercial AFM tips (Budget Sensors, Tap300AL-G) had a 

nominal radius of ~ 10 nm and a nominal resonant frequency of ~ 300 kHz. To 

investigate the possibility of film morphology changes due to air exposure, AFM was 
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typically performed directly following film growth.  AFM data was also acquired on the 

same samples several weeks later following GIWAXS measurements, and no topography 

changes were observed.  

GIWAXS data was acquired at beamline 7.3.3 at the Advanced Light Source
32

 at 

grazing angles between 0.10° and 0.20° above the plane of the substrate. Azimuthal rotation 

of the 80 nm CuPc/G/SiC was collected over 120° in 2° steps.    For data acquired on HOPG 

substrates, the x-rays were incident on a region of the substrate that was visibly flat, uniform, 

and did not contain flakes. GIWAXS samples were inside a Helium enclosure during data 

acquisition to minimize air scattering and x-ray induced oxidation.  A comparison of an 

initial short x-ray exposure of ~1s with consecutive exposures of ~20 seconds was performed 

for several film thicknesses on both HOPG and G/SiC substrates, and did not show any 

evidence of x-ray induced morphology changes.  Reciprocal space peak locations, shown in 

figure 4.2 a,b and figure 4.4a , were calculated using  equations from reference 
83

 with lattice 

parameters from Cruickshank et al.
62b

 for the CuPc brickstone crystal structure of a = 12.886 

Å, b = 3.769 Å, c = 12.061 Å, α = 96.22°, β = 90.62°, γ = 90.32°.  The geometrically excluded 

wedge arises from the experimental necessity of having a fixed beam incidence near the 

critical angle of the film with respect to the sample, which only allows data on the Qz axis as 

would be collected with standard x-ray diffraction Θ-2Θ scans, where the incident and 

scattered light are at the same angle. 
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CHAPTER 5 

Layer-by-Layer Growth of Crystalline C60 Films on Flat-Lying 

Copper Phthalocyanine 

 

5.1 Preface  

 This chapter will be comprised of a reproduction of work that has been submitted for 

publication in The Journal of Materials Chemistry A  

 
Coauthors: Terry McAfee, Aubrey Apperson, Harald Ade, Daniel B. Dougherty 

 

Department of Physics and Organic and Carbon Electronics Laboratory, North 

Carolina State University, Raleigh, NC 27695 

 

5.2 Abstract  

We observe layer-by-layer growth of fcc(111) films of fullerene-C60 on top of 

crystalline flat-lying CuPc film structures on graphite using combined grazing incidence 

wide-angle x-ray scattering and atomic force microscopy.  Such a morphology is nearly ideal 

for bilayer films of C60 / CuPc in solar cells. Very similar crystallinity and morphology is 

observed when varying the film thickness of either material from 5 nm up to more than 100 

nm, suggesting that this advantageous solar cell morphology is not only robust, but may 

actually be preferred compared to the typical mounded fullerene morphology often seen on 

standing, edge-on aromatic film substrates.  The large, ordered domains observed in both 

materials and the co-facial interface should greatly increase charge carrier mobility leading to 

increased Fill factor.  We envision that bilayer films, such as described here, grown on very 
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high quality graphene as a transparent conducting electrode would simultaneously optimize 

crystallinity and molecular orientation for peak solar cell performance. 

 

5.3 Introduction 

Small molecule organic semiconductors initiated the field of organic photovoltaics
12

 

(OPVs) and, in the donor-acceptor bilayer device architecture, provided some of the first 

glimpses of the upward efficiency trends that persist to this day.
14, 84

  With the advent of new 

molecules with tunable ionization potentials and good optical absorption properties
85

 as well 

as novel tandem,
86

  p-i-n,
87

 and graded device architectures,
37

 progress toward competitive 

efficiencies is promising. 

Most of the advances in small molecule OPVs use molecular beam deposition to, in 

principle, allow very precise film thickness control down to the single molecular layer.  

There are advantages to be gained by creating very flat donor-acceptor (D-A) interfaces 

between highly crystalline materials that reduce carrier recombination losses compared to 

intermixed D-A films.
88

  The value of this possibility is contingent upon a layer-by-layer film 

growth mode. Otherwise, molecular-scale thickness control is not spatially-uniform over the 

large areas needed for device applications. 

 Surprisingly, there are relatively few examples of very flat layer-by-layer growth 

modes in organic donor-acceptor bilayers. Often interfacial energies between donor and 

acceptor layers lead to a strong tendency for dewetting
89

 or phase separation.
38, 41, 90

  Since 

intermolecular interactions are generally weak in organic molecular materials, it is rare that 
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donor-acceptor interactions are strong enough to stabilize a layer-by-layer growth mode 

without tipping the balance toward intermixing
91

 that would create a non-abrupt (graded) 

interface.  Moreover, kinetic roughening of organic films during growth can lead to a rough 

donor film which subsequently templates a similarly rough acceptor film.
89

 

 Interfacial energetics are particularly unfavorable for fullerene acceptor films which 

have a reasonably strong cohesive energy and relatively weak interaction with substrate 

molecules.  Moreover, nearly isotropic fullerenes tend to have a steric incompatibility with 

planar aromatic donor molecules and a strong tendency for phase separation even in bulk 

mixtures.
91

  Fullerene films grown on top of pentacene consist of crystallites of only tens of 

nanometers in diameter.
43

  A similar morphology is seen for C60 films on top of copper 

phthalocyanine (CuPc) films grown on SiO2 and the tendency for dewetting can be greatly 

accelerated by only modest thermal annealing.
92

  We have argued in the past that controlled 

dewetting might be of interest for nanometer scale film morphology engineering.
92

  However, 

it is not yet known what particular morphology will be optimal for organic electronic devices 

and we also need the versatility to create ultra-flat, abrupt donor-acceptor interfaces. 

 Within a bilayer device geometry (as in bulk heterojunction devices), it is crucial to 

understand and control relative molecular orientation at donor-acceptor interfaces.  This is 

necessary to allow the most efficient charge transfer across the interface since excited state 

coupling is strongly orientation dependent.  The general intuition is that a co-facial 

orientation in which π electron clouds are well-coupled promotes charge separation.
69, 93

  

However, one also needs to balance efficient coupling with the possibility of detrimental 
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geminate recombination across the interface.
49, 94

  This makes the evaluation of orientation 

controlled bilayers one of the most important problems in organic electronic materials, 

particularly when the added question of D-A intermixing at the buried interface is 

considered.
95

   

 In this paper, we present observations of a layer-by layer growth mode of crystalline 

C60 films on top of flat-lying CuPc films on graphite that establish a robust co-facial 

orientation at the donor-acceptor interface.  We take advantage of CuPc films reported 

previously on graphite,
96

 with large crystalline domains the size of which is limited primarily 

by the substrate defect density.  On top of these films, we grow C60 that exhibits comparable 

long-range crystalline ordering and flat surface morphology that is stable to extensive 

annealing at 150 ̊C.  Crystal structure is inferred from GIWAXS and reveals an expected fcc 

(111) oriented film alongside a coexisting (122) orientation induced by substrate defects.  

Atomic force microscopy images show that the C60 films exhibit very flat terraces on top of 

CuPc domains with steps heights only on the order of a single molecule.  This donor-acceptor 

film structure and morphology enables a stable and abrupt co-facial interface between CuPc 

and C60 and could be used in operational solar cells employing graphene as a transparent 

electrode.  More immediately, this is an important model experimental system for the 

ongoing assessment of the nature of co-facial interaction between fullerene acceptors and 

aromatic donors.
69, 93
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5.4 Experimental Methods 

C60 (98%) and CuPc (95%) was obtained from Sigma-Aldrich and loaded, as 

received, into quartz and boron nitride crucibles, respectively.   The crucibles were then 

outgassed for ~24 hours in high vacuum prior to film growth.  HOPG was exfoliated using 

scotch tape immediately before loading into the deposition chamber. C60 and CuPc thin films 

were grown using thermal evaporation at pressure < 2.0 x 10
-6 

torr in a high vacuum chamber 

with a base pressure of 10
-9 

torr.  Deposition rates, monitored using a quartz crystal 

microbalance, between 0.01Å/s and 0.2Å/s, typically .05Å/s, were used during film growth.   

AFM was carried out in AC mode in air using a commercial instrument (Asylum Research 

MFP-3D).  Commercial AFM tips (Budget Sensors, Tap300AL-G) had a nominal radius of ~ 

10 nm and a nominal resonant frequency of ~ 300 kHz.  Annealing was performed in a dry 

nitrogen glove box with less than 0.1 ppm O2 and H2O. 

GIWAXS data was acquired at beamline 7.3.3 at the Advanced Light Source
32

 at 

grazing angles between 0.10° and 0.20° above the plane of the substrate. For data acquired 

on HOPG substrates, the x-rays were incident on a region of the substrate that was visibly 

flat, uniform, and did not contain flakes.  To make the C60 scattering peak at Qxy = 0 Å-1
 and 

Qz  = 0.767 Å-1
 visible to the reader, missing wedge corrections of the GIWAXS data has 

been omitted.   
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5.5 Results 

 Figure 5.1 shows a series of AFM images of C60 films of different thicknesses grown 

on CuPc/HOPG. Overall, the C60 film morphology tracks the CuPc film well along the 

striped subdomains. The lateral size of a given C60 domain is primarily limited by the size of 

the flat CuPc subdomain it forms on. CuPc film morphology and roughness is determined by 

the quality of the graphene or graphite substrate, which is  described previously,
96

 Although 

further study of the morphology dependence of neat CuPc films on defects in graphitic 

substrates is needed to avoid electrical shorts due to the cracks between CuPc domains, 

subsequently adding C60 should not introduce any additional obstacles for OPV devices. 
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Figure 5.1 Thickness Dependent AFM of C60 / CuPc / HOPG.  2 um x 2 um AFM on  

a) 5.5 nm C60 / 25 nm CuPc / HOPG, b) 30 nm C60 / 25 nm CuPc / HOPG, c) 30 nm 

C60 / 150 nm CuPc / HOPG, d) 150 nm C60 / 25 nm CuPc / HOPG 

 

In Figure 5.2, we report GIWAXS data for the films shown in Figure 5.1.  Distinct 

spots in the scattering pattern indicate good crystallinity in the fullerene films.  Moreover, the 

pattern is independent of thickness and does not show any trace of the ring-like features 

characteristic of typical poorly-crystalline fullerene films with a large distribution of 

orientations with respect to the substrate plane.    
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Figure 5.2 GIWAXS acquired at 0.15 Deg incidence angle on  a) 5.5 nm C60 / 25 nm 

CuPc / HOPG, b) 30 nm C60 / 25 nm CuPc / HOPG, c) 30 nm C60 / 150 nm CuPc / 

HOPG, d) 150 nm C60 / 25 nm CuPc / HOPG. 

 

Simulation of the diffraction pattern can be achieved by assigning the film as an fcc 

fullerene film with coexisting (111) and (122) orientations parallel to the substrate plane.  

Simulated diffraction patterns, excluding forbidden reflections, for the observed crystal 

orientations for C60 and CuPc are shown in Figure 5.3.   The sharp double peak and 

horizontal stripe centered at Qxy ~ 0 Å-1
 and Qz  ~ 0.95 Å-1

  as well as the diffuse corona 

directly above it, centered at Qxy = 0 Å-1
 and Qz  ~ 0.95 Å-1

, are scattering from the HOPG 

substrate.  The [111] reflection of the (111) orientation is seen at Qxy = 0 Å-1
 and Qz  = 0.767 

Å-1
.  The [111] reflection of the (122) orientation is seen at Qxy = 0.209 Å-1

 and Qz  = 0.738 

Å-1
.  We find that the relative intensity ratio of these two reflections is the same for all 
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samples to within our experimental sensitivity, showing that there is no strong thickness 

dependence to the creation of the coexisting orientations.   

 

Figure 5.3 Calculated GIWAXS scattering peak locations for CuPc Brickstone (0 1 -

2) and (1 1 2) crystals [Left], and C60 FCC (1 1 1) and (1 2 2) [Right] 

 

The (111) orientation has been previously reported for similar C60 films of a fixed 

thickness on CuPc / HOPG.
93b

 Our data indicates an unusual (122) orientation also exists 

which we presume is nucleated at defects.  The AFM data in Figure 5.1 clearly shows two 

distinct morphological features in the form of large flat domains as well as smaller granular 

features.  Correlation to the GIWAXS data strongly suggests that the flat domains are the 

(111) orientation and the more granular features are the (122), which are evidently less 

prevalent in terms of area coverage.  
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Figure 5.4 Thermal Stability.  2 um x 2 um AFM data on both a) As-Grown and 

b)post-annealing at 150˚ C for 24 hrs, and c) GIWAXS data (post-annealing at 150˚ C 

for 24 hrs), all acquired on the same 30 nm C60 / 25 nm CuPc / HOPG sample. 

 

Figure 5.4 demonstrates the crucial new observation of the thermal stability of C60 

films when grown on flat-lying CuPc.  A 30 nm C60 / 150 nm CuPc / HOPG film was 

characterized by AFM both as-grown, shown in figure 5.4 a), and after annealing at 105˚ C 

for 48 hrs, with no apparent changes to the topography. The same sample was further 

annealed at 150˚ C for 24 hrs, and characterized by AFM, shown in figure 5.4 b), as well as 

by GIWAXS, shown in figure 5.4 c), showing no evidence of a surface nor bulk morphology 

change due to annealing.  This is in dramatic contrast to our previous observations of thermal 

dewetting that results in C60 mound coarsening on CuPc/Si substrates.
92

 

 

5.6 Discussion 

Both AFM and GIWAXS show that the C60 film morphology and crystallinity and 

mosaicity is essentially the same for 5.5, 30, and 150 nm C60 / 30 nm CuPc / HOPG, as well 

as for 30 nm C60 / 150 nm CuPc / HOPG.  This thickness independence typifies a layer-by-

layer growth mode of fullerene –C60 on flat CuPc that is not commonly observed in donor-
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acceptor bilayers.   Most importantly, the film morphology is very stable to thermal 

annealing, indicating a relatively strong cofacial interaction at the flat donor-acceptor 

interface compared to other edge-on films.
92

  In particular, the fact that the film morphology 

is very insensitive to annealing means that there is no significant driving force for  

intermixing at the interface in this system.  Given the observation of this unusual organic film 

growth mode, it is worthwhile to recount the arguments in favor of a single D-A interface 

geometry for organic solar cells. 

At present, world record power conversion efficiencies for organic solar cells are 

achieved using the blended polymer-fullerene bulk heterojunction approach.
34

  The rationale 

for this film morphology is to control mesoscale donor-acceptor domain sizes to promote 

efficient exciton dissociation at D-A interfaces.  Domains are engineered to match exciton 

diffusion lengths so that almost all photo excitations can find their way to an interface before 

recombining. 

However, achieving efficient dissociation of excitons is useless if the charges are not 

able to transport to the electrode.  Typically, once a free hole (electron) is in a donor 

(acceptor) domain it is not energetically favorable to transfer to the other material.  Thus, a 

continuous pathway to the electrodes is needed for both the donor and acceptor materials.  It 

is challenging to ensure such continuous pathways in BHJ devices.  Without numerous 

percolation paths to the electrodes, charges can become trapped, leading to bimolecular 

recombination.  This makes it challenging to simultaneously optimize both exciton 

dissociation and bimolecular recombination in a BHJ device.     
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The layered and crystalline features of the C60 / CuPc bilayer films we have created 

represent a possible alternate approach to meeting this challenge.  The large, flat, 3D, single 

crystal island growth in both the CuPc and C60 is advantageous for minimizing 

recombination.  The charges from dissociated excitons not only have a continuous path to the 

electrode in the donor/acceptor material, the shortest path to the electrode is located within a 

single-crystal domain.  This means that charge traps and bimolecular recombination will be 

limited by charge extraction at the electrodes, which can be easily improved with choice of 

electron/hole blocking layers and choice of metal for the cathode.   

For this reason, we consider it still an open question to what extent bilayer devices 

can be further improved for organic solar cell technology.  Charge transport can be efficient 

and bimolecular recombination suppressed in a bilayer.  However, exciton dissociation will 

be much less efficient than in a BHJ.  Our results here and in our previous CuPc/graphene 

study
96

 also indicate the importance of using very high quality substrates for optimizing 

crystalline order in small molecule OPV materials.  Both for fullerene films and the CuPc 

substrates on which they are grown, preexisting defects on growth substrates can nucleate 

secondary crystal orientations.  The resulting disorder in unfavorable for charge transport and 

needs to be avoided.  Similar recent observations for pentacene film growth on graphene 

suggest that these ideas are broadly applicable to small molecule films grown on graphitic 

substrates.
97

 

Thus, an organic solar cell technology based on D-A bilayer will look much more like 

traditional photovoltaic technologies where crystalline materials are important and single “p-
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n” junctions are used to establish a built-in electric field.  In highly crystalline bilayer device, 

we will still need to use the chemical potential difference at the D-A interface to dissociate 

excitons.  In the current state of the art, we still need to improve carrier mobilities and 

exciton diffusion lengths in both donor and acceptor materials.  However, this device 

morphology has advantages in terms of recombination losses as already mentioned and also 

lends itself to efficiency improvements through the use tandem cell construction.
86

 

The stability of this system under thermal annealing indicates a distinct advantage to 

OPV device longevity compared to typical fullerene based BHJ films.  First, it demonstrates 

that the co-facial C60:CuPc interface interaction not only induces layer-by-layer growth of the 

C60 film, but is also in a preferred, thermally stable, equilibrium.  It has been shown
98

 that a 

major source of degradation in C60 films is due to UV-induced polymerization of the C60, 

which has been demonstrated to be reversible when annealed at 110 °C.
90b

  Our films are 

compatible with this annealing treatment, unlike typical, quasi-stable,-fullerene BHJ films 

which undergo morphological changes under annealing at 110 °C.
99

  

 

5.7 Summary and Conclusions 

 In summary we report layer-by-layer growth of fcc fullerene-C60 films on flat-lying 

CuPc films on graphite.  This contrasts sharply with the typical granular, polycrystalline C60 

film morphology found on edge-on organic film substrates.
43, 92

  We observe that the C60 film 

morphology remains the same for 5.5, 30, and 150 nm C60 / 30 nm CuPc / HOPG, as well as 

for 30 nm C60 / 150 nm CuPc / HOPG.  There is only minor crystalline disorder in the form 
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of an alternate fcc (122) orientation with respect to the substrate plane, which we believe is 

related to nucleation at substrate defects.  Most importantly, we observe no tendency for 

fullerene dewetting, even after annealing.  This very stable layer-by-layer growth mode 

indicates a strong interaction at the D/A interface.  This is consistent with the general 

intuition in the organic photovoltaic community about the value of co-facial interactions 

between planar aromatic species and fullerenes to enhance coupling for OPVs.
69, 93

    

 These observations are important for confirming that co-facial interactions between 

C60 and CuPc can be relatively strong and possibly promote efficient charge transfer in 

OPVs.  In addition, the high crystalline quality of both donor and acceptor films points to 

very efficient charge transport after separation that is likely to minimize bimolecular 

recombination.  If the recent trend of improving small molecule film quality continues, it will 

be worthwhile to consider whether the simplest bilayer OPV architecture should be re-visited 

and explored in functioning devices. 
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CHAPTER 6 

Morphological, Optical, and Electronic properties of three 

distinct crystal orientations present in a Beta CuPc thin film 

 

6.1 Preface  

 This chapter will be comprised of work which is to be submitted to a peer reviewed 

journal for publication.  
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6.2 Abstract  

Organic semiconducting small molecule Copper Phthalocyanine is used in many 

organic electronic devices, including photovoltaics, thin film transistors, and light emitting 

diodes. In this report we investigate the structural, optical, and electronic properties of a 100 

nm Beta CuPc film on a glass substrate.  Using Grazing Incidence Wide-Angle X-ray 

Scattering, we observe the three dominant crystal orientations for Beta CuPc to be (1 0 1), (-1 

0 5), and (-5 0 2), which have been previously misidentified as (001) and (2 0 -1) orientations 

by X-ray Diffraction in the literature. Each of the three crystal orientations have distinct 
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topography, as measured by atomic force microscopy, and optical absorption, as measured by 

micro UV-Vis spectroscopy, yet are electronically similar by Kelvin Probe Force 

microscopy. The crystal structure of Beta phase CuPc is a monoclinic herringbone, which is 

commonly created in thin films by either thermal annealing of Alpha CuPc at ~ 300˚C or 

deposition on heated substrates.  Of the several known CuPc crystal polymorphs, the Beta 

phase is of particular interest due to its thermodynamic stability. In the global strive to 

improve the performance and longevity of organic electronics, the need to understand and 

control the morphology in the active layer it is becoming evident.  

 

6.3 Introduction 

The promise of flexible, low cost, electronic devices composed of renewable, earth 

abundant, elements has led to increasing research on organic semiconductors over the last 

~20 years.  Out of the numerous organic semiconducting materials available, the planar small 

molecule copper phthalocyanine (CuPc) is not only one of the oldest and well-studied 

materials, but to date is still a common choice for organic electronic research due to its 

chemical stability, high molecular symmetry, facile yet precise film creation capability, and 

commercial availability. CuPc has been used in the fabrication of nearly all types of organic 

electronic devices, including diodes,
100

 and transistors,
101

 photovoltaics,
102

 light emitting 

diodes,
103

 photodetectors
104

, rectifiers,
105

 temperature sensors,
106

 radiation dosimeters,
107

 and 

chemical biosensors,
108

 The growing global demand for cheap energy sources and consumer 
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electronics has brought organic photovoltaics (OPV’s) and organic thin film transistors 

(OTFT’s) to the forefront of organic semiconductor research.  

 The crystal structure and orientation of CuPc thin films has been studied by many 

research groups over the last few decades.  The identification and control of crystal formation 

in organic thin films is quite valuable since the molecular orientation and order is known to 

have a substantial impact on the performance characteristic in organic electronic devices
109

. 

The choice of substrate, substrate temperature, and film thickness are the primary factors 

influencing CuPc crystal structure and orientation.  The most common crystal polymorphs of 

CuPc are the alpha herringbone,
110

 beta herringbone,
111

 and the more recently identified 

brickstone.
62a

 In addition to there being several known crystal phases for CuPc thin films, 

multiple orientations of these crystals have been reported as well.  Films grown on substrates 

below ~200˚ C form either the alpha herringbone or brickstone crystals.  Films grown on 

substrates above ~200˚ C, or annealed above ~300˚ C after film growth, form beta 

herringbone crystals. Thickness dependent morphology transition from alpha herringbone (2 

0 0) to a brickstone (1 0 0) crystal structure on a ZnO(1100)
62b

 substrate and transition from 

brickstone (0 1 -2) to brickstone (1 1 -2) on a graphite substrate
96

 have been reported.  Beta 

CuPc has been reported to adopt several crystal orientations dependent upon the substrate 

and fabrication method used, including (0 1 0)
112

, (1 0 0)
113

, (0 1 1)
113b

, (-1 0 1)
114

, (3 0 2)
113b

, 

(2 0 -1)
115

, (0 0 1)
115b, c

, and (2 0 -2)
115b

 orientations.  While the (0 0 1) and (2 0 -1) 

orientations are reported more commonly in the literature, more often than not, the 



97 

 

 

 

 

orientation of beta CuPc crystals in thin film devices are not reported, even though it known 

to impact their morphological, optical, and electronic properties  

The active layer morphology has a significant impact on the performance of organic 

thin film devices.
116

  For example, CuPc TFT mobility has been reported to increase from 10
-

5
 – 10

-3
 cm

2
/V s, for deposition at room temperature or below, to 1-2 × 10

-2
 cm

2
/V s by 

heating the substrate during deposition.
117

  Optimization of the morphology, either by 

altering the film fabrication procedure or by annealing the fabricated film, is a crucial step in 

achieving peak performance devices from a given material system. Through a deeper 

understanding of how to control the thin film morphology, the performance of CuPc based 

devices could be significantly improved.  

 In this paper we report the coexistence of three unique beta herringbone domain types 

present in a 100 nm CuPc film / glass annealed at 320˚C for three hours. We characterize the 

morphological, optical, and electronic properties of the three observed domains using 

GIWAXS, AFM, KPFM, and Uv-Vis.  The morphology and optical absorption properties 

were found to very substantially for each of the three domain types, yet were found to be 

indistinguishable electronically by KPFM. 

 

6.4 Experimental Methods 

Directly prior to being loading into the OMBD deposition chamber, glass substrates 

were cleaned by sonication in Acetone then isopropanol, followed by Uv-Ozone cleaning, 

each for 15 minutes. CuPc (95%) was obtained from Sigma-Aldrich and loaded, as received, 
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into a boron nitride crucible.   The crucible was outgassed for ~24 hours in high vacuum 

prior to film growth.  CuPc thin films were grown using thermal evaporation at pressure < 

2.0 x 10
-6 

torr in a high vacuum chamber with a base pressure of 10
-8 

torr.  Deposition rates, 

monitored using a quartz crystal microbalance, between 0.3Å/s and 0.5Å/s were used during 

film growth. Following film growth, samples were annealed at 320˚ C for three hours in a dry 

nitrogen glove box with less than 0.1 ppm O2 and H2O. 

AFM was carried out in AC mode in air using a commercial instrument (Asylum 

Research MFP-3D). Following each topography line scanned, the same line is scanned again 

in KPFM mode to measure the surface potential.  Commercial AFM tips (Budget Sensors, 

Tap300E-G) had a nominal radius of ~ 10 nm, a nominal resonant frequency of ~ 300 kHz, 

and are composed of Silicon with a Cr/Pt conductive coating.   

GIWAXS data was acquired at beamline 7.3.3 at the Advanced Light Source
32

 at 

grazing angles between 0.10° and 0.20° above the plane of the substrate. Beta phase CuPc 

lattice parameters used for simulation of RSM, a = 19.407, b = 4.79, c = 14.628, α=γ= 90˚, 

b= 120.933˚, was identified by Brown in 1968.   

Standard, bulk averaged, Ultraviolet-Visible (Uv-Vis) absorption spectroscopy was 

performed on films before and after annealing using a commercial instrument Cary 50 UV-

Vis spectrometer. Microscopic Uv-Vis absorption measurements, with ~1.2 micrometer 

spatial resolution, was performed on individual crystal domains using a commercially 

available microspectrophotometer from CRAIC Technologies Inc.  A visual light microscope 

was used to identify domains for the microscopic Uv-Vis absorption measurements. 
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6.5 Results 

 The crystal structure and orientation is determined using Grazing Incidence Wide-

Angle X-ray Scattering (GIWAXS) data coupled with simulated reciprocal space maps 

(RSM), shown in figure 6.1. All of the scattering peaks are smeared circularly about the 

origin due to the rough surface of the glass substrate.  None of the observed scattering peaks 

were centered along the qz axis. To identify the structure and orientation of CuPc crystals 

responsible of the observed GIWAXS scattering peaks, RSMs of alpha herringbone, 

brickstone, and beta herringbone crystal structures with (H K L) orientations for all 

combinations of H,K,L between +/- 8 were considered. All observed scattering peaks were 

identified to belong to orientations of a beta herringbone crystal structure.  Three different 

beta herringbone crystal orientations were needed to account for the observed scattering 

peaks.  Out of all of the orientations considered, the (1 0 1), (-1 0 5), and (-5 0 2) orientations 

were found to be in best agreement with the observed scattering peak locations.  Due to the 

close proximity of scattering peaks from these orientations, combined with  the circular 

smearing of the observed scattering peaks, identification of the crystal orientations in the film 

cannot be determined with absolute certainty.  However, the absence of a scattering peak 

centered along the qz axis clearly indicates the absence of the more commonly reported (0 0 

1) and (2 0 -1) orientations. Figure 6.2 illustrates the relative angle between the (1 0 1), (-1 0 

5), and (-5 0 2) crystal planes, as viewed along the b-axis of the beta herringbone crystal. 
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Figure 6.1 GIWAXS on Beta CuPc Thin Film.  GIWAXS data, with forbidden 

wedge correction, on 100 nm CuPc / Glass, annealed at 320˚ C for 3 hours. Simulated 

GIWAXS scattering peak locations for (1 0 1), (-1 0 5), and (-5 02) orientations of beta 

Herringbone CuPc is overplotted. 
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Figure 6.2 Beta CuPc Molecular Planes.  Illustration of molecular arrangement of 

CuPc molecules in a beta herringbone crystal, as viewed along the b-axis.  The 

parallelogram shows the unit cell, with a thin red and thin blue line showing the a-axis 

and c-axis of the crystal, respectively.  The (1 0 1), (-1 0 5), and (-5 0 2) crystal planes, 

and relative angles between these planes, are overplotted. 

 

AFM and KPFM was performed to characterize the film morphology and surface 

potential.  Three distinct crystal domain morphologies were observed from the topography, 

which, based on their observed characteristics, will be referred to as “big rough”, “small 

rough”, and “small flat”.  The big rough crystals are larger in both surface area and height 

than the two smaller domains, and were observed to form ~10 micrometer wide domains 
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exhibiting an average RMS surface roughness of 33 +/- 4 nm.  The two smaller crystal 

domains were observed to be ~2-5 micrometer wide, exhibiting average RMS surface 

roughness of 16.7 +/- 1.4 nm for the rough domains and 8.3 +/- 1.4 nm for the flat domains. 

The area between the two smaller crystal domain types appears to be a mixture both the small 

rough and small flat crystals.  

 

Figure 6.3 KPFM of Beta CuPc Thin Film.  AFM data, shown in part (a), collected 

simultaneous with KPFM, shown in part (b), on 100 nm CuPc / Glass, annealed at 320˚ 

C for 3 hours. In agreement with the GIWAXS data, three distinct topographies are 

identified from the AFM.  The average surface potential for these domains is shown in 

part (c), indicating no measureable difference between the three crystal orientations. 
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Identification of the three observed crystal domains for surface roughness and electric 

potential measurements was performed by manually masking the topography data based on 

the unique characteristics of each crystal, as shown in figure 6.2 (a) for one of the scans.  

Figure 6.2 (b) shows the KPFM surface potential for the topography shown in figure 6.2 (a).  

Using the same masks identified from the topography, the average surface potential was 

calculated for each of the three observed domain types.  The average surface potential 

statistics for six scans, taken at three different macroscopic locations on the sample, are 

shown in figure 6.2 (c).  Remarkably, there was no measureable difference in the surface 

potential for the three domain types. 

 Standard Uv-Vis absorption spectroscopy was performed on the as-grown sample and 

again after annealing. As expected, the Uv-Vis absorption spectra for the as-grown, alpha 

phase, film and the post annealed, beta phase, film agreed with previous reports in the 

literature
118

.  While the as-grown films were featureless in the visual light microscope, the 

annealed film formed visible domains, as shown in figure 6.3 (a). Since the absorption profile 

of a material depends not only on the crystal phase, but on the orientation of the crystal as 

well, micro Uv-Vis was employed on individual domains.  The absorption spectra was found 

to vary drastically depending on which domain type was measured, as shown in figure 6.3 

(b). For comparison, the standard, bulk averaged, Uv-Vis absorption spectra is also plotted in 

figure 6.3 (b). 
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Figure 6.4 Visual Light Spectroscopy.  Visual Light Microscope on 100 nm CuPc / 

Glass, annealed at 320˚ C for 3 hours, with location where micro Uv-Vis spectra was 

collected for (a) Small Rough, (b) Big Rough, and (c) Small Flat domains. Uv-Visible 

spectroscopy spectra shown in (d) on locations indicated in (a),(b), and (c), as well as 

standard, bulk average, spectra on the As-Grown and 320˚ C annealed films. 

 

6.6 Discussion 

Despite the coexistence of three different beta herringbone crystal orientations, each 

with significantly different absorption spectra, the average absorption spectra agreed with the 

literature.  This indicates that the coexistence of multiple orientations may be quite common 

for beta CuPc films.  A recent publication using inert gas flow, temperature gradient physical 
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vapor deposition, reported the growth of three distinct 3D Beta CuPc crystal shapes, each 

with unique Uv-Vis absorption, dependent on the formation temperature.
119

    

Interestingly, the (1 0 1), (-1 0 5), and (-5 0 2) crystal orientations observe in our 

films have their b-axis aligned parallel to the substrate, yet are very different cross sections of 

the a-axis and c-axis of the crystal, as shown in figure 6.2. Figure 6.3 and 6.4 clearly 

demonstrate that each crystal orientation exhibits significantly different morphological and 

optical properties. The variation in morphology between each domain type, as well as the 

large RMS roughness, exhibited by the beta CuPc film may be detrimental for organic 

electronics applications.   The abundance of grain boundaries in the film, in particular, would 

inhibit charge transport in the plane of the film, making it less suitable for TFT applications. 

In contrast, the large surface roughness exhibit in the “small rough” and “big rough” domains 

could provide better exciton dissociation if employed in a bilayer OPV due to increase 

interfacial area between the donor and acceptor materials. 

Given that at least eight different orientations of beta herringbone CuPc have been 

reported in the literature, none of which were present in our films, it seems pertinent to 

discuss the ease of misidentification of crystal orientation by XRD. The (-1 0 5) and (-5 0 2) 

orientations observed in our films do not have a scattering peak on the qz axis (qxy = 0), 

meaning that these orientations would not result in a diffraction peak in standard XRD if the 

crystals are well ordered on a flat substrate. Orientation disorder resulting from crystals 

formed on a rough substrate, such as glass and ITO, results in peaks near qxy = 0 to broaden 

enough to include scattering along the qz axis. As such, scattering peaks observed in a 
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standard Θ-2Θ XRD may detect peaks on the qz axis which are actually broadened tails of 

scattering peaks located off of the qz axis. For example, the [0 0 1] reflection at qxy = 0.070 

Å
-1

, qz = 0.496 Å
-1

 of an (-1 0 5) oriented crystal could be easily mistaken for the [0 0 1] 

reflection of an (0 0 1) oriented crystal, which has a diffraction peak at qxy = 0 Å
-1

, qz = 0.50 

Å
-1

. Similarly, the [2 0 1] reflection of a (-5 0 2) oriented crystal, at qxy = 0.095 Å
-1

, qz = 

0.650Å
-1

, could be mistaken for the [2 0 1] reflection of an (2 0 -1) oriented crystal, which 

has a diffraction peak at qxy = 0 Å
-1

, qz = 0.66 Å
-1

. Thus, the correct identification beta 

herringbone crystal orientation in thin films may be difficult by XRD alone, especially for 

films grown on rough substrates. The asymmetric charge mobility and optical absorption 

properties of Beta-CuPc implies that a device with uniformly oriented (1 0 1), (-1 0 5), or (-5 

0 2) crystallites would each have very different the optical and electrical properties.  

Since all observed crystal orientations have their b-axis, corresponding to the high 

charge mobility Pi-Pi stacking direction, parallel to the substrate, they are all good candidates 

for TFT devices.  The presence of grain boundaries within a uniformly oriented film or the 

coexistence of multiple crystal orientations would, however, be detrimental to TFT device 

performance.  The large RMS roughness is indicative of 3D growth of separate crystallites 

within a domain, which is particularly evident in the “big rough” domains, resulting in 

excessive grain boundaries leading to poor charge mobility.  As such, we assert a film 

composed of only “small flat” crystals would be the best candidate for a CuPc based TFT. 
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6.7 Summary and Conclusions 

 In this paper we report on the coexistence of three distinct crystal domain types 

present in a 100 nm CuPc / glass film annealed at 320˚ C for three hours.  Using GIWAXS, 

we determined three crystal domains to be (1 0 1), (-1 0 5), or (-5 0 2) orientations of the beta 

herringbone crystal structure, which to our knowledge have not been previously reported for 

any beta CuPc thin film. AFM and Uv-Vis absorption measurements performed on individual 

crystal domains reveals each of the three crystal domain types have very different 

morphological and optical absorption properties, yet the electrical surface potential is 

indistinguishable by KPFM. 

 Since the crystal structure and orientation is known to have a significant impact on 

the performance of organic electronic devices, the identification and manipulation of crystal 

species within the active layer of devices is very beneficial.  We assert that standard Θ-2Θ 

XRD is not sufficient for determination of Beta-CuPc crystal orientation.  It may be 

beneficial to revisit previous Beta CuPc thin film device studies where standard Θ-2Θ XRD 

was used to determine the crystal orientation, especially in cases where (-2 0 1) or (0 0 1) 

orientations were reported for films grown on rough substrates such as ITO. 

 Overall, the coexistence of three different crystal domain types within the beta CuPc 

film is detrimental for organic electronic applications.  The abundance of grain boundaries 

between domain types, as well as within the two rougher domain types, in particular, would 

decrease charge mobility.  By further investigation of the temperature dependence of Beta 

CuPc it may be possible to achieve thin films of uniformly oriented crystallites.    
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CHAPTER 7 

Conclusions and Outlook 

 
In an effort to focus my research on advancing the understanding of the fundamental 

processes that occur within an OPV device, I have chosen to study pure and bilayer films of 

CuPc and C60 grown by OMBD. The work reported in chapters 3,4,5, and 6 each report new 

morphological properties of C60 and/or CuPc thin films as well as implications for use of 

these properties for organic electronic device applications.  The films studied in these 

chapters are directly related to films used for OPV and/or TFT devices.  The observation of 

dewetting of C60 in chapter 3, for example, not only revealed the propensity for C60 to 

aggregate due to low temperature annealing, but also provided a new mechanism for 

fabricating a BHJ morphology with controlled C60 domain sizes. 

The work performed in chapters 4 and 5 provides a method of creating a single 

crystal bilayer photovoltaic device. Rather than adopting a BHJ morphology to decrease the 

path length of the exciton to a D/A interface, the exciton diffusion length can be increased by 

providing a path to the D/A interface within a single, defect free, crystal.    To my 

knowledge, my work in chapters 4 and 5 demonstrates, for the first time, the feasibility of 

creating a bilayer OPV where a single crystal acceptor domain forms co-facially on top of a 

single crystal donor domain.  In contrast to the low temperature dewetting of C60 thin films 

on “standing” CuPc in chapter 3, C60 films grown on “flat-lying” CuPc in Chapter 5 are 
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thermally stable up to 150˚ C.  This indicates a relatively stronger interaction at the D/A 

interface which may allow for improved exciton dissociation. 

In addition to the alpha herringbone and brickstone crystal structures adopted in CuPc 

thin films studied in chapters 3,4 and 5, the thin film morphology of the beta herringbone 

crystal structure and orientation is investigated in chapter 6.  Three distinct orientations were 

observed to coexist, each of which exhibited different morphological and optical absorption 

properties.   

Collectively, the work in chapters 3,4, and 6 investigated the structure and control of 

the most common crystal structures and orientations of CuPc used in organic devices. 
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Appendix A 

Simulating GIWAXS Peak Locations  

 Due to crystal orientation variation as well as polymorphism within organic thin 

films, it can be challenging to identify and index the reflections observed with GIWAXS 

measurements. The crystal structure and orientation of a film can be identified from 

GIWAXS data by implementing a reciprocal-space mapping scheme. By specifying the 

crystal structure and orientation, GIWAXS reflections can be simulated and compared with 

the measured data.  Using computational methods, the crystal structure and orientation can be 

perturbed until the simulated reflection locations match the measured GIWAXS data.  Even 

though the theory for calculating the reciprocal-space maps is well known, I could not find an 

open source program for simulating GIWAXS scattering patterns. Smilges and Blasine
120

 

published a derivation for reciprocal-space mapping of thin films measured by GIWAXS in 

2007. Although this paper is well written in my opinion, they seemed to have made a 

mathematical error since I could not reproduce their derivation, nor did it produce reciprocal 

space maps which agreed with the literature.    

 I have included my derivation for calculating reciprocal-space maps.  The following 

equations are intended to be easily incorporated by future experiments into any software they 

wish to use for data analysis.  This is the basic math that needs to be programmed to simulate 

reciprocal-space maps. Those implementing these equations should reference the Smilges 

and Blasine paper mentioned above as well as Introduction to Solid State Physics by Kittel to 

understand the theory behind the calculations. 
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 The first step in determining the reciprocal-space scattering peaks is to define the 

crystal structure you wish to simulate.  If the crystal structure is not known, they can be used 

as input parameters for a guess and check method. For now, assume the crystal structure is 

known, and follow convention, is described by the lattice vector lengths a, b, c and angles 

between lattice vectors α, β, γ.  The lattice vectors can be express in component form, as 

shown in the following three equations. 

 

𝑨 = [𝐴𝑥, 𝐴𝑦 , 𝐴𝑧] =  [𝑎, 0, 0] 

𝑩 = [𝐵𝑥, 𝐵𝑦 , 𝐵𝑧] = [𝑏 ∗ 𝐶𝑜𝑠(𝛾), 𝑏(1 −  𝐶𝑜𝑠2(𝛾))
1
2, 0] 

𝑪 = [𝐶𝑥, 𝐶𝑦, 𝐶𝑧] = [𝑐 ∗ 𝐶𝑜𝑠(β),
b ∗ c ∗ Cos(α) − 𝐵𝑥 ∗ 𝐶𝑥

𝐵𝑦
, (𝑐2 + 𝐶𝑦

2 − 𝐶𝑥
2)

1
2] 

 

Given these lattice vectors, the reciprocal lattice vectors can be calculated using dot products, 

(∙), and cross products, (×), of the lattice vectors as follows: 

𝑨∗ =
2 ∗ 𝜋 ∗ 𝑩 × 𝑪

𝑨 ∙ 𝑩 × 𝑪
 

𝑩∗ =
2 ∗ 𝜋 ∗ 𝑪 × 𝑨

𝑨 ∙ 𝑩 × 𝑪
 

𝑪∗ =
2 ∗ 𝜋 ∗ 𝑨 × 𝑩

𝑨 ∙ 𝑩 × 𝑪
 

Now that the reciprocal lattice vectors are known for the crystal we must specify the 

orientation of the crystal, conventionally express as (HKL), with respect to the substrate, as 

shown in the following equation.   
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𝑮𝑯𝑲𝑳 = 𝐻 ∗ 𝑨∗ + 𝐾 ∗ 𝑩∗ + 𝑳 ∗ 𝑪∗ 

 The values for (HKL) must be specified, but if they what you are trying to determine, 

(HKL) values may also be used as input parameters for a guess and check method. Next we 

must choose which crystal refection we are calculating, conventionally described by (h k l), 

as the reciprocal-space vector in the following equation. 

𝒈𝒉𝒌𝒍 = ℎ ∗ 𝑨∗ + 𝑘 ∗ 𝑩∗ + 𝒍 ∗ 𝑪∗ 

We can now calculate the location in reciprocal space for a given crystal reflection: 

𝑞𝑧 =  𝒈𝒉𝒌𝒍 ∙ 𝑮𝑯𝑲𝑳 

𝑞𝑥𝑦 = ((𝒈𝒉𝒌𝒍 × 𝑮𝑯𝑲𝑳) ∙ (𝒈𝒉𝒌𝒍 × 𝑮𝑯𝑲𝑳))
1
2 

Where 𝑞𝑧 is perpendicular to the sample substrate, and 𝑞𝑥𝑦 is parallel to the substrate. If the 

sample has a specific orientation in the x-y plane, as often occurs with epitaxial growth, 𝑞𝑥 

and 𝑞𝑦 can be calculated separately as: 

𝑞𝑥 =  
𝑨∗ ∙ 𝒈𝒉𝒌𝒍 × 𝑮𝑯𝑲𝑳

|𝑨∗|
 

𝑞𝑦 = (
𝑮𝑯𝑲𝑳 × 𝑨∗

|𝑨∗|
) ∙ (𝒈𝒉𝒌𝒍 × 𝑮𝑯𝑲𝑳)  

 The calculated  𝑞𝑥𝑦 and 𝑞𝑧 values can then be compared to the peak location 

measured by GIWAXS.  It is important to note that this calculation only determines the 

location of the reflection peaks, not the intensity of the peaks.  Depending on the space group 

of the crystal, many of the reflection peaks may be forbidden.   

Determining the lattice parameters a, b, c, α, β, γ from GIWAXS data would involve 

extensive guess and check work since there is a continuum of choices for each parameter.  I 
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recommend writing a program to perform the “guess and check” method if the goal is to 

determine the lattice parameters. If the goal is to determine the crystal orientation, (HKL), for 

a known crystal structure, a “guess and check” method can be easily by the experimenter.  

Simply calculate the first ~20 reflections for every combination of (HKL) until you find the 

one that matches the GIWAXS data.  To save time, start with small values of (HKL) first, i.e. 

(100),(010)….(110).... etc. 
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Appendix B 

Quantitative correlation of TEY NEXAFS signal composition with C60 

dewetting measured by AFM 

To ensure the interpretation of the AFM data in Figure 3.1 is in quantitative agreement 

with the surface composition measured by TEY NEXAFS in figure 3.3, calculations of the 

TEY NEXAFS signal for the 5 hour and 48 hour annealed samples are estimated.  We will 

assume all C60 molecules in the As-grown sample, as well as residual C60 not incorporated in 

dewetted mounds in the 5 Hour and 48 Hour annealed samples, form a uniform layer on top 

of the CuPc, as shown in Figure A1. For the carbon K-edge, the TEY NEXAFS signal is 

largely due to Auger electrons.  We approximate the signal to be due solely to Auger 

electrons and use analysis methods used for Auger spectroscopy.  We note that TEY 

NEXAFS creates core holes using photons, where electrons are used in Auger spectroscopy.  

For a quantitative analysis using this method, several further approximations will need to be 

made.  Equations for the Auger signal intensity are given by
121

: 

(1)   I𝐴(𝜃) = 𝐼𝐴
∞(

1+𝑟𝐵

1+𝑟𝐴
) ∗ (1 − 𝑒

−
𝑑

𝜆𝐴∗Cos[𝜃]) 

(2)   I𝐵(𝜃) = 𝐼𝐵
∞ ∗ 𝑒

−
𝑑

𝜆𝐴∗Cos[𝜃] 

𝐼𝑖
∞ is the signal intensity of pure materials, which accounts for molecules having 

variation in average auger yield per core hole created.  Both materials are primarily carbon 

and have similar density, so we assume 𝐼𝐴
∞ =  𝐼𝐵

∞.  We are interested in the ratio of signals 

which will cause these terms to cancel.  Thus, we set  𝐼𝐴
∞ =  𝐼𝐵

∞ = 1.  The (1 + 𝑟𝑖) terms in 
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equation (1) are to account for backscatter of incident electrons, which we assume to be 

similar for both materials allowing us to approximate 𝑟𝐴 = 𝑟𝐵.  For simplicity we will only 

consider electrons leaving at normal incidence, thus let 𝜃 = 0.    𝜆𝐴 is the electron attenuation 

constant which we must determine. The C60 layer thickness is given by d, which is now the 

only functional dependence remaining in the signal intensity equations.   

Equations (1) and (2) now simplify to: 

(3)   I𝐴(𝑑) = 1 − 𝑒
−

𝑑

𝜆𝐴 

(4)    I𝐵(𝑑) = 𝑒
−

𝑑

𝜆𝐴 

The fraction of the TEY signal from CuPc is given by : 

(5) 
I𝐵(𝑑)

I𝐵(𝑑)+ I𝐴(𝑑)
 

The C60 layer thickness is calculated using the C60 Volume deposited =  7.6 ×  10−21 𝑚3, 

measured by QCM , and the volume and 2D projected surface area of dewetted C60 mounds, 

measured by AFM.   The volume of the dewetted C60 mounds is calculated using the 

measured heights and assuming the mounds are hemispheres. 𝜆𝐴 is calculated from the as-

grown data by setting equation 5 equal to the measured CuPc composition by TEY 

NEXAFS, resulting in  𝜆𝐴 = 1.76 × 10−9 𝑚.   𝜆𝐴 and the estimated C60 layer thickness is 

then used to estimate the TEY NEXAFS signal for the 5 hour and 48 hour annealed samples, 

assuming that the dewetted C60 mounds have no CuPc signal contribution to the TEY 

NEXAFS signal.   The results are in reasonable agreement with the measured values and are 

shown in Table B1. 
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Figure B1 Illustration of Bilayer Film.  Illustration of assumed sample geometry in 

regions not occupied by large dewetted C60 mounds  
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Table B1.   Comparison of calculated and measured CuPc component of TEY NEXAFS 

signal   

 

Sample Thickness 

of C60 

wetting 

layer [nm]  

Fraction of 

Surface Area 

Covered by 

dewetted C60 

mounds 

Calculated 

CuPc TEY 

NEXAFS 

signal 

fraction 

from inter-

region 

(using 

equation 5) 

Calculated 

Average 

CuPc TEY 

NEXAFS 

signal 

fraction 

from the 

surface 

 

Measured 

CuPc 

TEY 

NEXAFS 

signal 

fraction 

As-Grown 1.9 0.00 N/A N/A 0.34 

5 Hour 

anneal 

1.6 0.06 .40 0.38 0.38 

48 Hour 

anneal 

0.81 0.11 .63 0.56 0.52 

 

 


