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ABSTRACT 

 

The role of the transparent conducting oxide (TCO) and the organic donor material 

interface in small molecule planar heterojunction (PHJ) and bulk heterojunction (BHJ) 

solar cells (OPV) was investigated and are presented as three projects: 1) the influence of 

the electrode surface composition and energetics on small molecule organic solar cell 

performance: Polar vs. non-polar donors on indium tin oxide (ITO) contacts, 2) the study 

of the oxide donor contact electrical properties utilizing metal-insulator-semiconductor 

capacitor (MIS-C) devices to probe the dark current contributions of a single interface in 

organic solar cells, 3)  the role of the hole transport layer type and morphology in small 

molecule BHJ solar cells: correlating trap state density with OPV performance and d) using 

fluorinated subphthalocyanines as multifunctional materials in OPVs. 

Organic semiconductor material properties are varied and the role of each class of 

material functions differently when incorporated into an organic photovoltaic. Polar donor 

materials such as indium (III) phthalocyanine chloride (ClInPc) adopt different molecular 

configurations on high work function ITO electrodes as opposed to low work function 

electrodes which sets itself apart from non-polar electron donating materials. We find that 

not only does molecular orientation effect the optical properties of these thin films, but the 

charge transfer properties that occur at the oxide/donor interface influence the overall 

device performance in OPVs and can be probed using MIS-C devices and high resolution 

photoemission spectroscopy. We also investigate how the morphology of the hole selective 

interlayer in BHJ OPVs influences the resulting trap state density and OPV performance. 
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CHAPTER 1: INTRODUCTION 

 

1.1 Global Energy Demand: Now and the Future  

Global energy consumption has been growing at about 

2.5% for the last decade and the need for sustainable 

energy sources is driving research into renewable 

energy. The main drivers in growth have been non-

OECD (Organization for Economic Cooperation and 

Development) countries with oil accounting for 

roughly 33% of global energy consumption.20 Fossil 

fuels account for 87% of the supply for the top 50 

energy-consuming countries and are major 

contributors to global greenhouse gas production and 

thought to contribute to an increase in global warming, 

although recent publications suggest trends are 

stabilizing.9,21,22 Using the current trends in energy 

consumption rates projected out for the foreseeable future, it is estimated that current fossil 

fuel reserves will be exhausted in 60 years, barring technological breakthroughs such as 

hydraulic-fracturing (Figure 1).9,22-24  Looking at the annual OECD report, renewable 

Figure 1. Fuel to electricity 

conversion by sector measured in 

British thermal units (BTU). 3 
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energy contribution to the United States total energy output has increased by a marginal 

2% over the period 2004-2011 (Figure 2) while crude oil prices have increased from ca. 

35$ to 100$ a barrel during the same time period.9 The increased energy consumption and 

pollution produced by developing countries, and the low rate of renewable energy 

production by the U.S. (and other western/Asian nations), necessitates basic and applied 

research. The development of alternative energy resources such as solar energy is where 

the government and the private sector economy have vested interests and distinct roles. 

1.2 State of the Art: Current and Future trends in Solar Cells 

There are many different types of solar cells such as silicon and thin-film copper-

indium-gallium-selenide (generation II), generation III-V, perovskite and organic (OPV) 

Figure 2. Renewable energy consumption by region (left) and percentage of power 

generation by each region (right). 4 
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devices; there also exist many subtypes for each. Silicon solar cells comprise the majority 

of mass-produced photovoltaics (PV) around the world and can be seen on industrial, 

commercial and residential rooftops as well as integrated into portable-consumer powered 

devices. Government and private investment in other types of solar cells has driven a new 

focus towards using earth-abundant materials that are easier to process and cheaper to 

produce. However, given the early stages of development, these solar cells currently do not 

achieve the near 24% panel efficiencies currently seen in their silicon counterparts.25 

The current world record for organic, thin-film solar cells is held by Heliatek Corp.  

with a verified 12.0% cell at an area of 1.1 cm2.26 This is a significant advancement over 

the previous record of 10.7% 25 and reflects the exponential trend that has been observed 

for the development of higher-efficiency OPVs.  In order to realize industrial scale 

production of OPVs, some estimates put the minimum efficiency at 12-20%, which seems 

possible within the next few years given the current rate of improvement. 25,27  However, 

the performance required to justify mass production seems to constantly shift based upon 

global demand and political will. As recently as 2011 the U.S. Department of Energy 

(DOE) was calling for thin-film PVs to reach 1$/Wattpeak installed for cost effectiveness; 

while that number seems low, when compared to fossil fuels, it’s quite expensive. The 

focus on organic-based solar cells has been a part of a recent push for next-generation 

power sources, and is the focus of this dissertation. In this work, interfaces within OPVs 

are probed to understand how the processes that contribute to device efficiency can be 

manipulated and quantified in order to build upon current scientific knowledge and 

ultimately lead to the next generation of power sources. 27-30 
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1.3 Organic Photovoltaics: Architectures 

Structure and property relationships have been studied extensively for organic 

based materials. There are several types of architectures relevant for OPVs that need to be 

understood in terms of the material properties as they pertain to the function of the device, 

including planar-heterojunction (PHJ), bulk-heterojunction (BHJ), and gradient-

heterojunction (GHJ) devices. Small molecule organics, and their function within the 

different device architectures, are discussed here. 

1.3.1 Structure 

 

CATHODE

BUFFER

ACCEPTOR

DONOR

INTERLAYER

ANODE

Figure 3. Common architecture of a 

planar-heterojunction OPV. 
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The basic structure for a PHJ device is shown in Figure 3 where the donor (D) and 

acceptor (A) materials are inserted between an interlayer and a buffer layer. The interlayer 

separating the D/A PHJ from the transparent conducting metal oxide anode contact (e.g., 

indium tin oxide or ITO) is usually a wide-bandgap, p-type material that gives some 

‘selectivity’ to holes while inhibiting electron collection in the power harvesting quadrant. 

The interlayer material on the opposite side of the device (sometimes referred to as a buffer 

layer depending on the type of material used), separating the D/A PHJ from the aluminum 

electrode is usually an n-type material that selectively allows electron transport while 

blocking the movement of holes. Interlayer materials can also function to control the 

wettability of the contact and to control energy barriers for charge harvesting via contact 

work function changes. Work within the Armstrong group has used various types of 

organic phosphonic acids to control the surface wettability of the ITO contact as well as 

adjusting the local work function. 14,31-37 Depending on the type of phosphonic acid, the 

work function can vary between 4.4 to 5.4 eV, and through contact angle studies we have 

seen variations of ca. 50 mJ/m2 for the surface energy.38 There has been some disagreement 

in the OPV community as to what constitutes ‘selectivity’ and what controls the extent to 

which an interlayer material is selective to either electrons or holes. Furthermore, research 

has shown that changing the work function via surface modification doesn’t significantly 

affect device performance – a topic of discussion in Chapter 3.39,40  

Previous work has shown the necessity for a buffer layer in PHJ small-molecule 

OPVs that functions as an ohmic contact between C60 (fullerene) and aluminum (Al), 

reducing the rate of non-radiative recombination and preventing damage to the underlying 
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active materials. 41 Bathocuproine (BCP) is one of the most common buffer layers used in 

PHJ OPVs although molecules used in the organic light-emitting diode (OLED) and thin-

film transistor (TFT) communities are gaining attention. For BCP, there needs to be some 

penetration of nanometer sized aluminum clusters into the BCP to provide a route for 

electron hopping events, which leads to charge collection at the electrode. 42 Recently there 

has been a push to replace BCP with small molecules that have higher charge mobilities 

and are less prone to forming crystalline domains post vacuum deposition. A material 

commonly used by the OLED community is 1,3,5-tris(2-N-phenylbenzimidazolyl) 

benzene (TPBi), which is a benzophosphole derivative that has been shown to enhance 

device performance due to a relatively high electron mobility (3.3x10-5 cm2V-1s-1) about an 

order-of-magnitude higher than BCP. The other advantage of TPBi over BCP is its 

increased optical transparency and its ability to reduce the amount of exciton quenching at 

the C60/Al interface. 43-47  

1.3.2 OPV Operation 

 

Photovoltaic testing for silicon, organic or any other type of photovoltaic cell is 

done under specific ASTM standard conditions (G173-03) in testing laboratories such as 

the National Renewable Energy Laboratory (U.S.A), AIST (Advanced Industrial Science 

and Technology, Japan), and SGS (Germany).  There are ASTM standards for the types of 

filters employed in device performance measurements, the calculation of spectral mismatch 

factors and for the derivation of device relevant parameters. The standard solar spectrum 

used during testing is the air-mass (AM) index defined at an inverse cosine angle (usually 
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48.19 degrees) from the surface normal of the earth. This angle defines the position of the 

sun during the day, and filters used in the laboratory are designed such that they match the 

spectral irradiance of this azimuthal position. The distance photons have to travel from the 

vacuum of space to the surface of the device is also defined, where 1.5 is used for the 

northern hemisphere indicating that 1.5 atmospheres exist above the surface of the solar 

cell taking into account all of the absorption losses due to CO2 and other gasses. The various 

types of AM-filter spectral irradiances are shown in Figure 4; global tilt (AM1.5G) spectra 
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Figure 4. The spectral irradiance of the three most commonly used 

reference spectra as defined by ASTM. All three spectra were obtained 

from the ASTM website and are plotted here to highlight the differences 

that are important when calibrating a testing system. 
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is compared to extraterrestrial (AM0 irradiance in outer space) and the direct and 

circumsolar (for solar concentrators) spectra for reference. 

Using a xenon arc lamp of sufficient power calibrated to 100 mW/cm2 (see Chapter 

2), we can measure the current output of each solar cell as a function of the applied voltage. 

The optimal setups and processes for obtaining these parameters have been defined in 

previous work in the Armstrong group (Diogenes Placencia, Ph.D. 2011, Michael 

Brumbach, Ph.D. 2007).  Since a significant amount of literature exists for these there will 

be a general description here only.  There are many contributions to the overall device 

performance of an OPV and some of these have still yet to be clearly defined by the 

community due to many of the chemical-electrical-optical-function correlations having not 

been established with certainty. The weak correlation between the various parameters and 

the physical and chemical structure of the device is due to the fact that the experimental 

measurements vary widely by device type, architecture, interfaces and molecular species 

present; not to mention the wide variance for identical devices measured from laboratory-

to-laboratory and even person-to-person. When discussing generally the various 

contributions to device efficiency there are five processes that are commonly mentioned: 

(1) absorption (ηA); (2) exciton diffusion (ηdiff); (3) exciton separation (ηTC); (4) charge 

transport (ηTR); and (5) charge collection (ηCC) (Figure 5). 
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The process starts when AM1.5G filtered sunlight impinges upon the PHJ OPV 

surface and is subsequently absorbed by the active layer(s). Electronic transitions in the pi 

orbitals of the donor molecules create coulombically-bound electron-hole pairs due to the 

low dielectric constant and strong binding energy of organic based materials. 48 The 

efficiency of absorption is dependent upon the extinction coefficient of the organic 

molecule, which is high for the small molecules used in OPVs (on the order of 105 cm-1), 

and the thickness of the material being used. Frenkel excitons, the tightly-bound electron-

hole pairs shown in Figure 6, diffuse through the organic material via random walk (not 

influenced by local electric fields) until they approach an interface with a material that has 

a higher ionization potential (IP), undergo long range (Förster) or short range (Dexter) 
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Figure 5. Energetic structure of a PHJ device showing the most commonly cited 

processes that contribute to thin-film OPV efficiency: (1) absorption (ηA); (2) exciton 

diffusion (ηdiff); (3) exciton separation (ηTC); (4) charge transport (ηTR); and (5) 

charge collection (ηCC). 11 
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transfers to an electron-accepting material such as C60 or relax to form the original ground 

state. This is in contrast to the Wannier excitons present in inorganic semiconductors that 

have small binding energies and large radii (Figure 6). 11 If the exciton reaches the D/A 

interface, charge transfer can occur if there is a sufficient driving force for the pair to 

undergo dissociation into free charge carriers (when the energy of the electron-hole pair is 

greater than the difference in highest occupied molecular orbital (HOMO)-lowest 

unoccupied molecular orbital (LUMO) offsets of the donor and acceptor). 49,50 Upon 

transport to the electrodes, the free charge carriers are extracted if the offset between the 

Wannier Exciton
(Inorganic Semiconductors)

Frenkel Exciton
(Organic Semiconductors)

Excitons
(Bound Electron-hole Pair)

Binding Energy: 10meV

Radius: 10 nm

Binding Energy: 1eV

Radius: 1 nm

Figure 6. Exciton types found in inorganic and organic materials. A Wannier exciton (left) 

characterized by a large radius and binding energy. A Frenkel exciton (right) for which the 

tightly-bound electron-hole pair is localized over a molecule.6 
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Fermi levels of the cathode and anode are favorable with respect to the LUMO of the 

acceptor (electron collection) and HOMO of the donor (hole collection). There have been 

recent studies within the Armstrong group where (relying on Marcus theory to describe 

charge transfer at a specific interface) heterogeneity at the nanometer length scale was 

shown to effect the efficiency of charge collection in an OPV. 36 Thus, while the band edge 

offsets (such as those shown in Figure 5) provide valuable insight, there are other properties 

and measurements required to glean full knowledge of the device behavior. 
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parameters for the inset equation discussed in the text below. 
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 The typical current-versus-voltage (J/V) curve obtained when measuring the 

performance of OPVs is shown in Figure 7 where the most commonly cited parameters are 

shown on the curve measured in light (illumination, solid black line). The short-circuit 

current (Jsc) is obtained at zero volts and the open-circuit photopotential (Voc) is obtained 

when the forward and reverse current cancel each other out, although there is some 

disagreement on this in the OPV community.51-54  The maximum power (Pmax) that can be 

obtained is shown, where the ratio of Pmax and the theoretical power (PTH) constitutes the 

fill factor (FF).  The generalized efficiency equation is shown as an inset in Figure 7 and 

is expanded in Section 1.6 of this chapter. There are several seminal works, both past and 

recent, that tackle the idea of specific loss mechanisms and the processes by which charge 

is generated and extracted in more detail than is presented here. 17,35,53,55-63  The reader is 

referred to these works for more information on the various types of detrimental losses.  

However, here the discussion is focused on interfacial losses, and specifically those that 

occur in the dark – the subject of intense discussion in Chapter 4 and Chapter 5. It is 

instructive to mention some of the general aspects contributing to degradation in OPV 

device performance, which include but are not limited to: 1) optical losses at each interface 

including the underlying substrate; 2) inefficiencies of photon absorption due to poor 

spectral matching or due to the presence of thin films; 3) recombination events in the bulk 

of the material; 4) recombination at each of the interfaces due to trap states, unfavorable 

energetic alignment, non-ohmic contacts, etc.; and 5) alternate current pathways and shunt 

type behavior.  Several groups have recently looked at some of the common parameters 

ascribed to device performance such as the reverse saturation current (J0) and the shunt 
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resistance (Rp) and have challenged the preconceived thoughts behind these processes, 

which are detailed further in Section 1.6. Forrest et al. have studied the shape of the current-

voltage curve in OPVs and have found that the slope of the reverse bias curve is not 

necessarily a product of Rp as much as it is a property relating to the photoconductivity of 

the materials being used. Frisbie et al. have also looked at J0, which is commonly ascribed 

to the recombination current and the energetic barrier that exists at the D/A interface. They 

found that J0 is also affected by the morphology of the material and is not necessarily a 

sole consequence of the interfacial energetic offset at the D/A interface. These works, as 

well as others, show that the processes that contribute to the overall performance of OPVs 

have not been worked out definitively and are topics of discussion in Chapters 3 and 4.  

1.4 Types of Heterojunctions in OPVs 

 

Al

ITOITO ITO

Al Al

PHJ BHJ GHJ

D

A

D
A
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Figure 8. The three most commonly used OPV architectures to date. A) PHJ architecture 

where there is a single defined D/A. B) BHJ architecture where intimate mixing occurs 

between the D/A materials. This mixing can occur in any defined ratio. C) GHJ, the newest 

architecture to be explored, especially for small molecule materials, where the D/A are 

mixed in a defined ratio such that a gradient of each is deposited along the thickness of the 

active layer. 1 

B C A 
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As mentioned above, several types of heterojunctions have been developed since 

the first bilayer device was produced by Tang et al. 64 in order to capture the maximum 

amount of photogenerated carriers in the active layers. The most common and well-studied 

is the PHJ where the D and A materials sit directly on top of each other and no mixing 

occurs (Figure 8a). There are variations of the PHJ in which the active layers are textured 

(featured in recent publications by the Armstrong group65,66) in order to increase the 

dissociation of free charge carriers at the D/A interface by increasing the surface area. 65 A 

consequence of the low diffusion lengths for excitons is that PHJ devices need the active 

layer materials to be thin enough to minimize recombination, while also being thick enough 

for maximum absorption. The second type of architecture commonly used for polymeric 

and increasingly small-molecule OPVs is a BHJ (Figure 8b) where D and A materials are 

mixed in a defined ratio to further increase the efficiency of charge carrier generation and 

collection. An advantage of the BHJ architecture comes into play due to the fact that small-

molecule D and A materials have exciton diffusion lengths that are much smaller than their 

optical absorption lengths. Thus, when making BHJ films you can increase the thickness 

of the active layers relative to their PHJ counterparts. 67,68 Due to the intimate mixing, you 

increase the efficiency of exciton dissociation in BHJ formats as well as increase the 

thickness of the active layer material, which increases the number of photons absorbed by 

the film. 69 The mixing of BHJ architectures necessitates the need for ‘selective’ contacts 

due to the donor and acceptor materials being in contact with both the anode and cathode. 

35,70-72 Interlayer materials (Section 1.7) that are selective to either holes or electrons can 

be introduced between the BHJ and the anode or cathode to facilitate the collection of one 
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type of charge and reduce the rate of recombination that otherwise would occur. 28,35,73-84 

A third type of architecture recently developed by the small-molecule OPV community is 

the GHJ characterized by varying the mixing ratio of the D and A materials as a function 

of the distance from the electrodes (Figure 8c). GHJ devices can introduce an artificial 

gradient with an electric field that follows the concentration gradient of the D/A blend; 

photogenerated holes concentrate near the anode or p-type interlayer and the electrons lie 

near the cathode or n-type interlayer.4,5 Pandey and co-workers have shown that depending 

on the type of GHJ chosen, the GHJ improves both the exciton diffusion efficiency and the 

charge collection efficiency over a BHJ device. The GHJ has only recently started to be 

explored and shows promise, specifically for small-molecule OPVs, where the chemical-

potential gradient produced can lead to increased charge separation, reduced series 

resistance and an increase in the amount of photogenerated charges collected. 1,3,85 

1.5 The Oxide/Organic Interface in Organic Photovoltaics 

 

The type of architecture used in the design and fabrication of an OPV device has a 

significant effect on the interface chemistry and electronic properties that result. The role 

of interfaces, and their contributions to the overall device performance, has become a 

primary research topic where the focus is on controlling, at a molecular level, the interfacial 

chemistry.  Interface importance is not limited to photovoltaic architectures, as there is a 

significant amount of work relating to organic field-effect transistors (OFET) and OLEDs 

where interface chemistry has profound effects on the electronic properties. As a stark 

example, OFETs have been developed using oxotitanium phthalocyanine (TiOPc) as the 
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channel material to study the effects of molecular packing on field-effect hole mobility, 

where differences in phthalocyanine (Pc) packing architecture were achieved using surface 

modified Si/SiO2 substrates in the channel region.86 When deposited on 

octadecyltrichlorosilane (OTS) treated Si/SiO2 substrates at elevated temperatures, the 

triclinic Phase II polymorph (discussed in section 1.8) of TiOPc is formed leading to charge 

mobilities (σ in Eqn. 1, the product of the net charge (Z𝑒), concentration of carriers (n) and 

mobility of those carriers (µ)) in the range of 2-4 cm2V-1s-1 that are five orders of magnitude 

higher than seen in transistors using the phase I polymorph. 86,87  

Eqn 1. 𝜎  𝑍𝑒 × 𝑛 × 𝜇 

 

Charge carrier mobility at the organic/metal oxide interface, was the focus of a 

recent study by Armstrong and coworkers where the charge dynamics and heterogeneity 

of an ITO electrode was probed as a function of the molecular length scale of the organic 

material. 36 It was shown that the requirement of the electrode is to be conductive enough 

to support the charge carrier density at the organic/oxide interface, and not necessarily to 

be 100% active (an indication of ideal charge extraction and Langevin recombination88) 

across the whole surface. However, with electrodes currently available for OPV 

fabrication, Armstrong and coworkers showed that the alternative option of inserting an 

interlayer material between the electrode and organic active-layers material increases the 

lateral diffusion lengths along the electrode such that charges can find ‘hot spots’ at 

reasonable time scales. 36  
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1.5.1 Growth of organic materials on surfaces 

 

The electrode surface composition has dramatic effects on the overlying organic 

material, where the molecular orientation relative to the surface of the electrode can 

dominate the resulting bulk structure. Figure 9 shows three of the most common types of 

growth modes that depend on the intermolecular interactions between the electrode and 

organic material at the interface. Differences can be seen in the stacking of the organic 

material depending on the growth mode. Using Volmer-Weber and Stranski-Krastanov 

growth modes, the formation of grain boundaries is possible that will affect the mobility of 

charges in the bulk and at the organic/electrode interface. Recent work by Xue and 

coworkers highlighted the impact of the growth mode on the electronic properties, where 

they observed the nucleation of tilted grains, via Stranski-Krastanov growth, for vanadium 

oxide phthalocyanine (VOPc) that resulted in a heterogeneous surface potential in the 

film.89  

Volmer-Weber Frank-van der Merwe Stranski-Krastanov

G
ro

w
th

Figure 9. Growth modes for organic semiconductors on smooth surfaces. Volmer-

Weber (left) shows mainly island growth. Frank-van der Merwe (middle) shows 

epitaxial growth where each layer is fully formed. Stranski-Krastanov (right) shows a 

hybrid where there is full layer growth along with island formation. 
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1.5.2 Formation of trap states in organic thin films 

 

 

The growth mode of semiconductors is the subject of further investigation by others 

where it is posited that the formation of the grain boundaries can act as insulating traps 

where charges are localized in the crystalline grains. Figure 10 shows a diagram of the 

energetic offsets for isolated and bulk silicon atoms, and the formation of bonding and anti-

bonding orbitals due to the partially filled sp3 hybridized orbitals. When forming a perfectly 

ordered material, the valence band (VB) will be filled. However, when a disordered system 

results, gap states are formed which represent a distribution of energies. These gap states 

result due to the formation of isolated silicon atoms, where it is instructive to think of grain 

boundaries and the dangling orbitals that result. The empty orbitals and the resulting gap 

sp3 sp3

Silicon

Mid gap states. 

Electron and 

hole accepting

Dangling orbital

Silicon

(with grain 

boundaries)

CB

VB
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Figure 10. Band structure resulting from the linear combination of atomic orbitals for 

silicon atoms. The resulting band structure for silicon with a perfect crystal structure 

(left). The mid gap states that result when grain boundaries are present due to dangling 

orbitals (right). 
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states contribute to energy levels within the band-gap that act as electron and hole traps, 

and are detrimental to charge movement through the material. 

Similarly, in Figure 11 we look at the formation of disordered organic materials 

and how this affects the resulting energy levels. In Figure 11, we see the energy levels for 

isolated and bulk organic semiconductor (OSC) where initially (on the left) we have a 

perfectly ordered system. On the right (Figure 11), as in the silicon case (Figure 10), we 

form a disordered layer and the result is a grain boundary. However, since organic materials 

form van der Waals solids, the HOMO and LUMO level of an isolated OSC (at the grain 

boundary) is energetically located within the band. Thus, these extra states that have been 

created as a result of the formation of the grain boundary cannot act as an electron or a hole 

trap. This has important implications when considering how trap or defect states, within 

Figure 11. Organic materials form HOMO and LUMO levels, which are formed from 

fully occupied and unoccupied molecular orbitals. The resulting energetic diagram when 

perfectly ordered materials are made (left). When grain boundaries form (right), the ClInPc 

molecules at the grain boundary are energetically similar to isolated molecules and thus 

mid band states form for these materials. 
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organic semiconducting materials, contribute to the device performance in OPVs. This 

implies that grain boundaries for the organic materials will localize charges within the bulk 

material and thus inhibit the lateral charge mobility and increase surface recombination 

velocities (see Chapter 4). 90-92  

The formation of defect states is possible, via point defects and line dislocations 

etc., within the band gap of these organic semiconductors, and was the topic of study by 

Baldo and Forrest where they show that interfacial dipole formation at an organic/metal 

interface induces intermediate states (metal-induced gap states) that can participate in the 

injection and extraction process. The interfacial dipole creates a broad density of states 

making the first hop from the metal to the first monolayer of material energetically 

favorable. The second monolayer shows a significantly narrower distribution of energies, 

making this hop (from the first to the second monolayer) the most energetically costly 

event. 93,94 This is further explored by Ueno and coworkers where they study thin films of 

copper phthalocyanine (CuPc) on clean gold substrates, where upon annealing, the energy 

distribution of the HOMO emission peak is narrow and the density of gap states (DOGS) 

lies ca. 0.6 eV from the Fermi level. However, upon exposure to nitrogen gas (N2) they see 

a significant broadening of these states and a shift in the HOMO tailing towards the Fermi 

level. They rationalized this by the fact that upon exposure to N2, the CuPc film becomes 

physically more disordered, thereby introducing a broad distribution of DOGS. 13 This 

work, as well as others, 12,13,95-97 points to the fact that if organic materials are inundated 

with gap states, not only does the metal oxide surface chemistry play a role in the device 

performance but also the morphology and order/disorder of the organic semiconductor, 
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since these DOGS act as alternative pathways for charges to flow and thereby degrade 

device efficiency. 

1.6 Charge Injection/Extraction at the Metal Oxide/Organic Interface 

Processes that facilitate “leakage” or “shunt” currents (Figure 12, which are at least 

partially responsible for the excessive dark currents typically observed in OPV devices, 

adversely affect OPV device performance and thus need to be identified and 

suppressed.62,98  Excessive dark currents are a ubiquitous problem recognized to encompass 
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Figure 12. Reverse bias thermionic emission of charge carriers in the dark, which 

is commonly associated with the reverse saturation current and detrimental to 

OPV device performance due to parasitic leakage currents. 
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all photovoltaic solar energy conversion architectures: crystalline and amorphous silicon; 

62,98-100 dye-sensitized solar cells;101,102 and thin-film alternatives such as Cu(In,Ga)Se2 

(CIGS) or CdTe systems.62,98  The net effect of enhanced dark current, which can be 

simplistically viewed as a current flux opposing the flux of the photogenerated charges and 

thus reducing the magnitude of the net current density, is a reduction in the fill-factor and 

corresponding loss of power conversion efficiency.62,98 Leakage processes in OPV devices 

are typically investigated in the dark under reverse bias where, due to large potential 

barriers for injection, the thermionic emission-like injection currents are largely 

suppressed.  Under such conditions, an ideal OPV would demonstrate a current density 

reflecting the flux of thermally-generated charge carriers at D/A interfaces, which are 

subsequently swept out by the applied electric field (i.e., thermal activation of electrons 

from the HOMO of the donor material into the LUMO of the acceptor material). This is 

often referred to as the reverse saturation current (J0).  In practice, reverse-bias dark current 

densities are typically observed to be 4-5 orders of magnitude larger in OPVs than 

predicted for the reverse saturation current process alone, thus necessitating additional non-

ideal processes that facilitate the magnitude of currents typically observed.10,62,98 The 

physical origins of shunt and leakage currents in OPVs have been variously attributed to: 

actual shunts, facilitated by “pinholes”; electrode roughness; percolation pathways formed 

by metal diffusion; and to leakage pathways facilitated by a characteristically large DOGS 

existing as a consequence of disorder, impurities, redox reactions, and grain 

boundaries.42,62,93,98,103-105  
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Eqn 2.    𝑜 [exp
𝑞(𝑉−𝑅𝑆𝐴𝐽)

 𝑘 
− 1] +

𝑉−𝑅𝑆𝐴𝐽

𝑅𝑃𝐴
−  𝑝ℎ( ) 

These induced gap states occur throughout the interface and bulk layers in OPVs. 

The processes that contribute to the alternative pathways have been described by the 

modified Shockley diode model presented by equation 2, where Jph is the photogenerated 

current, J is the current density, J0 is the saturation current density, q is the electron charge, 

V is the potential across the device, Rs is the series resistance, A is the device area, n is the 

diode quality factor, k is Boltzmann constant, T is temperature and Rp is the shunt 

resistance.  However, there are limitations to this definition due to the presence of other 

interfaces and vacuum level misalignments caused by interface dipoles and charge transfer 

states. As will be discussed in Chapter 4, the ability to find the detrimental leakage 

contributions of each interface is important in OPV research. 
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Figure 13. A) Illustration of the proposed sources of steady-state dark current 

involving the donor component of an OPV, in the reverse-bias regime. B) 

Injection (via thermionic emission) over a potential barrier defined by the 

difference in the work function of the electrode and the electron transport 

(LUMO) level of the donor. C) Enhanced electron injection facilitated by the 

presence of a progression of transport levels that arise from dispersion 

(broadening) of the bulk transport LUMO, enabling multiple small hops into the 

transport level, each hop being only a few kT in magnitude.  D) Leakage/shunt 

pathways through “gap-states” which originate from trace decomposition 

products or doped states, and/or adsorption of ambient gases accompanied by 

partial charge transfer. E) Thermally-activated charge transfer from D to A 

components in the OPV, which is facilitated by broadening of both the donor 

transport HOMO and acceptor transport LUMO levels – the consequence of 

which is lowering of the energy barrier for charge transfer across the D/A 

interface. 9  
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As a consequence of chemical/electronic interactions, interfacial regions between 

electrodes and organic semiconductors also typically exhibit significant DOGS, which 

function to enhance injection into the transport levels and facilitate access into the bulk 

material gap states; both of which contribute to excessive dark current density.93,94,103 The 

broad distribution and significant density of gap states at electrode/organic semiconductor 

interfaces has been recognized by the OLED community for some time. It has even been 

described as essential for achieving sufficient injection of charge carriers and necessary to 

rationalize the observed magnitudes of injected current densities; facilitating injection into 

the associated HOMO-/LUMO-transport levels via multiple smaller energetic “hops” in 

lieu of requiring excess energy to overcome the entire potential barrier in a single 

step.93,94,106-110  

  Figure 13A illustratively summarizes the various processes that can collectively 

yield the excessive reverse-bias dark currents typically observed in PHJ OPV devices.  

Figures 13B-E illustrate the individual processes comprising those of Figure 13A.  While 

a similar and equally important set of processes also occur at the cathode/acceptor 

interface, for clarity only the anode/donor interface processes are illustrated.  Figure 13B 

illustrates the thermionic emission-like electron injection process over a potential barrier 

defined by the difference in the work function of the anode and the electron LUMO-

transport level of the adjacent donor material (assuming an ideal Schottky-Mott interface).  

As illustrated, this injection process is largely mitigated by large potential barriers (ca. 1 

eV in typical OPV systems), and would support minimal current density on scales relevant 

for practical OPVs.  Figure 13C illustrates the enhanced electron injection process 
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facilitated by the presence of a broad distribution of accessible electronic gap states.  Such 

a distribution of states enables electrons to reach the donor’s LUMO-transport level 

through multiple smaller hops in lieu of the single large excitation required for the process 

illustrated in Figure 13B.93,103,107 Figure 13D illustrates leakage pathways, composed of 

gap states due to impurities, grain boundaries, chemical reactions, and adventitious 

doping,111 existing throughout the bulk of the organic semiconducting material.  Such gap 

states can facilitate charge transport in lieu of the HOMO-/LUMO-transport levels of the 

photoactive materials.  Figure 13E illustrates a means in which gap states enhance the 

effective reverse saturation current process by reducing the thermal activation barrier.112  It 

is the processes illustrated in Figures 13B-E that contribute to the excessive dark currents 

observed in OPVs and need to be understood and controlled. 

 1.7 Selectivity 

One way to mitigate some of the detrimental processes that occur at the electrodes 

is to introduce what has been termed by many as a ‘selective’ contact or interlayers to 

improve OPV device performance. Selective materials can be defined by asymmetrical 

charge collection rates for holes versus electrons. Generally, the introduction of a selective 

interlayer can comprise two situations: (1) using a doped metal oxide layer; or (2) using 

small-molecule D or A type dopants. The control of metal oxide interlayer selectivity is 

discussed first with a brief overview and a focus on molybdenum trioxide (MoO3) as the 

prototype which is used in Chapter 5.  
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MoO3 is a high workfunction n-type oxide which derives its conductivity from 

the non-stoichiometric composition which is due to the formation of oxygen vacancies 

with in the material. 113 It has been shown to possess a deep conduction band minimum 

(CBM) where the electron affinity (EA) is around 6.7 eV, the ionization potential (IP) is 

9.7 eV, and the valence band edge lies c.a. 2.7 eV below the Fermi edge giving a 

workfunction (ϕ) of c.a. 6.9 eV (Figure 14). 6,114,115 When thermally evaporated on top 

MoO3

OSC
P-type

VB

CB
EF

HOMO

LUMO

EVL

EVL
IP

 -
9

.7
 e

V

Φ
-

6
.9

 e
V

C
B

M
-

6
.7

 e
V

MoO3
OSC
P-type

Hole Extraction

Figure 14. Energetic offsets for n-type MoO3, where the ionization potential (IP), 

workfunction (ϕ) and conduction band (CBM) offsets are shown relative to a p-type 

organic semiconductor. The interface between the MoO3 and OSC layers are 

emphasized (lower right) where hole extraction can occur via recombination with an 

electron from the CBM of MoO3.  The [010] face for MoO3 is shown (upper right) where 

upon the formation of oxygen vacancies, the conductivity of MoO3 films increase. 2 
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of ITO, a degenerately n-type material forms, the Fermi level of OSC is pinned to the 

CBM of MoO3 which has been posited to be the result of oxygen level vacancies (donor 

defects). 115 The formation of these defects leads to the increased conductivity of the 

MoO3 films which if they were stoichiometric would be electrically insulating. The 

offset between the CBM of MoO3 and the HOMO of the OSC allows for electron 

injection to the OSC thus forming what is termed a charge generation layer. 116-121 In 

Figure 14, the junction between the p-type semiconductor and the MoO3 is emphasized 

where the CBM and the HOMO level offset are thought to result in band bending in the 

organic layer and lead to a built in field at the oxide/organic interface. As can be seen 

in Figure 14, the IP of MoO3 prevents any hole extraction from occurring via the valence 

band. Thus hole extraction primarily occurs, for OPV devices, when an electron from 

the CBM of MoO3 recombines with a hole from the HOMO of the OSC which is in effect 

a recombination layer similar to those used in tandem OPVs. 
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Another type of oxide commonly used to extract holes at the oxide organic 

interface is nickel oxide (NiO). NiO is characterized as a charge transfer insulator with 

a wide bandgap (3.7-4.2 eV), which arises due to an oxygen 2p to nickel 3d transition. 

However, there is also evidence that there are contributions from the 3d to 4s excitations 

as well. 122,123 At high temperatures, NiO exhibits conductivity through the creation of 

lattice vacancies, which leads to a p-type crystal and a reduced bandgap where the nickel 

ion diffuses to the surface or an interstitial site of the crystal. 124,125 As the oxidation 

state of nickel is increased, the conductivity increases due to the loss of electrons in the 

3d orbital of nickel, and the formation of holes lowers the Fermi energy level towards 

the valence band maximum (VBM) and thus reduces the hole-injection barrier for the 

material (Figure 15). With continued doping, the formation of interstitial oxygen or 

Figure 15. Lattice picture of NiO located between a cathode and 

anode, where by forming holes the NiO is conductive in an electronic 

circuit. 
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oxygen vacancies leads to Fermi level pinning thus halting the continued p-type doping 

of NiO. Theoretical evidence that nickel vacancies are the primary defect has been 

explained by the enthalpy of formation under conditions of high oxygen content. Under 

these conditions, the enthalpy of formation for Ni vacancies is lower than that for 

oxygen vacancies (ΔHformation(NiO) ≈ -244 kJ/mol). 126 The ionic radius for Ni2+ is 83 

pm whereas O2- is 126 pm, which makes for an electrostatic argument when looking at 

the enthalpy for defect formation of each ion. When the Fermi energy lies close to the 

VBM, the formation energy is lower for nickel vacancies, which indicates these states, 

created near VBM, are the primary mechanism for conduction. The theoretical evidence 

is supported by correlation with experimental measurements of the concentration of 

nickel vacancies versus the concentration of oxygen vacancies as the growth 

temperature is increased. It has been shown that at temperatures below 1500 K, nickel 

vacancies dominate the defect formation for intrinsically doped NiO.  As the defect 

concentration increases for the NiO thin films the ultraviolet photoemission (UPS) 

spectrum will show a shift in the vacuum level. This corresponds to an increase in the 

electron affinity and the work function of the nickel cations as well as a decrease in the 

optical bandgap. The shift in the vacuum level results in the Fermi energy lying closer 

to the valence band. This is due to interband states being created that allow electrons to 

be excited into these states, which creates low lying transport bands near the VBM. This 

is a hallmark of p-type semiconductors where a hole transport mechanism is operative 

due to the creation of these states. The energy levels created near the valence band are 

thought to be due to nickel d-d* transitions or oxygen 2p to nickel 4s electronic 
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transitions, as the valence band is proposed to be composed of nickel 3d orbitals and 

oxygen 2p orbitals. 127 As the concentration of defects is increased, the number of 

interband levels should increase, thereby increasing the conductivity of the sample by 

increasing the hole mobility.  

The choice of the selective interlayer is dependent on the type of active layer 

that will be used for generating and transporting the free charge carriers. The interlayer 

material will need charge harvesting and have transport rates that are efficient and fast 

enough to keep up with the demands of the charge extracting electrode and the hole or 

electron injecting organic layer. The use of MoO3 thin films to study the effect of 

selective contacts is detailed in Chapter 5, where small-molecule BHJs are fabricated to 

elucidate the dependence of hole transport layers on the electrical response of OPVs. 

 

1.8 Small-Molecule Donor Materials 

 

The active layer, specifically the electron donating material, is generally solution 

or vacuum deposited on top of either the ITO or the selective interlayer in OPVs. In this 

dissertation, the focus is primarily on small molecule based organic materials that are 

vacuum deposited and depending on the research interest can be solvent or thermally 

processed post deposition. Small-molecule donor materials have been the focus of intense 

basic research in the OPV community and have garnered significant interest among private 

companies who have produced some of the highest performing devices to date. 26 The 

appeal of working with small-molecule systems comes from their fine thickness tunability 
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due to their ability to be deposited in vacuum, rather than from a solution-processing route 

that presents a more challenging path to control film thickness. However, to be 

commercially viable it is generally assumed that a solution-processed route will need to be 

explored due to its cost effectiveness. A recent trend has been to use non-solvent or ‘green’ 

synthetic routes to obtain modified small-molecule organic materials and study the effects 

of various substituent groups, which enables these materials to be solution processed to 

enhance commercial viability.128-132 While solution-processed materials have their place in 

the drive for sustainability and industrial processing, the ability to control the interface at 

the sub-nanometer scale through vacuum deposition is the primary driver for the work 

presented here. The focus of this dissertation is on several types of electron donor materials 

that are based on either porphyrin or polycyclic aromatic hydrocarbons and their 

interactions at different interfaces. These materials have distinctive properties that are 

useful when building solar cells and modifying the matrix of parameters used to control 

device performance. Sub-phthalocyanines, which usually present a non-planar pyramid 

structure, are one class of small molecules used in OPVs to create tandem, planar and bulk 

heterojunctions with high Voc and can be tuned by adding substituents to the periphery to 

change the frontier energy level offsets. 133-144 We have recently studied the frontier energy 

level offsets and device performance of pentafluoro phenoxy boronsubphthalocyanine 

(F5BsubPc) that exhibits both donor and acceptor type behavior; where high Voc is achieved 

for the PHJ OPV (ca. 1.1 V). 133 Recently Jones et al. have shown the ability to construct 

low–power, tandem solar cells with extremely high Voc (ca. 7 V) based on sub-
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phthalocyanines.145 The goal here is show the unique properties of the phthalocyanines 

used in this work and how we can use them to elucidate parameters in solar cells. 

1.8.1 Polar Donor materials 

 

Porphyrin-based materials (Figure 16) used in OPVs are generally metal-centered 

Pcs that have high molar absorptivities (α > 105 cm-1) and photoelectrical responses that 

span the range of the visible spectrum out into the near infrared.146-152 This was first 

highlighted by the xerographic community, which used these deep colored Pcs for printing 

and copying technology.153,154 The high molar absorptivities allow for very thin films to be 

made (10s of nanometers), which is in stark contrast to the microns thick active layers used 

in silicon-based inorganic PV cells. 155 Generally the exciton diffusion lengths of organic 

materials is only on the order of 10-15 nm, which puts an upper limit on the thickness of 

each active layer in small-molecule based OPVs.64,93,156-162 

Trivalent and tetravalent Pcs have been used by the OPV community to exploit 

their unique asymmetry, which induces various crystal structures producing distinct 

Figure 16. Tetravalent ClInPc (left) and trivalent TiOPc (right) 
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electronic, optical and morphological responses that can be used to tune device 

performance. 18,66,87,151,153,154,163-173 We have used trivalent and tetravalent phthalocyanines 

such as TiOPc and ClInPc (Figure 16) in past work to look at photoelectrodes, 

chemiresistor gas sensors, structure and aggregation on various surfaces using molecular 

beam epitaxy, and physical vapor deposition techniques in OPVs.14,65,66,152,164,174-181 The 

properties of TiOPc can be extended to the discussion of ClInPc, which has many of the 

same electronic and morphological properties as TiOPc that are amenable to OPV basic 

research. ClInPc and TiOPc have an asymmetric molecular structure where the oxo-metal 

or halo-metal bond is oriented perpendicular to the porphyrin ring producing several 

polymorphic crystal structures; where the two most prominently studied are the monoclinic 

(Phase I) and triclinic (Phase II) forms (Figure 17). Other crystal forms exist, such as Phase 

Y, and are the topic of previous work in the Armstrong group and others. 19,66,163,168,169,182,183  
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1.8.2 Structure Function Relationship 

 

The structure and orientation of these two phases, relative to each other and to the 

amorphous phase, were the subject of intense investigation in the 1980s and 90s where the 

research focused on the origins of the relatively high photoconductivity and the molecular 

orientation. 19,154,169-173,183-185 Several studies have shown via X-ray diffraction (XRD) and 

X-ray reflectivity (XRR), that after thermal or solvent vapor annealing of TiOPc there are 

distinct peaks corresponding to the various polymorphs – while the untreated (amorphous) 

form shows a broad diffraction pattern with the absence of any peaks. The distinct 
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Figure 17. Molecular packing structure for ClInPc with miller indices 

shown that outlines the unit cell. The angles that correspond to Triclinic: 

Phase I and Monoclinic: Phase II are specified at the bottom 
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diffraction peaks measured for Phase I and II show the monoclinic and triclinic forms 

respectively (when analyzed using the Bragg and Debye-Scherrer 

relationship).151,163,173,186-188 Depending on the orientation of the crystal face with respect 

to the incident light beam, the photoconductivity has been shown to change for these 

dipolar Pcs. This effects both the optical and electrical response, and subsequently the 

device performance in OPVs.14,18,65,66,164,189,190 Work performed by Mizuguchi et al. posited 

that upon transition from amorphous to Phase I to Phase II structures, the TiOPc molecules 

LUMO

ITO

ITO

650 nm

850 nm

Phase I Phase II

Solution

Figure 18. Top: TiOPc molecule where dashed lines indicate axis of molecular 

symmetry. Bottom: LUMO levels for corresponding axis (Top) where the orbitals 

originate as degenerate in the solution phase and become energetically distorted as 

the crystal structure proceeds to Phase I and then to Phase II (Phase II shows the 

absorption band wavelengths). 
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become more intimately packed which corresponds to an increase in molecular distortion.19 

This distortion was attributed to the bathochromic shift in the optical response, which was 

rationalized as a splitting of the degenerate LUMO levels along the symmetric axis of the 

molecule (Figure 18). This distortion gives rise to the splitting of the Q-band peak in the 

absorption spectra, which comes from the pi-pi* transitions in the solid state. It has been 

predicted and shown in this work (see Chapter 3), that for dimer like systems strong 

interactions lead to excitonic coupling due to the ensemble of molecules having the same 

electronic structure as the ground state.191,192 Upon further analysis of the increased near 

infrared (NIR) response, Kobayashi et al. used molecular modeling of an ensemble of 

molecules in a film to show distortion alone could not account for the splitting of the q-

band and subsequent shift to the NIR. They showed that it is necessary to take into account 

the doubly-excited configurations of the molecule, the plane of the crystal where the light 

is incident, and the charge transfer nature of neighboring TiOPc molecules, which 

contribute to the interaction of excitons and the photocarrier generation process.173,183,193 

These results are important to consider as this work focuses on the ordering of the polar 

molecules TiOPc and ClInPc on different substrates, and thus knowing the packing 

structure as well as the optical and electronic response is necessary for proper elucidation. 
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 1.9 Dissertation Overview 

Interfacial properties of OPVs and their molecular origins are important parts of the 

work currently underway to improve overall OPV-device performance where efficiencies 

are pushing 10%.76,194,195 The best OPV performances are realized when the efficiencies of 

hole- and electron-harvesting processes at opposing contacts are high and balanced, and 

combined with low rates for surface recombination.90,196,197 While interlayer films can be 

added at both contacts to differentially enhance the efficiency for one type of charge 

collection,36,81,196,198 molecular-level interactions between certain donor or acceptor 

molecules and the adjacent contacts or interlayers, and their resulting chemical and 

electrical behaviors, are predicted to have a significant impact upon the efficiencies of 

charge harvesting, recombination, and overall OPV performance.197   

 The focus of Chapter 3, is a detailed study of the composition and energetic effects 

for the first few monolayers of polar (ClInPc and TiOPc) and non-polar (PEN and CuPc) 

molecular donors on ITO electrodes that have undergone different types of cleaning/pre-

treatment. Ultraviolet photoemission (UPS) and UV-Vis spectroscopies were used to probe 

the orientation of these donor materials as a function of the ITO pre-treatments. Significant 

differences are seen between polar versus non-polar donor materials in their sensitivity to 

the electrode surface composition. A fluorinated benzyl phosphonic acid was then used to 

lower the surface free energy of ITO and further probe the dependence of molecular donor 

orientation as function of the interface work function. To complement the results of these 

UPS and UV-Vis measurements, single-junction and full OPV devices were built to 
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observe the impact of the ITO surface and donor/ITO interfacial composition on the 

photovoltaic performance. 

 Bringing two disparate materials into intimate contact, especially organic active 

layers and polar, high surface free energy metal oxides, can introduce new states for dark 

charge injection, charge trapping and recombination. Chapter 4 focuses on the first few 

monolayers of ClInPc at the ITO surface and how the local morphology affects the 

resulting energetic dispersion. Two of the highest performing polymorphs of ClInPc (Phase 

I and Phase II) were studied, using high-resolution UPS, metal-insulator-semiconductor 

capacitor (MIS-C) devices, and transient current measurements with MIS-C devices to 

study the injection and extraction of charges at ITO/ClInPc interfaces. It was found that an 

ordered interface with a reduced number of trap/defect states produced the superior 

performing devices. The ordered interface resulted in a decrease in trap/defect states tailing 

from the ClInPc HOMO to the Fermi in the semiconductor gap, which the MIS-C 

experiments showed as a decrease in the shallow trap density for those ordered materials. 

 The electrical characterization and origins of trap states at interfaces are critical in 

determining how to structure organic electronics at a molecular level. Chapter 5 furthers 

the investigations described in Chapter 4 by looking at the trap state formation as a function 

of mixing ratios in BHJ OPVs for the model ClInPc/ITO system with the acceptor C60. The 

ITO surface was covered with either Phase I or Phase II ClInPc, resulting in a p-i-n 

structure similar to previous work in the literature. 16,69,135,199 In this study, the mixing ratios 

of ClInPc and C60 were varied in the BHJ and the resulting electrical and optical properties 
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measured. Impedance spectroscopy, equivalent-circuit modeling, MIS-C devices and UV-

Vis spectroscopy were used to study how the BHJ mixing ratio contributed to the trap state 

formation, depending upon which interlayer material was used. Clear trends were observed 

in the dark saturation current and shallow trap density (and their decrease) which was 

reflected (as an increase) in overall device efficiency. 

 Boron subphthalocyanines (BSubPcs) are magenta-colored 14-π electron aromatic 

materials recently shown to be organic semiconductors in OPVs, 200-202 OLEDs, 142,203,204 

and OFETs; 205 with BSubPcs used as either an electron donor (hole-transport 

material)200,205 or an electron acceptor (electron-transport material). 202 Chapter 6 describes 

a collaborative study with Prof. Tim Bender and Graham Morse, Ph.D.  (University of 

Toronto) focused on two SubPcs, namely F5BSubPc and chloro-boron subphthalocyanine 

(Cl-BSubPc).  UPS and optical spectroscopies were combined to show that although the 

energetic offsets (HOMO/LUMO) for charge transfer is small, these SubPcs can act as 

either electron- or hole-conducting materials. This behavior was further evidenced by their 

ambipolar nature in constructed cascade devices. 

Finally in Chapter 7, the conclusions and future directions are presented for where 

this work fits in the scientific community and the work that needs to be done to push the 

interface science of OPVs to the next level. 
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CHAPTER 2: EXPERIMENTAL 

 

2.1 Transparent Conducting Oxide: Indium Tin Oxide 

 

2.1.1 ITO Surface Preparation 

 

 Colorado Concept Coating, LLC provided the ITO sheets used in this dissertation 

– sputtered onto polished soda lime glass at a thickness of 150 nm (ITO) with a sheet 

resistance of 9-15 Ω/cm2 per the manufacturers’ specifications. The ITO is delivered in 14” 

x 14” sheets and is trimmed down to 1” 1” substrates using a glass cutting tool (note: due 

to the uneven ITO coating at the edges during the manufacturing process the first ¼” 

nearest to each edge were trimmed and thrown into the waste). Each 1” 1” substrate was 

then put through a standardized cleaning procedure. All substrates (etched and non-etched) 

are cleaned by: (1) washing with deionized water and scrubbing with 10% (v/v) Triton X-

100 aqueous solution; (2) sonicating in 10% (v/v) Triton X-100 aqueous solution for 15 

minutes; (3) rinsing and scrubbing with NanoPure™ ultra-pure 18 MΩ (nanopure) water; 

(4) sonicating in nanopure water for 15 minutes; (5) rinsing and scrubbing in absolute-

proof ethanol (EDM Chemicals); and (6) sonicating in absolute-proof ethanol for 15 

minutes. This six-step protocol leads to what we term as DSC-ITO surfaces. DSC-ITO 

substrates were activated in a plasma generator (Harrick PDC-32G) in either dry oxygen 

or dry air at approximately 0.4 Torr, with etching for 10.5 minutes in oxygen or 8.5 minutes 

in air to produce OP- or AP-ITO substrates respectively. 
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2.1.2 Photolithography 

 

The process for making 0.125 cm2 cells (Figure 1) used in device testing is outlined 

in this section. Hardware for this is described in previous work. 14,65,66,152,164 The objective 

here is to explain the photolithography of the ITO substrates in order to facilitate the use 

of the equipment in the clean room. 

 

ITO

AluminumOrganics

Glass

A B

Figure 1. A: Old masking layout with 0.125 cm2 active area where the ITO strip 

runs down the center. B: The new masking system with two ITO strips to 

separate the 6 cells and to allow for some error when cutting the 1”x1” ITO 

substrates. 
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There are two types of 0.125 cm2 cells that were used 

in this work. Figure 1A is the old layout and Figure 1B is the 

new layout. The advantage to the new layout is the ITO/glass 

substrate does not have to be perfectly square. For the old 

layout, if the substrate was not cut perfectly, there was a 

chance the substrate could move inside the holder during the 

cell making process, which resulted in different defined area 

for each cell. The new layout alleviates this problem with 

overlying aluminum contacts that define all the cells’ active areas to be 0.125cm2, 

regardless of orientation inside the holder during the deposition process. The new layout 

also separates the six devices so that only three are in contact with each other through the 

ITO, which lessens the contribution of ‘extra’ current. 206 Photolithography was used in 

this work to provide high-resolution contacts with high-aspect-ratio edges. The basic steps 

for a photolithography experiment are outlined in Figure 2.  Substrate preparation is one of 

the most important steps as this removes any large particles and water content that may be 

present on the substrate (Section 2.1.1), and defines the device layout that has been shown 

to be critical in accurate measurement. 51,54,206 Spin-coat parameters (Figure 3) are 

generally recommended by the respective photoresist manufacturer and can be found in the 

supplier guides. In this work, Shipley Microposit® S1813 was used as the positive 

photoresist. For Colorado Concepts ITO, the optimal spin speed was 4000 rpm for 30 

seconds to give a predicted thickness of ca. 15,000 Å (also determined by resist viscosity). 

I. Clean
II. Spin coat
III. Soft Bake
IV. Exposure
V. Develop
VI. Hard Bake
VII. Acid Etch

Figure 2. 

Photolithographic process 
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Following the spin coat step, a soft bake is 

employed to harden the photoresist and improve 

line width control of the desired pattern during 

the exposure step. The soft bake also determines 

the dissolution rate of resist during the 

development step. Exposure to a narrow line 

source is the next step, where the substrate is 

masked and exposed for an optimized time at a 

specific wavelength. The resist exposed to the 

light source is decomposed (Figure 4) to facilitate removal during the development step, 

while the unexposed resist is kept intact and not washed away. Developing the substrate 

for an optimal time removes the exposed resist leaving the unexposed resist covering the 

desired pattern. After development, the patterned substrate undergoes a hard bake for a set 

time (2 minutes in this work) during which the resist hardens to the point where it is 

resistant to the acid-etch step. Acid etching removes the exposed metal oxide leaving the 

patterned resist and underlying metal oxide alone. The final step is to remove the patterned 

resist with a proprietary remover such as Shipley Microposit® MF 1165, leaving the 

substrate and patterned metal oxide available for the device build. 

 

 

 

Figure 3. Multiple types of photoresist 

and corresponding thickness achieved 

as a function of spin speed. We use 

4000 rpm for the Microposit® S1813 

positive photoresist. 
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2.1.3 Surface Modification 

 

Modification of the ITO surface, using various types of organic phosphonic acids 

(pentafluoro benzyl phosphonic acid, F5BPA used in Chapter 3), was accomplished 

through variations in previously described procedures. 38,207-210 The organic phosphonic 

acid (PA) solutions were prepared in absolute-proof ethanol to a final concentration of 10 

mM. Cleaned (using the six-step standard procedure) and oxygen-ion plasma (OP) 

activated ITO substrates were submersed in PA solutions and heated to 75 °C for 1 hour. 

The substrates were then removed and submersed in a 5% v/v solution of triethylamine in 

200 proof ethanol and sonicated for 10 minutes to remove weakly absorbed PA. 

Figure 4. Microposit® S1813 

photoresist absorbance spectra. Shown 

are the UV exposed (dash line) and 

unexposed spectra (solid line). 
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2.1.4 Chemicals 

 

Pentacene (PEN), TiOPc, C60, CuPc and ClInPc (M.E.R. Corp. or Sigma-Aldrich 

Corp.) were all triply sublimed, and BCP (Sigma-Aldrich Corp.) was sublimed twice 

(Figure 5). All molecules were thoroughly degassed in the vacuum system prior to use. 

Aluminum top contacts (Alfa Aesar) were deposited from 99.999% rated material. SiO2 

(99.99%) was used as received (Kurt J. Lesker Co.). 

 

 

Figure 5. Molecules used to make OPV relevant devices and structures used in this work. 
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2.2 Thin Film Deposition 

2.2.1 Thermal Deposition 

 

A custom vacuum chamber was 

used in this research to deposit 

multilayer thin films of organics on 

top of various types of substrates. 

This chamber has been described in 

detail in previous dissertations by 

Diogenes Placencia, Ph.D. (2011) 

and Michael Brumbach, Ph.D. 

(2007). For the deposition of the 

metal-centered phthalocyanines 

used here, a type of Knudsen cell 

setup was used to thermally 

sublime each material onto the top contact electrode or other type of substrate. The 

Knudsen-type setup is pictured in Figure 6, which uses a custom fabricated piece that 

includes a boron nitride (BN) crucible wrapped with tightly-bound tantalum wire (Alpha 

Aesar, 0.05 mm annealed) connected to two current leads. The temperature of the BN 

crucible is monitored via a type K (Chromel/Alumel) thermocouple. The current leads and 

thermocouple are attached to a high-vacuum feed, which is connected to the power source 

and temperature controller. 

Figure 6. Knudsen-type cell used to thermally 

evaporate small-molecule organics. The boron 

nitride crucible is custom made and wrapped in 

tantalum wire, which acts to resistively heat the 

pocket containing the organics. 

Boronitride

Crucible

Wrapped 

Tantalum Wire 

Type K 

Thermocouple

Current Leads
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2.2.2 Electron Beam Deposition 

 

The metal oxides used in the study of blocked electrodes 

were deposited onto ITO substrates using electron beam 

evaporation (E-Beam), which consists of a high-voltage 

(HV)/low-current signal being applied to a tungsten 

filament producing thermionic emission of an electron 

beam. This electron beam is directed via magnetic poles 

acting as a lens, and accelerated via HV to direct the beam 

through a 270 degree arc from the filament to the center of 

a copper hearth. A set of frequency and amplitude 

controlled sweep coils on either side of the copper hearth 

allows the electron beam to be swept across the material 

being deposited, which helps control the uniformity and 

morphology of the deposited film (Figure 7). A diagram and picture of the E-beam used in 

this work are shown in Figure 8. Using the E-beam (as opposed to a thermal system) 

provides a means to deposit metal oxides without the excess heat generated by a resistively-

heated source. E-beam evaporation provides several advantages over deposition 

techniques, such as: the ability to deposit materials with high control (rates as low as 1 nm 

/ min); the efficient utilization of the materials being evaporated; and the ability to control 

the resultant film morphology via the sweep coils. The E-beam gun used here is the MDC 

Mighty Source with (four) 2 cm3 rotatable pockets, which allow multiple types of metals 

and metal oxides to be deposited without changing boats. FABMATE 2 cm3 pocket liners 

Figure 7. The 2cm3 E-

beam pocket with the path 

of the electron beam 

outlined in red when using 

the sweep coils. The 

accelerating voltage 

pushes the beam front-to-

back, while the HV sweep 

controller allows the 

frequency and amplitude 

of the beam to be adjusted. 

E-Beam Pocket 
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are used to: (1) help guide the electron beam; (2) prevent arcing of the source; and (3) keep 

the copper carousel clean. Generally for the SiO2 films used in these studies, the emission 

current varied between 10-15 mA (to maintain constant rates less than or equal to 3 Å/sec 

for SiO2) and the accelerating voltage (4-5 kV) was maintained so that the electron beam 

was centered in the pocket.  

 

 

 

Chilled water lines

HV Sweep lines

HV Sweep Coils

2cc pocket W emitter

Current Source

W emitter

2cc pocket

Figure 8. Schematic (top) and pictured (bottom) setup of the E-beam evaporator 

system used in this work. The chilled water lines act to cool the 2cm3 pocket as 

deposition is occuring. The HV sweep lines allow for the manipulation of the magnets 

which can be used to sweep the electron beam in a figure-eight fashion (Figure 8). 
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2.3 Co-Deposition of Small-Molecule Organics 

Figure 10. Side view of the co-

deposition chamber. 

Figure 9. Front-facing view of the two 

co-deposition chambers. 

In Line Process Control 

(PID loop)

Source 1 Source 2

Current

Supply 

Custom 

power unit

SQM242

SQS242

QCM 1 QCM 2 

Figure 11. Schematic of the command structure for the co-deposition system. 

SQS-242 is the software control and SQM-242 is the hardware card 

communicating between the software and custom power unit. 
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Recently, small-molecule organic materials have been used in BHJ and GHJ OPV 

cells to increase device performance and photocurrent generation. The setup for deposition 

of small-molecule organics used in the Armstrong laboratory is shown in Figures 9-11, 

with two custom-designed chambers that house Knudsen-type evaporators. The chambers 

were designed to attach to existing ports on the OPV chamber and are mounted at a 45 

degree angle with respect to the surface normal of the substrate.  

Co-deposition was used in order to create precise mixtures of donor and acceptor 

materials (ClInPc and C60) through proportional-integral-derivative (PID) control of each 

source material (See Appendix A for Software tutorial). This was accomplished through a 

custom-designed power unit and a custom-made chamber attachment (Figures 9, 10 and 

12). Software and a communication cards obtained from Inficon (SQM-242 and SQS-242) 

were used to control the PID process parameters to the custom-fabricated power unit.  A 

simplified schematic (Figure 11) shows the connection layout between the computer, the 

custom power unit and the co-deposition sources. The custom power unit controls the 

current supply to the sources, and the SQ-S242 software controls and sets the line voltage 

at a constant value. The feedback loop is controlled via the quartz crystal monitors, which 

relay deposition rates back to the SQS-242 software to increase or decrease the line voltage 

to the custom power unit’s phase-angle-fired relays and in turn increase or decrease the 

current to affect the rate of deposition. 
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2.3.1 Hardware Developed for Custom Power Control Unit 

 

1. Manual or software 
control

2. Current adjustment
3. Current meters
4. Temperature 

Controllers
5. Power

1

2
3

4

5

Figure 12. The front panel of the custom-designed power control unit that is interfaced 

with the SQM-242 hardware. The electronics residing within this unit are outlined 

schematically in Figure 13. 

Figure 13. Schematics of the internal electronics for the custom-designed power unit. The 

unit was designed from the ground up using phase-fired relays to control the amount of 

current being supplied to the co-deposition chambers. The unit also has the ability to be 

manually controlled through three-stage switches and Omega Engineering temperature 

controllers. 
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The hardware was developed in coordination with Paul Lee (Associate Staff 

Scientist at the UofA). Two additional ports were added to the existing PV chamber as 

shown in Figure 11. Located on each port are source inputs for custom-designed Knudsen 

cell type thin-film evaporators, as well as dedicated QCM ports that provide the ability to 

monitor and control via PID the deposition process for each source.  

The custom power unit that controls the supply current is outlined in Figures 12 & 

13, with the basic schematic shown for the internal electronics. We used phase-fired relays 

to control the output current to the Knudsen cells due to their ability to accept 1-10 V DC 

voltages via the SQM242 controller. Phase-angled fired controls vary the output voltage to 

the transformers by controlling the point within each ½ cycle phase angle at which the 

trigger pulse is applied to the silicon-controlled rectifier (SCR). The phase-angle relay 

controls to the sub-cycle level, resulting in extremely accurate control of the resulting 

power to a Knudsen cell. Figure 14 shows two examples of the AC power cycle in the 

phase-fired relay, where the shaded regions represent the trigger point of the SCR unit 

100% power

Figure 14. Signals that are applied to the phase-fired controllers are cut off, via the SCR, 

at certain points to allow a fraction of the original signal through. This allows the control 

unit to supply finite increments of current to the Knudsen cells depending on the input 

voltage signal coming from the SQM-242 hardware card. 

50% power
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within the relay. Figure 14A shows 100% power being supplied to the transformer, which 

outputs a DC current. Figure 14B shows 50% power being supplied to the transformer. The 

operation of the phase-fired relay provided finite control of the line voltage and thus finite 

control of the output current to the Knudsen cells on the co-deposition chamber, which 

helps target the correct PID loop process. 

2.3.2 Inficon SQM Control Software 

 

The Inficon control software was used to facilitate the finite control needed to 

deposit multilayer thin films. A SQM-242 card (shown in Figure 15) was installed in the 

computer attached to the OPV Chamber. This card supplies a 0-10 V signal to the phase-

fired relays in the control unit and acts as an intermediary between the control unit and the 

Figure 15. Screen shot of the co-deposition software during a process that is monitoring 

both ClInPc and C60. Upper right is a picture of the PCI hardware card used to interface 

between the software and custom power control unit. 
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software (SQS-242). Software (shown in Figure 15) was used to communicate with the 

hardware card and the quartz-crystal oscillators that are attached to the co-deposition 

chamber. The software is able to keep track of up to 16 different sources at one time using 

a combination of parameters, such as: crystal density; film density; z-factor; pre- and post-

deposition parameters; and tooling. 

 

2.4 Solar Cell Testing 

 

Solar cell testing procedures, similar in the work presented here, are outlined in detail in 

the 2011 dissertation by Diogenes Placencia, Ph.D. This section identifies and describes 

the improvements to the testing procedures that have and are currently being implemented 

1. Constant power 

Controllers 

2. Co-Deposition 

Controller 

3. Rack temperature 

controller 

4. Gate valve 

controller 

5. Cold Cathode 

Gauges 

6. Thermocouple 

gauges 

7. Turbo Control Units 

Figure 16. The control rack that houses all of the controls necessary to operate 

the OPV chamber.  The picture at right is the CPU and monitor used to control 

the sofware (Q-pod and Co-deposition) for making thin film organic 

photovoltaics. 
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in the Armstrong research group. Solar cell testing is done under AM 1.5G simulated 

conditions for current/voltage measurements in a nitrogen-filled glove box (Mbraun 

Labmaster), with water and oxygen content monitored and kept below 0.1 ppm. The control 

unit used to control thin-film deposition is shown in Figure 16 (all components used to 

make OPVs have been combined into one rack-and-mount setup that is interfaced with 

computer software to provide a new level of control over deposition processes) 

2.4.1 Current/Voltage Measurements 

The current/voltage (J/V) measurements were taken with a setup outlined in 

previous dissertations in the Armstrong group, where the components are shown in Figure 

17. In this work, the sweep range was extended to accommodate the increased Voc observed 

1

2
3

4
5

6

1. 150W Xenon Arc Lamp

2. Iris

3. 6 position filter wheel

4. AM 1.5G Filter

5. Diffuser

6. GPIB to USB converter

Figure 17. Optical setup used to test 

OPVs at 100 mw/cm2. 



88 
 

for some types of materials, and to cover a range used in studying the metal-insulator-

semiconductor capacitor (MIS-C) devices. For test devices, a custom-made J/V system was 

used to measure six devices per substrate. The device area used for all J/V curves was 0.125 

cm2. J/V measurements were performed in a nitrogen-filled glovebox with water and 

oxygen levels were below 0.1 ppm.  A current-controlled, 300 W Xenon arc lamp 

(Newport) was used as the light source. The beam path from the source to the sample was 

filtered using an AM 1.5 filter (Melles Griot) to simulate the solar spectrum.  The filtered 

light was then optically diffused using an engineered diffuser with an output of 40 degrees 

(Newport).  The power density at the surface of the devices was tuned with a flat-response 

thermopile (Newport) and cross checked with a calibrated silicon photodiode (Newport – 

Model 818-SL with OD3 Attenuator) to achieve 100 mW/cm2 (the procedure for this can 

be found in the 2011 Dissertation by Diogenes Placencia Ph.D.). The potential applied to 

the device was swept using a source meter (Keithley 2400) and in-house software (National 

Instruments Labview 8.2). 

Figure 18. Two examples of OPVs built with varying control of process parameters. On 

the left is an example of an OPV build with tight control of process parameters. On the 

right is an example of an OPV built with poor control of process parameters. 
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Figure 18 shows an example of current voltage curves for an OPV in the dark where 

processing parameters and build control are highlighted. On the right we show the resulting 

J/V curve for a single chip where we obtain six different measurements which do not 

correlate with one another and have high statistical variation. However, if we are able to 

control the process and build parameters, we obtain the J/V curve on the left in Figure 18 

where the six resulting measurements are barely distinguishable from one another. 

 

2.5 Quantifying OPV performance 

Current methods and protocols can be found on the American Society for Testing 

and Materials (ASTM) website (http://www.astm.org/) where conditions, equipment and 

facilities needed to properly test solar cells is documented. Several recent publications have 

also studied how to properly test and analyze OPVs and are a good source of knowledge 

and experimental details. 51,53,54 206 

2.5.1 IPCE Measurements 
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Incident photon-to-current efficiency (IPCE) measurements were acquired in a 

nitrogen-filled cell, which allowed illumination from a 300 W xenon arc lamp (Newport) 

modulated at 256 Hz (Stanford Research) passed through a  monochromator (Newport, 

Model Cornerstone 130).  Data was acquired at 4 nm intervals. Incident power and 

calibration of the monochromator throughput was measured with a calibrated silicon 

photodiode (Newport, Model 818-SL).  All IPCE data was acquired at short-circuit 

conditions. The resulting current signal from the OPV at each wavelength was input to a 

current-to-voltage converter and lock-in amplifier (EG&G, Model 5209), while the output 

from the lock-in amplifier (LIA) was fed into an in-house data acquisition system (National 

Instruments Labview, Version 8.2). The detailed optical setup for the IPCE system can be 

found in Appendix A. 
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2.7 Metal-Insulator-Semiconductor-Capacitor Device Fabrication and 

Testing 

2.7.1 MIS-C platform measurements 

 

It is helpful to briefly discuss the derivation of differential capacitance, before 

discussing MIS-C devices and their electrical response, where we have an applied voltage 

with a variable sinusoidal frequency on top of a DC bias voltage. The impedance of the 

MIS-C device is measured as the quotient of the voltage and current as a function of time 

where due to the capacitive response we observe a phase shift in the sinusoidal response 

(Figure 19). In Figure 20 we show the derivation of the equation for the differential 

capacitance used in this work where the complex impedance, Z(ω), complex admittance, 

Y(ω) and the complex capacitance, C(ω), are defined. Combining these equations and 

Impedance 

Analyzer
Bomb

Vsig

Isig

VsigIsig

t

Phase shift

𝑍  
  
  

Figure 19. Block diagram of the setup for the impedance analyzer and the hermetically 

sealed bomb containing the MIS-C Device where the voltage signal (Vsig) and current 

signal (Isig) are shown (left panel & right picture). The output of the impedance analyzer is 

shown (lower left panel) where the resulting AC current and potential are measured. The 

two signals have a phase shift relative to eachother that can be captured in the impedance 

measurement (shown in the equation).  



92 
 

solving for the complex capacitance gives the equation in the upper right panel where we 

specify the real or differential capacitance that is directly related to the response of our MIS 

capacitors. The differential capacitance does not specify the circuit layout, but rather 

generally defines the capacitive response of the whole system. We generally ignore the 

imaginary part of the capacitance since we assume an ideal parallel plate capacitor with 

minimal energy dissipation.  The frequency dependence of the differential capacitance for 

a MIS-C platform can be interpreted as arising from differences in the RC time constant of 

closely related sub-populations of trapping and impurity sites within a molecular 

semiconductor film.  At low frequencies, the differential capacitance approaches values 

expected for charge separation just across the SiO2 insulating layer, i.e., charge is confined 

at both SiO2 interfaces as would be found in an ITO/SiO2/Al capacitor.  At high frequencies 

where the RC time constants for trapping/detrapping of charges in the molecular 

semiconductor are exceeded, the differential capacitance approaches values expected for a 

stacked dielectric where charges are now confined at the ITO/Pc and SiO2/Al interfaces in 

)/()()(  jYC 

''')( jZZZ 

)(/1)(  ZY 



























)()(
)(

2''22''2

''

ZZ

jZ

ZZ

Z
C

Differential capacitance which is what 

we use to describe our MIS-C diodes

(Describes capacitive response of the 

whole device at a specific frequency)

Imaginary capacitance

Related to energy dissipation 

within the medium. We assume 

this is zero.

FrequencyAngluar 

eCapacitancImaginary 

eCapacitanc Real

eCapacitancComplex )(

AdmittanceComplex )(

ImpedanceImaginary Z

Impedance Real 

ImpedanceComplex )(

''

'

''

'

























C

C

C

Y

Z

Z

FrequencyAngluar 

eCapacitancImaginary 

eCapacitanc Real

eCapacitancComplex )(

AdmittanceComplex )(

ImpedanceImaginary Z

Impedance Real 

ImpedanceComplex )(

''

'

''

'

























C

C

C

Y

Z

Z

FrequencyAngluar 

eCapacitancImaginary 

eCapacitanc Real

eCapacitancComplex )(

AdmittanceComplex )(

ImpedanceImaginary Z

Impedance Real 

ImpedanceComplex )(

''

'

''

'

























C

C

C

Y

Z

Z

FrequencyAngluar 

eCapacitancImaginary 

eCapacitanc Real

eCapacitancComplex )(

AdmittanceComplex )(

ImpedanceImaginary Z

Impedance Real 

ImpedanceComplex )(

''

'

''

'

























C

C

C

Y

Z

Z

FrequencyAngluar 

eCapacitancImaginary 

eCapacitanc Real

eCapacitancComplex )(

AdmittanceComplex )(

ImpedanceImaginary Z

Impedance Real 

ImpedanceComplex )(

''

'

''

'

























C

C

C

Y

Z

Z

FrequencyAngluar 

eCapacitancImaginary 

eCapacitanc Real

eCapacitancComplex )(

AdmittanceComplex )(

ImpedanceImaginary Z

Impedance Real 

ImpedanceComplex )(

''

'

''

'

























C

C

C

Y

Z

Z

Figure 20. Complex impedance, Z(ω), complex admittance, Y(ω) and the complex 

capacitance, C(ω), are defined (left panel). The equations can be combined in terms of the 

complex capacitance and we get the equation in the upper right panel. The red box defines 

the differential capacitance which is used in the study of MIS-C devices. 
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the MIS-C platform, i.e., the Pc layer acts as an additional dielectric in the stacked capacitor 

of Equation 2 below.  In between these extremes, differential capacitance changes with 

frequency according to the time constants for trapping/de-trapping of charges within the 

molecular semiconductor film. The absolute value of differential capacitance correlates 

with the density of these trap states. 211-215 

As with all MIS-C platforms, SiO2 or a comparable dielectric layer “blocks” the 

injection of charges,216 i.e. they remain at the SiO2/Al interface so that the impedance and 

current transient behavior of the MIS-C platform is controlled solely by charge 

injection/collection across the ITO/Pc interface. 11,15  Thus, steady-state conduction 

currents are blocked and only transient displacement currents are observed.  MIS-C 

characterization was carried out using impedance spectroscopy (IS) with small modulated 

voltages (50 mV), at bias potentials below those required to inject charges into transport 

HOMO or LUMO levels. In IS, the impedance is characterized as the ratio of the complex 

voltage and current responses.  From the impedance data, the differential capacitance is 

calculated as: 

𝐶(𝜔)  𝑅𝑒 {
1

𝑖𝜔𝑍(𝜔)
}(1) 

 

where C(ω) is the frequency-dependent differential capacitance, ω is the frequency in rad-

s-1, Re refers to the real component within the brackets, i is the imaginary unit, and Z (ω) 

is the complex impedance at a specific frequency.217  The capacitance of the MIS-C 

platform can be approximated by a simple, parallel-plate capacitor model for stacked 
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dielectrics: 

𝐶  
𝐴𝜀0𝜀𝐼𝜀 

𝜀𝐼𝑑 + 𝜀 𝑑𝐼
(2) 

 

where εo is permittivity of vacuum, εI is the relative permittivity of the insulating layer, εS 

is the relative permittivity of the molecular semiconducting layer, A is the geometric area 

of the plates, and dI and dS are the thicknesses of the insulating layer and the 

semiconducting layer respectively.112,218  For an ideal parallel-plate capacitor excess charge 

density after a voltage perturbation resides exclusively on the surface of each of the contact 

electrodes this confinement is relaxed with MIS-C devices.112,218  For a MIS-C device, the 

metal/insulator interface (e.g. Al-SiO2 interface) represents one plate of the capacitor where 

we can assume that injected charge is confined.  



95 
 

MIS-C devices composed of one active-layer component, as illustrated in Figure 

21, enable characterization of dark charge-injection/collection processes in situ by a single 

electrode/semiconductor heterojunction.  The active-layer (organic material) component is 

inserted between an injecting/collecting ITO contact, an insulating layer (in this case SiO2) 

and a top contact (Al).  MIS-C devices are frequently characterized in terms of voltage and 

frequency-dependent differential capacitance,218,219 and are routinely utilized for 

component characterization in microelectronics components, typically using IS, where 

only one contact is injecting and the other contact is “blocking”. 

SiO2

Al

ITO

Organic 

Material

100 nm

60 nm

Figure 21. Architecture of an MIS-C device used in this work 

where the organic material of interested is inserted between a 

blocking contact (SiO2) and an ITO electrode. Including the 

thicknesses of the organic and blocking layers used in Chapter 4. 
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To study the effects of interfacial ordering (see Chapter 4), differential capacitance 

spectra are collected in this work for the MIS-C devices over a range of DC bias with 

respect to the aluminum electrode. If the organic material were taken out of the Figure 21 

architecture, we would measure the response for a pure capacitor consisting of 

ITO/SiO2/Al, which would show the maximum-attainable differential capacitance of 4.2nF 

where the charges are confined at the interfaces between the contacting electrodes and the 

100 nm SiO2 layer112  (note: however, this structure is not an MIS capacitor but an ITO-

SiO2-Al capacitor).  From this data we can then estimate a relative permittivity value for 

the SiO2 layer of 3.8 (εI = 3.8).  An example of the differential capacitance vs. frequency 
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Figure 22. Capacitance vs. frequency plot showing a generic organic material’s 

capacitive response to a range of frequencies. Also shown are the maximum geometric 

capacitance for a device and the capacitance of an ideal dielectric given the thicknesses 

in Figure 21. 
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is shown in Figure 22 where the response of a pure capacitor is also shown (4.2 nF). Above 

frequencies of ca. 105 Hz the differential capacitance for the MIS-C device converges on 

ca. 2.3 nF, i.e., the maximum expected “geometric capacitance” where both the organic 

and SiO2 layers function as ideal stacked dielectrics in the parallel-plate capacitor model. 

These differential capacitance versus frequency plots are qualitatively similar to many 

other IS studies of OPVs and OLEDs (with both top and bottom ohmic contacts).211,212,220-

222 At high modulation frequencies, the charges are effectively trapped at the Al/SiO2 and 

ITO/organic interfaces that is the maximum expected “geometric capacitance” both the Pc 

and SiO2 layers function as ideal stacked dielectrics in the parallel plate capacitor model of 

Equation 2. Frequencies above ca. 5 x 105 Hz exceed 1/RCmax and so “dielectric relaxation” 

occurs, with the differential capacitance converging on that expected for an ideal dielectric 

Pc layer (calculated for this system to have a relative permittivity εS = 3.1) 36,223 with 

charges confined to the ITO/organic and SiO2/Al interfaces. Utilizing a geometric area (A) 

of 0.125 cm2, an SiO2 insulating layer thickness dI = 100 nm, with a relative permittivity 

value εI = 3.8, an organic layer thickness of dS = 60 nm, and a capacitance of 2.3 nF, 

Equation 2 can be rearranged to calculate the relative permittivity for ClInPc films to be 

ca. 3.1 (εS = 3.1), which is close to the permittivity values estimated previously for pure Pc 

layers. 
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2.7.2 Transient Current Spectroscopy 

 

 

We also utilized transient-voltage step responses (Instrumentation shown in Figure 

23, circuit layout in Figure 24) to characterize the charge injection and extraction 

(independently) for the ITO/Pc contact in MIS-C devices. Current/charge-versus-time 

transients were monitored over the same bias regions as the IS measurements, with 

similarly small voltage steps (±20 mV).  Typical transient responses utilizing MIS-C 

devices are obtained at relatively short (microsecond) timescales where we measure the 

injected/extracted current density (J/t) and the total charge (Q/t) versus time. Any 

Figure 23. Current Transient system with the scope (left), the EMI shielded circuit board 

(middle) and the stable power supply (right). 
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asymmetries in charge transfer rates through the ITO/Pc contact, or in transport through 

the Pc material, are effectively averaged and all higher-order effects are neglected in our 

measurements. Thus, our impedance measurements only record the first-order (linear) 

response of the system.   In contrast, our transient analysis captures the response of both 

the rising and falling step edges individually (Figure 25). Thus any asymmetry in the rising 

or falling step response is directly observed.  As with the IS results, any total charge density 

x1 Buffer

100Ω
RSense

Gain
13.78

Voltage out SMA TP_12
Ch. 2 scope

SMA TP_13SMA TP_14

BOMB

SMA TP_13
AWG Gen.

Ch.1 Scope

Figure 24. Shown here is the custom designed circuit board used to measure the small 

signals resulting from the current transient perturbations where we use a buffer to 

smooth out the signal resulting from the scope and power source and a gain amplifier 

(x13.78) to convert the voltage drop across the sense resistor to a voltage out measured 

via the Tie-Pie™ instrumentation and software. The circuit diagram, directly translates 

to the circuit board. Developed with Brian Zacher, Ph.D. 2013. 
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exchanged between the two electrodes that exceeds that of the geometric capacitance of 

the full MIS-C device (ca. 2.3 nF for these MIS-C devices) reflects a larger effective 
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Figure 25. Schematic of the observed injection and extraction of charges in the 

transient response for MIS-C devices. Small perturbations of charge injected or 

extracted from equilibrium can be measured as a resulting charge vs. time response 

which varies depending on the type of organic material being studied and its 

interfacial properties. 
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capacitance which can only be achieved by penetration of the charge into the Pc layer.   

2.7.3 MIS-C and Transient Instrumentation 

 

 

Impedance spectroscopy was performed on the MIS-C devices utilizing an SI 1260 

impedance analyzer (Solartron Analytical). The analyzer was controlled via the SMaRT 

software tool.  Sinusoidal amplitudes of 50 mV were applied to the devices under test.  The 

transient step-response analysis (using a 20 mV step) of the MIS-C devices was performed 

utilizing a combination arbitrary-waveform generator and two-channel oscilloscope 

(Acquitek HS5) controlled via vendor-supplied software (TiePie Engineering). The circuit 

board and oscilloscope were enclosed in a faraday cage and shielded with EMI Shielding 

(3M) (Figures 24 & 26).  A current-sense amplifier (Maxim) was employed and configured 

with a 100 Ohm sense resistor, in order to convert the transient currents into a voltage read 

Figure 26. Current transient and Impedance Hardware. 
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by the oscilloscope.  For both impedance spectroscopy and step-response analysis, the 

MIS-C devices were enclosed inside a home-built, sealed test fixture in order to bring the 

devices out of the nitrogen -filled glovebox and perform the AC characterization utilizing 

cables less than 25 cm in length to mitigate parasitic effects. 

2.8  Photoelectron Spectroscopy 

Ultraviolet (UV) photoemission spectroscopy (UPS, He I excitation at 21.2eV) was 

used to probe the interface between ITO, highly ordered pyrolitic graphite (HOPG)) and 

the donor materials (a Kratos Axis-Ultra spectrophotometer). The sample was biased at -9 

to -10 V to enhance the yield of low kinetic energy electrons in the UPS data. The spot size 

was 1−3 mm. UPS data is plotted on the binding energy scale in this dissertation. Work 

functions on clean Au were first established for each day of spectrometer use, calculated 

according to φ = 21.2 eV − (HKE − LKE), where HKE is the high kinetic energy edge 

(photoemission from the Fermi level for clean Au) and LKE is the low kinetic energy 

emission edge. The work function of atomically clean Au foils (Alfa Aesar) was verified 

to be ca. 5.1 eV, and the absolute kinetic energy (KE) of the Au Fermi edge was frequently 

measured to ensure instrument calibration was sustained. We assume ITO substrates are in 

electronic equilibrium with the spectrometer, that is, that the Fermi energy for the ITO 

substrate is at the same absolute kinetic energy as Fermi edge emission for the Au sample. 

Work functions are then computed for all subsequent heterojunctions on ITO by use of this 

Fermi energy as the HKE.  For determination of ionization potential (IP), we use the high 

kinetic energy edge associated with the first recognizable photoemission feature of the 

organic layer, typically ionization of the C 2pz orbital in the molecular semiconductor. The 
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difference between this energy and the LKE, and the source energy, is used to compute IP. 

This protocol has been documented in several publications from the Armstrong group. 

152,224,225 For the HOPG experiments we used ZYA grade HOPG (12 x 12 x 12 mm) from 

SPI supplies with a mosaic spread angle of 0.40 ± 0.10.  For the satellite subtraction, the 

protocol was developed in coordination with Kenneth W. Nebesny (Director of Research 

Support Services) where we removed the helium beta (Heβ) and the helium gamma (Heγ) 

peaks present during the photoemission of the He (I) lamp. The Heβ offset was set at a 

constant value of 1.87 eV from the primary photoemission peak and the relative intensity 

subtracted was 1.4% for all spectra. The Heγ offset was set at a constant value of 2.52 eV 

from the primary photoemission peak and a constant intensity of 0.5% was subtracted from 

this peak. Secondary electron photoemission was subtracted from all spectra, however this 

did not prove to enhance the signal to noise (S/N) near the Fermi edge. 

 

2.9 UV-Visible Spectroscopy 

Absorbance measurements were carried out with a UV/Visible spectrophotometer 

(Agilent Technologies - Model 8453) at 1 and 4 nm intervals, with an integration time of 

25 seconds and a range of 400 to 1100 nm. 
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CHAPTER 3: POLAR VS. NON-POLAR DONORS: EFFECT OF ELECTRODE 

SURFACE COMPOSITION ON DEVICE PERFORMANCE 

 

3.1 Introduction 

3.1.1 Molecular Properties of Polar Phthalocyanines 

 

Previous studies from the Armstrong group have explored the use of strongly dipolar 

trivalent metal and tetravalent metal Pcs (such as TiOPc and ClInPc) as donor materials in 

both PHJ (Pc/C60 heterojunctions) and textured-BHJ OPVs. Solvent annealing of the Pc 

layer has been used to enhance the near-IR response producing up to 5 enhancements in 

both JSC and overall OPV device performance.66,90,196,197,226-229 Rand and coworkers, using 

combinations of XRD and vibrational spectroscopies, have also recently noted the 

dependence of OPV performance on molecular structure for this same type of donor 

material. 163,230  Other groups have been interested in the molecular electronic properties of 

these Pcs.86,87,231,232  OFETS have been developed using TiOPc as the channel material to 

study the effects of molecular packing on field-effect hole mobility, with differences in Pc 

packing architecture achieved using surface-modified Si/SiO2 substrates in the channel 

region.86 When deposited on OTS treated Si/SiO2 substrates at elevated temperatures, the 

triclinic Phase II polymorph of TiOPc is formed leading to hole mobilities in the range of 

2-4 cm2V-1S-1, three-orders of magnitude higher than seen in transistors using the Phase I 

polymorph. 86,87  It is clear that the interactions of dipolar-Pc layers with substrates and 

contacts can influence both molecular packing and ultimately device performance. In 

previous Armstrong-group studies, we have noted a significant sensitivity of OPV 
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performance to the composition and surface activation of the hole-harvesting contact ITO. 

31,36,108,198 As shown here, this sensitivity to contact surface composition is not strictly 

dependent upon the effective work function of the contact.  

Trivalent and tetravalent metal Pcs have internal dipole moments as high as 3 Debye.  

Recent UPS studies by Ueno and coworkers have shown that ordered TiOPc monolayers 

and bilayers, and ordered monolayers and bilayers of related asymmetric Pcs such as 

chloro-aluminum phthalocyanine (ClAlPc), adopt orientations on highly-ordered pyrolytic 

graphite (HOPG) that produce opposed oxo-metal or halo-metal bond dipoles in the first-

deposited ordered bilayers; and that these architectures lead to changes in local vacuum 

level reflecting changes in the internal dipole orientation.158,233-238 When deposited on 

HOPG, these Pcs typically adopt a flat-lying orientation in the first monolayer, with the 

oxo-metal or halo-metal bond perpendicular to the substrate plane, while the second layer 

positions this bond in the opposite orientation. 

3.1.2 ITO Properties 

 

Recent experimental and modeling studies of ITO contacts have also shown the 

importance of compositional and energetic heterogeneity in determining the efficiency of 

hole-harvesting and OPV performance. 36,108,198,239  It is clear, even for freshly-cleaned and 

activated ITO contacts and interlayers, that: (1) only a small fraction of the ITO surface 

may be electrically active; and (2) charge mobilities in the donor layer, or in an interlayer 

immediately adjacent to the contact, play a significant role in determining the probability 

that charges will be harvested before undergoing recombination. 240-243 For contacts such 



106 
 

as ITO, and transparent conducting oxide and interlayer materials in general, the molecular 

organization of the donor or acceptor layer at the metal oxide/active layer interface may be 

one of several critical determinants of OPV efficiency. Excessive heterogeneity in ITO 

composition and energetics is likely to enhance surface recombination, limiting OPV 

efficiency. 196,244  As Zacher and Armstrong demonstrated recently through modeling 

studies of charge harvesting in OPVs, having donor layers immediately adjacent to the 

hole-harvesting contact that can support high charge mobilities, mitigate some of the 

effects of contact electrical heterogeneity.36 Charges that arrive at an electrically-inactive 

region of the contact can be expected to diffuse laterally in these adjacent layers until they 

reach an electrically-active region – this process competes with recombination to an extent 

dictated by the arrival rate of these charges at the contact, the separation between 

electrically-active regions, and the charge mobility. Based on these observations, we 

hypothesize that ordered donor layers adjacent to the hole-harvesting contact will lead to a 

higher charge-harvesting efficiency than disordered layers, and for certain Pc donor layers 

with intrinsically low charge mobilities this may be an important consideration in OPV 

performance. 
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3.1.3 Preliminary Study of ITO Surface Treatments 

 

This chapter focuses on a detailed study of the composition and energetics of the first 

few monolayers (MLs) of ClInPc, TiOPc, CuPc and PEN deposited on ITO electrodes that 

have undergone different types of pre-treatments/chemical modifications. The ITO pre-

treatments used in this work were chosen based on an initial study where six different 

surface pre-treatments were tested, namely: (1) the six-step standardized ‘detergent solvent 

cleaning’ protocol described in Chapter 2, Section 2.1.1 involving ITO pre-treatment with 

an Triton X-100 aqueous solution, nanopure water and ethanol  (referred to as ‘DSC’); (2) 

air plasma pre-treatment of ITO (referred to as ‘Air or AP’); (3) oxygen plasma pre-

treatment of ITO (referred to as ‘O2’); (4) argon plasma pre-treatment of ITO (referred to 

as ‘Ar’); (5) air/water plasma pre-treatment of ITO (referred to as ‘Air/HOH’); and (6) 

hydroiodic acid (HI acid) etching of ITO (referred to as ‘Acid’). We chose the three that 

gave the biggest differences in device performance (Figure 1 and Table 1), i.e., O2-ITO, 

ITO Treatment Voc Jsc FF n Rs Rp J0

Air 0.61 -3.75 0.53 1.16 3.91 9.90E+04 2.15E-06

O2 0.61 -3.84 0.44 0.98 3.21 6.81E+04 2.94E-06

Ar 0.62 -3.45 0.48 1.01 3.75 1.66E+05 1.19E-06

Air/HOH 0.62 -3.80 0.49 1.16 2.92 2.92E+05 9.06E-07

Acid 0.61 -2.85 0.40 0.68 2.12 1.47E+05 1.78E-06

DSC 0.49 -3.49 0.35 0.61 5.83 1.03E+05 1.25E-06

ITO treatments and their effect on TiOPc device performance

Table 1. Device performance parameters for OPV solar cells built on differently-treated 

ITO substrates. Voc: Open-circuit voltage, Jsc: Short-circuit current, FF: Fill factor, n: 

device efficiency, Rs: Series resistance, Rp: shunt resistance, J0: Reverse saturation 

current. 
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Air-ITO (or AP-ITO), and DSC-ITO. The IPCE for TiOPc-based devices shows the biggest 

differences in photoactivity between the DSC-ITO and O2-ITO. Table 1 shows the 

performance parameters measured for TiOPc on the various treatments of ITO, where we 

see the biggest gains in photoconversion device efficiency going from the DSC-ITO 

(0.61%) surface to a clean, high-energy AP-ITO surface (1.16%). We also measure a 
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Figure 1. IPCE spectrum for each of the six preliminary surface treatments of ITO 

for the TiOPc based devices shown in table 1. Oxygen and air plasma as well as 

DSC treated ITO was chosen to study the effects of surface composition on small 

molecule solar cells due to the range of performances given as can be seen by the 

EQE spectra above. [Acid: HI etched, DSC: Detergent solvent cleaned, Air/HOH: 

Air water plasma, Ar: Argon Plasma, O2: Oxygen Plasma, Air: Air Plasma] 
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reduced fill factor and lower photocurrents (Jsc) for the DSC-ITO pre-treatment than for 

AP- and O2-ITO, which indicates detrimental processes occurring within the donor/metal 

oxide interphase region. Building on this preliminary data, the following study explored 

the impact of these differences in surface treatment using polar and non-polar Pcs. UPS, 

visible wavelength absorbance, and the performance of PHJ (donor/C60) OPVs were used 

to probe the nature of the interaction between ClInPc or TiOPc donor layers and pre-treated 

ITO contacts; and compared with studies of the non-polar donors CuPc and PEN. 
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3.2 UPS of Polar and Non-Polar Donors on ITO 

3.2.1 UPS of ClInPc on AP- and DSC-ITO 

 

 

Figure 2. UPS spectra for the deposition of ClInPc films (0-19 nm thickness) on 

(panels A, B) AP-ITO and (panels C,D) DSC-ITO.  Work function and ionization 

potential are calculated (as discussed Chapter 2, Section 2.8) using energy differences 

between HKE and LKE edges. For deposition on AP-ITO, the shift in the LKE edge 

reverses direction above coverages corresponding to completion of the first Pc 

monolayer, and the HKE ionization feature broadens and can be fit with two peaks, as 

per previous studies of similar dipolar Pcs.32, 35, 36 

 

29.0 29.5 30.0 30.5 31.0

Kinetic Energy (eV)

Peak Analysis

Baseline:Line

Adj. R-Square=-- # of Data Points=% ([Book3]FitPeaks1,@WL,RegStats.C1.N)

Degree of Freedom=% ([Book3]FitPeaks1,@WL,RegStats.C1.DOF)SS=--

Chi^2=--

Date:7/27/2012Data Set:% ([Book3]FitPeaks1,@WL,Input.IDTR1.IDTC2)

Fitting Results

Max Height

1149.45463

1164.71943

Area IntgP

52.19126

47.80874

FWHM

0.66812

0.60375

Center Grvty

29.55

29.75

Area Intg

817.1447

748.5286

Peak Type

Gaussian

Gaussian

Peak Index

1.

2.

(D)

(B)

18.0 17.7 17.4 17.1 16.8 16.5

ClInPc (DSC ITO)

 

 

In
te

n
s
it
y
 (

a
rb

. 
u

n
it
s
)

Binding Energy (eV)

 

19.1 nm

4.7 nm

2.3 nm

1.1 nm

0.5 nm

0.2 nm

0.0 nm

4 3 2 1 0 -1

 

 

Binding Energy (eV)

 

19.1 nm

4.7 nm

2.3 nm

1.1 nm

0.5 nm

0.2 nm

0.0 nm

17.4 17.1 16.8 16.5 16.2 15.9

ClInPc (AP ITO)

 

 

In
te

n
s
it
y
 (

a
rb

. 
u

n
it
s
)

Binding Energy (eV)

19.1 nm

4.7 nm

2.3 nm

1.1 nm

0.5 nm

0.2 nm

0.0 nm

19.1 nm

4.7 nm

2.3 nm

1.1 nm

0.5 nm

0.2 nm

0.0 nm

4 3 2 1 0 -1

 

 

Binding Energy (eV)

19.1 nm

4.7 nm

2.3 nm

1.1 nm

0.5 nm

0.2 nm

0.0 nm

(A)

(C)



111 
 

Figures 2- 6 summarize the UPS characterization of ITO/ClInPc, ITO/TiOPc, ITO/PEN 

and ITO/CuPc heterojunctions, as a function of coverage on both AP-ITO and DSC-ITO 

substrates. The effective work function (φeff) measured for AP-ITO was ca. 5.1 – 5.2 eV in 

these experiments, and was the starting point to compute changes in φeff as ClInPc coverage 

increased (Figure 3A).  For ClInPc on AP-ITO we see significant decreases in local vacuum 

level (Δφeff  ≈  -0.6 eV) for deposition of approximately one ML of ClInPc (as estimated 

from the thickness monitor, and from the thin-film absorbance data discussed below), and 

an immediate increase in φeff and IP for ClInPc coverages exceeding one ML (Figure 2A, 

0 5 10 15 20
-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0.0

0.1

ClInPc (AP ITO)

Thickness (nm)



e

ff
 

4.8

4.9

5.0

5.1

5.2

5.3

 I
P

(A)

0 5 10 15 20
-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

0.4

ClInPc (DSC ITO)

Thickness (nm)



e

ff
 

4.8

4.9

5.0

5.1

5.2

5.3

IP

(B)

0 5 10 15
-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0 Pentacene (AP ITO)

Thickness (nm)



e

ff

4.8

4.9

5.0

5.1

5.2

5.3

IP

(C)

0 5 10 15
-0.5

-0.4

-0.3

-0.2

-0.1

0.0

Thickness (nm)



e

ff

4.45

4.50

4.55

4.60

4.65
Pentacene (DSC ITO)

IP

(D)

Figure 3. Change in effective work function  (Δφeff – black lines) and IP (blue lines) as 

a function of ClInPc (panels A,B) and PEN (panels C,D) film thickness for AP-ITO 

(panel A,C) and DSC-ITO (panel B,D) – on DSC-ITO smaller and more variable 

changes in both Δφeff and IP are observed as a function of PEN coverage. 
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3A & 4). The HKE ionization feature corresponding to the HOMO levels in the ClInPc are 

also broadened with increasing ClInPc coverage suggesting the possibility of more than 

one environment for ClInPc in this film, with slightly different IPs.  This broadened 

ionization peak in the second ML of ClInPc can be fit with two components separated in 

energy by 0.2 eV (see discussion below).235,238,245  Changes in φeff and IP are much less 

pronounced for deposition of ClInPc on DSC-ITO at low ClInPc coverages (Figures 2C, 

3B & 5).  

These changes in local vacuum level for deposition of the first ML of ClInPc are 

consistent with those expected for a dipolar adsorbate where the positive end of the dipole 

is, on average, pointed away from the substrate plane (Figure 4); while in the second ML, 

1st ML oriented Dipole 

down (1.1 nm)

δ-

δ+

2nd ML oriented Dipole 

up (2.3 nm)

Air Plasma Cleaned ITO

Figure 4. The first monolayer (ML) of ClInPc molecules is oriented down towards 

the AP-ITO surface. Upon deposition of the second ML, the ClInPc molecules have 

their dipole oriented up, consistent with the vacuum level shifts in Figure 3.  
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the negative end of the molecular dipole is pointed away from the substrate plane and 

compensates for some of the change in φeff created by deposition of the first ML. 

38,208,224,225,246  In Figure 4 we show schematically, using sections of the Phase I and Phase 

II single crystal structures,247 the first ML with the halo-metal bond along the normal axis, 

although tilted configurations are also quite possible.   

 

Thin films of TiOPc, VOPc and ClAlPc on HOPG also show a coverage dependent 

shift in both φeff and IP due to changes in the oxo-metal or halo-metal bond dipole 

Blocked Sites

Different chemical environments

Detergent Solvent Cleaned ITO

Figure 5. Depositing ClInPc on DSC ITO creates a disordered molecular interface. This 

can be rationalized due to the various chemical environments that are present where when 

looking at photo-ejected electrons, their resulting Kinetic energies will have a broad 

distribution and lead to small shifts in the VL and changes in work function. This is shown 

in Figure 2C and 3B. 
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orientation, and a splitting of the HKE ionization peaks.158,233,235,238,245  These previous 

studies on HOPG, however, show the plane of the Pc lying parallel to the substrate plane, 

dictated by van der Waals interactions between the non-polar HOPG surface and the Pc; 

with the polar oxo-metal or halo-metal bond pointed away from the surface in the first ML, 

and the opposite dipole orientation in the second ML. Furthermore, for the previous HOPG 

studies, the first ordered ML and addition of the second ML led to shifts in φeff of ca. +/- 
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Figure 6. UPS spectra for the deposition of TiOPc films (0-16 nm thickness) 

on (panel A, B) AP-ITO and (panel C,D) DSC-ITO. We see a large initial shift 

for the first as deposited films on AP ITO and DSC ITO and a stable low KE 

thereafter up to bulk TiOPc.  
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0.35 eV, accompanied by shifts in IP of up to 0.2 eV between first and second MLs for 

each Pc, dependent upon the apparent dipole moment of the oxo-metal or halo-metal bond, 

and the precise alignment of adjacent molecules.  Similar effects have recently been 

documented by Monti and coworkers for sub-monolayer to ML coverages of oxo-

vanadium naphthalocyanine on HOPG.248 The UPS data for ITO/ClInPc presented here 

(Figure 2A, B and 3A) suggest that the halo-metal bond dipole is, on average, pointed 

toward the polar ITO surface in the first Pc ML. The UPS data by itself, however, is not 

sufficient to suggest whether the orientation of the Pc macrocycle is parallel to the substrate 

plane or tilted.  Other studies of the orientation of asymmetric Pcs on surfaces more polar 

than HOPG have suggested a tilted orientation for the first ML deposited Pc.249,250  OPVs 

based on the two polar Pc donors (Figure 2 and 6) are sensitive to the near-surface 

composition of ITO.  The UPS studies described above suggest that the first ML of ClInPc 

molecules deposited on high work function (ca. 5.1 eV) AP-ITO adopt orientations with 

the halo-metal bond pointed toward the activated ITO surface.  For the second ML of 

ClInPc molecules, the bond dipoles appear to reverse orientation with concomitant changes 

in local vacuum level.  
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Figure 7 shows the UPS data for ClInPc 

deposited on 2,3,4,5,6-pentaflourobenzyl 

phosphonic acid (F5BPA)-modified ITO 

(see Chapter 2, Section 2.1.3).  The F5BPA 

self-assembled monolayer modifies the 

initial effective surface work function of 

ITO to ca. 5.1 eV, nearly the same effective 

work function seen for AP-ITO. This is due 

to the strong internal molecular dipole in the 

F5BPA molecule, and the bond dipole of the 

PA group attaching the modifier to the ITO 

surface.38,208 For F5BPA-modified ITO, φeff 

decreases with deposition of the first sub-

monolayer of ClInPc and then increases, as measured for DSC-ITO; but does not increase 

with ClInPc coverage at the rate for deposition on AP-ITO, suggesting that inversion of 

the Pc dipole orientation on F5BPA-modified ITO does not take place to the same extent 

as for AP-ITO surfaces.  OPV behavior on such modified surfaces is negatively impacted 

as discussed further below. 
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Figure 7. UPS data (A = HKE; B = LKE) 
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on F5BPA-modified ITO; (C) the change in 

Δφeff (black line) and IP (blue line) as a 

function of ClInPc coverage on F5BPA-

modified ITO. 
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3.2.2 UPS of Pentacene on AP- and DSC-ITO 

 

 

 

Figure 8. UPS spectra for the deposition of PEN films (0-14 nm thickness) on (panel 

A,B) AP-ITO and (panel C,D) DSC-ITO.  UPS data plotted on an absolute KE scale, as 

discussed in Figure 2. In contrast to ClInPc films on ITO (Figure 2), only monotonic 

changes to the local work function were observed and small changes to the effective IP 

as a function of surface coverage, regardless of ITO pretreatment.  
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For PEN films on both AP-ITO and DSC-ITO (Figures 3C, D and 8) only 

monotonic decreases in φeff were observed with increasing PEN film thickness, and no 

abrupt changes in φeff as the first equivalent ML is completed and the second ML begins.  

Similar large shifts in the local vacuum level have been reported previously for the 

deposition of PEN on conductive substrates, which were attributed to changes in the 

polarizability of the environment, and the distribution in orientation and packing of 

adjacent PEN molecules, as coverage increases.251-254 For perfluoropentacene thin films, 

however, Koch et al. did note a significant difference in local vacuum levels (and hole-

injection barriers) for thin films of this material, owing to the nonplanar configuration of 

the fluorinated PEN derivative; and in subsequent reports expanded this observation to note 

differences in IP and local vacuum level that might arise in PEN films, in general, when 

their orientation in a thin film is changed. 255  Continuous shifts in vacuum level with 

increasing CuPc coverage on AP-ITO and DSC-ITO (Figure 9) (as is seen for PEN films) 

with no abrupt changes in φeff versus coverage seen at low coverages of CuPc. For 

molecules like PEN and CuPc, gradients in intermolecular electronic interactions along the 

surface normal have been invoked to explain these vacuum level shifts.252-254,256-258 
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Non-polar donors, such as PEN, appear to be less sensitive to composition and activation 

of the ITO surface. Monotonic changes in local vacuum level are observed as the donor 

coverage increases on all ITO contacts, and only small differences are measured in 

PEN/C60 OPV device performance as the ITO surface composition is altered.  Recent 

studies of PEN/C60 OPVs by Sharma et al., using ITO contacts modified with a range of 
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Figure 9.  UPS spectra for the deposition of CuPc films (0-12.5 nm thickness) on (panel 

A,B) AP-ITO and (panel C,D) DSC-ITO.  In contrast to ClInPc films on ITO (Figure 2), 

we see only monotonic changes (similar to the observed shifts in PEN on AP ITO) to the 

local work function and small changes to the effective IP as a function of surface coverage. 

We see a large initial shift for the first as deposited films on DSC ITO and a stable low KE 

thereafter up to bulk CuPc. 
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PAs including F5BPA, showed that OPV performance was insensitive to composition of 

the PA surface modifier as long as the effective work function was above the IP of the PEN 

donor.39  These results suggest that the interactions between the donor and the ITO contact 

are weak, and the energetic barrier to charge injection from the PEN donor to the ITO 

contact is small.36  We also note that the intrinsic charge mobilities in PEN layers is quite 

high, among the highest observed for most molecular semiconductors,254,259 which also 

favors charge collection even at heterogeneous contacts. 36  For polar donors such as ClInPc 

and TiOPc, however, it appears that the efficiencies for hole-harvesting and overall OPV 

efficiencies are much more sensitive to molecular orientation and organization at the 

ITO/donor interface. 
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3.3 Optical Characterization of ClInPc/ITO Thin Films 

 

Significant differences are seen in the optical properties of these ultrathin ClInPc films 

deposited on AP-ITO versus DSC-ITO substrates.  The visible absorbance spectra for ca. 

2 MLs of ClInPc on AP-ITO are shown in Figure 10 for both as-deposited and the solvent-

annealed ClInPc films. 66,163,227  The complete conversion of the Phase I absorbance 

spectrum to the Phase II polymorph Q-band spectrum, with its characteristically split and 

Figure 10. Absorbance spectra for ClInPc films on (A) DSC-ITO and (B) AP-ITO both 

before (black line) and after (red line) solvent annealing to achieve the Phase II 

polymorph; and absorbance spectra for comparable coverages of PEN on (C) DSC-ITO 

and (D) AP-ITO showing only minor changes in the absorbance.  
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red-shifted profile, is only achieved for ClInPc films deposited on AP-ITO. Structural 

differences between the monoclinic Phase I polymorph and the triclinic Phase II polymorph 

involve primarily the lateral translation of ClInPcs in one layer relative to the adjacent 

layer, shortening the c-axis dimension, and bringing adjacent macrocycles into closer 

proximity, producing new excited state energy levels (Figure 11). 193  As shown in Figure 

4, the orientation of the first ML of deposited Pc is expected to facilitate and make that 

transition more likely and more coherent in an ultra-thin ClInPc film. On DSC-ITO or 

F5BPA-modified ITO surfaces, which do not support Pc film growth that leads to the work 

function changes noted in the UPS data (i.e., for ClInPc or TiOPc films deposited on either 

DSC-ITO or F5BPA-modified ITO), only a slight narrowing of the Q-band spectrum is 
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Figure 11. Showing the two polymorphs for ClInPc. When deposited on DSC ITO, 

the Phase I polymorph is the only achievable crystal structure characterized by 

reduced intermolecular distance and pi-pi overlap. When deposited on AP-ITO, the 

transition to the Phase II polymorph is possible, which is characterized by closer 

molecular packing and increased pi-pi overlap. 
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achieved with no indication of this polymorphic transition.  As such these absorbance 

spectra are an additional indicator of this type of proposed ordering in the first 1-2 MLs of 

ClInPc and TiOPc on AP-ITO.   

Figure 12 includes absorbance spectra for ClInPc on AP-ITO ranging from ca. 1 nm up 

to 4.7 nm film thickness, showing a systematic red-shift in the Q-band maximum.  These 

shifts are similar to earlier observations of shifts in Q-band absorbance during layer-by-

layer deposition of well-ordered epitaxial ClInPc and TiOPc ultra-thin films on layered 
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Figure 12. Absorbance spectra of 1-2 nm (black), 3 nm (red) and 4.7 nm 

(blue) thick films of ClInPc deposited on AP-ITO showing the shift in 

the Q-band towards lower energy as the formation of dimer-like 

aggregates occurs. 
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semiconductors, where the formation of dimer-like aggregates (with opposed halo-metal 

or oxo-metal bond orientations) leads to a lowering of excitonic transition energy for 

thicknesses up to ca. 4-to-5 MLs.176,231,260,261 In chapter 5 of this dissertation it is shown 

that this type of ordering, and Phase I to Phase II polymorphic transitions in the first 

deposited Pc layers, can affect the types of morphologies and OPV activity seen in thicker 

Pc films, in bulk-heterojunction OPV platforms. 

For PEN films on all versions of pre-treated ITO (Figures 10C versus 10D), we see no 

significant differences in absorbance spectra after correction for the absorbance 

background, which suggests only minimal differences in aggregate architecture or degree-

of-ordering on the different ITO surfaces.   

The Armstrong group has previously shown, using both scanning electron microscopy 

and atomic force microscopy that as-deposited films of TiOPc and ClInPc at thicknesses 

up to 20 nm, on either O2- or AP-ITO, are sufficiently conformal that the ITO sub-grain 

structure persists even at these Pc thicknesses.66,226,227  For thinner ClInPc or TiOPc films 

at ca. 2 ML coverages, regardless of ITO pretreatment the Armstrong group has not been 

able to distinguish differences in topography or rms surface roughness when using ITO 

films with the roughness of those used in this work (ca. 1.5 – 3.0 nm rms roughness),227 

which is not surprising since the critical interactions occur at just the Pc/ITO interface. 
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3.4 OPV Performance of ClInPc and PEN Heterojunctions on Modified 

ITO 

Device performance for ClInPc/C60 and PEN/C60 PHJ OPVs, on AP-ITO and DSC-

ITO electrodes, is shown in Figure 13, and on F5BPA-modified ITO electrodes in Figure 

14, with pertinent device parameters summarized in Table 2.  For these studies, OPV 

Figure 13. Linear and log J/V plots (light = solid lines, dark = dashed lines) for 

ClInPc/C60 (panel A,B) and PEN/C60 (panel C,D) PHJ OPVs on AP-ITO (blue) and 

DSC-ITO (red).  PEN/C60 OPVs are remarkably insensitive to the pre-treatment of the 

ITO substrate.  ClInPc/C60 OPVs are quite sensitive to the type of ITO substrate pre-

treatment, and on substrates with a high fraction of blocked sites the series resistance is 

higher, the fill factor reduced, and overall device efficiency reduced. 
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performance was studied for the as-deposited ClInPc, i.e., the Phase I polymorph. Device 

performance for TiOPc/C60 and CuPc/C60 OPVs are summarized in Figure 15. In previous 

studies, the Armstrong group has shown that solvent annealing TiOPc and ClInPc films 

increases the Pc/C60 interfacial contact area, and significantly increases photocurrent 

response; but also complicates some of the interactions between the Pc donor and the ITO 

Figure 14. Linear and log J/V plots (light = solid lines, dark = dashed lines) for 

ClInPc/C60 (panel A,B) and PEN/C60 (panel C,D) OPVs on F5BPA-modified ITO. As 

with deposition on DSC-modified ITO, the OPV performance is decreased significantly 

for ClInPc/C60 PHJs and not significantly changed for PEN/C60 PHJs when deposited 

on the F5BPA-modified ITO substrates. 
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contact.66,226-228  Chapter 5 will demonstrate how these contact/Pc interactions affect the 

performance of BHJ OPVs based on the donors studied here. 

For ClInPc/C60 devices under AM1.5G illumination, disorder in the as-deposted ClInPc 

films leads to poor device performance, with low FF, and in some cases an S-shaped J/V 

response, consistent with enhanced charge recombination near VOC.90,197,229,244  As 

predicted from recent modeling studies,36,198 recent investigations of the electrical 
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Figure 15. Linear and log J/V plots (light = solid lines, dark = dashed lines) for 

TiOPc/C60 (panel A,B) and CuPc/C60 (panel C,D) OPVs on AP-ITO (blue) and DSC-

ITO (red).  CuPc/C60 OPVs are insensitive to the degree of activation of the ITO 

substrate.  TiOPc/C60 OPVs are sensitive to the type of activation for the ITO 

substrate. 
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properties of partically-blocked ITO electrodes,262 and from several past studies of 

partially-blocked or contaminated ITO electrodes,263 both the contribution to 

recombination near VOC, and contributions to RS for ClInPc/C60 devices increases from 

DSC- to AP-ITO contacts by almost a factor of ten. The state of the ITO surface is critical 

in controlling RS and charge harvesting efficiencies near VOC, owing to the overall coverage 

and separation distance between blocked regions or regions with energetically distinct 

(high) barriers to charge harvesting. Thisis especially important for active-layer materials 

with low charge mobilities.36,240,241,243  Blocked regions, or regions with high barriers to 

charge harvesting, that are small and well separated, or active layers with high charge 

mobilities, lead to J/V behavior suggesting high injection efficiencies; transitioning at low 

applied voltages to space-charge limited currents. 262  If charge mobility parallel to the 

plane of the substrate, and close to the hole-harvesting contact, is sensitive to the ordering 

in the donor layer as has been proposed for tetravalent metal Pcs such as TiOPc,86,232 we 

Table 1. Device parameters for OPV's on various ITO pre-treatments

Voc [V]a Jsc [mA/cm2]b FFc n [%]d Rs Dark [Ω·cm2]e Rp Dark [Ω·cm2]f J0 [mA·cm2]g

ClInPc - DSC-ITO 0.50 3.33 0.35 0.74 20.30 164474.00 2.45 x 10-3

ClInPc - AP-ITO 0.74 5.93 0.53 2.00 2.79 87565.00 5.37 x 10-3

ClInPc - F5BPA-ITO 0.42 3.20 0.32 0.50 29.95 12865.00 1.06 x 10-3

Pentacene - DSC-ITO 0.35 5.18 0.48 0.83 3.48 4566.00 2.90 x 10-3

Pentacene - AP-ITO 0.37 6.45 0.53 1.23 1.72 2463.00 1.40 x 10-3

Pentacene - F5BPA-ITO 0.35 6.70 0.42 1.00 1.99 31665.00 4.60 x 10-3

Table 2. Summary of relevant device parameters measured under AM1.5G illumination 

for various pre-treatments of ITO using ClInPc and PEN as donor materials in donor/C60 

PHJ devices. The reverse saturation current (J0) was estimated from lowest dark current at 

0 V. For all devices reported the statistical variations are less than: Voc  ±0.01, Jsc  ±0.20, 

FF ±0.02, η ±0.14. 
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can expect that less ordered thin-films of ClInPc and TiOPc will be quite sensitive to the 

surface coverage and size of the blocked regions on the ITO electrode.   

For PEN/C60 PHJ devices only small differences were observed in device performance 

for DSC-ITO, AP-ITO and F5BPA-modified ITO substrates, despite the difference in work 

function for DSC-ITO versus the AP-ITO or F5BPA-ITO substrates. PEN/C60 PHJ device 

performance is almost independent of ITO surface composition, provided the work 

function is greater than the IP of PEN, as shown in earlier studies of PA-modified ITO 

contacts (where F5BPA-modified ITO was used to create a contact with a work function 

comparable to that seen for O2- or AP–ITO).39  Similar conclusions can be drawn from 

OPV data for TiOPc/C60 PHJs, with TiOPc donor layers showing extreme sensitivity to 

ITO composition. CuPc donor layers in CuPc/C60 PHJ OPVs are less sensitive to ITO 

composition than either ClInPc or TiOPc,262 but appear to be more sensitive than PEN 

donor layers.  
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3.5 OPV Performance of ITO/ClInPc Single-Junction Devices 

As a further indication of the importance of the interaction between the ITO surface 

and the ClInPc donor layer, Figure 16 summarizes the OPV behavior for devices built 

without a C60 acceptor layer. Although it has been widely confirmed that the majority of 

photocurrent in PHJ OPVs is formed at a molecular donor/acceptor interface,162,264-266 it 

Figure 16. Log and linear J/V plots (red = illuminated, black = dark) for AP-

ITO/CuPc/Al and AP-ITO/ClInPc/Al heterojunctions.  The AP-ITO/CuPc 

heterojunctions (panel A,B) generated virtually no discernible photoresponse, while the 

AP-ITO/ClInPc heterojunctions (panel C,D)  generate a clear photovoltaic response, 

albeit one with very low FF (0.34) suggestive of a charge transport limited, or 

recombination limited, photocurrent response near VOC (0.75V). 
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can be seen that appreciable photocurrent is created in AP-ITO/ClInPc/Al devices (Figures 

16 C and D), while almost negligible photocurrent response is seen for AP-ITO/CuPc/Al 

devices (Figures 16A and B). For ClInPc single junction devices on AP-ITO, the VOC is 

0.75 V with a JSC of 3.2 mA/cm2, about half that seen in AP-ITO/ClInPc/C60/Al PHJ 

devices. Photocurrent action spectra shown in Figure 17 (IPCE plot) confirm photocurrent 

production mainly at the AP-ITO/ClInPc interface, with a maximum IPCE value of ca. 

10% for photocurrent production and harvesting at zero bias (short-circuit condition). 
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Figure 17. IPCE spectrum of a single junction device (AP-ITO/ClInPc/Al. Some thermal 

annealing can be seen due to the deposition of the top contact electrode which may be a 

source of some broadening. 
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Unlike devices with a C60 acceptor layer, the FF for these single-component OPVs is less 

than 0.2, consistent with recombination-limited performance, i.e., high internal fields are 

required to sweep out charges created at the AP-ITO/ClInPc interface to the collection 

electrode. In this case, it is anticipated that efficiency is limited by transport of electrons 

across the ClInPc layer to the top Al contact, assuming that electron mobility in the ClInPc 

layer is significantly lower than the hole mobility.155,264,266,267 For ITO/ClInPc/Al devices 

built on DSC-ITO, (Figure 18) the JSC is reduced to 0.83mA/cm2 and the VOC is also 

reduced to 0.72 V. This is consistent with the hypotheses that: (1) photocurrent is mainly 

produced at the DSC-ITO/ClInPc interface; and (2) the interaction of the ClInPc at that 

interface affects the photocurrent production, which is strongly dependent on the 

composition of the metal oxide surface and the structure of the first-deposited ML of 

ClInPc donor. This observation has interesting implications for OPV behavior for any 
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Figure 18. Linear and log J/V plots (light = solid lines, dark = dashed lines) for 

ITO/F5BPA/PEN OPV. PEN on F5BPA modified ITO is insensitive to the work function 

and surface chemistry of the hole collection electrode. 
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donor layer that produces photocurrent at the contact/donor interface, since this may 

actually enhance recombination probabilities for charges (in this case holes) created at the 

donor/acceptor interface some 15-20 nm away. Forrest and coworkers have recently noted 

that charge carriers may be spontaneously formed in the bulk of donor layers (direct carrier 

generation) rather than a D/A interface, and that the sweep out of these charge carriers can 

show the same type of field dependence noted for the single junction devices in this 

work.268  However, some bulk generation of charge carriers cannot be fully excluded, 

especially in light of the strong internal dipoles in trivalent or tetravalent metal Pcs such as 

ClInPc. 

3.6 Conclusions 

We have shown the effect of various ITO surface pre-treatments on the device 

performance for PHJ OPVs using widely variable polar and non-polar electron-donor 

materials. This work suggests that the orientations of polar electron-donor materials, such 

as ClInPc and TiOPc, have a significant impact on hole-collection and OPV efficiencies. 

Activating the ITO surface with pre-treatments/chemical modifications, increased the 

performance of ClInPc-based PHJ OPVs by approximately twofold. When ordering occurs 

in the first ClInPc layer deposited on AP-ITO substrates, as indicated by sharp reversals in 

effective work function between the first and second ML of ClInPc, good OPV 

performance results. If this ordering is not achieved, OPV performance is compromised 

with decreased VOC, lowered FF and increased RS, leading to significant decreases in device 

efficiency.196,197,229,269  Modification of AP-ITO electrodes with the F5BPA dipolar small-

molecule PA produces an ITO contact with lowered surface free energy and with an 
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effective work function ca. 5.1 eV,38,208 close to the work function achieved on AP-ITO 

and the IP of the tetravalent and trivalent metal Pcs.  Despite this high work function and 

wettability by non-polar donor layers, the F5BPA–modified ITO leads to less organized Pc 

layers, as indicated in both the UPS results and in visible spectroscopic characterization, 

and poorer ClInPc/C60 or TiOPc/C60 OPV PHJ performance (Section 3.4). On F5BPA-

modified ITO the ClInPc or TiOPc layers cannot form the same kind of organized layers 

achieved on the O2- or AP-ITO surfaces. 

We also show that the strength of interaction of ClInPc thin films with AP-ITO 

electrodes is sufficient to generate photovoltaic activity in simple ITO/ClInPc/Al devices, 

where no acceptor layer (C60) is present. These results are reminiscent of earlier Schottky-

diode-like OPVs generated from single dye layers prior to the introduction of 

donor/acceptor PHJ OPVs, in which exciton dissociation and photocurrent generation were 

believed to occur at the dye/contact interface.264,270,271  For the simpler devices based on 

less-polar donor layers (e.g., AP-ITO/CuPc/Al), negligible photocurrent generation is seen 

at the AP-ITO/CuPc interface. For simple ITO/ClInPc/Al devices based on DSC-ITO 

surfaces, the photocurrent generation at the metal oxide/donor interface is greatly 

suppressed. These observations are likely to be important in OPV platforms where either 

donor or acceptor phases have large internal dipoles, which induce specific interactions 

with the contact electrodes, and must be controlled to achieve optimum device 

performance. Orientation of the polar end of the halo-metal or oxo-metal bond, in ClInPc 

and TiOPc, towards this polar oxide surface is a reasonable expectation.38,208  This 

sensitivity to surface energy is also seen in the UPS vacuum level shifts for deposition of 
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the first two MLs of the polar Pcs, and suggests that these effects may be important in 

determining the performance of OPVs based on polar donors and/or acceptors, or where 

one or both components of the active layer has a strong internal dipole.  

Using a fluorinated benzyl phosphonic acid (F5BPA) to lower the surface free energy 

of ITO while maintaining the high work function of AP-ITO,38,208 we find that ClInPc/C60 

PHJ OPV performance is still negatively impacted for the polar Pc donor layers. For a non-

polar donor like PEN, which does not demonstrate specific interactions with the ITO 

surface, OPV performance is affected provided the effective work function of the ITO 

contact exceeds the IP and transport HOMO energies of the donor layer.  We hypothesize 

that when active layer materials are brought into contact with electrically and 

compositionally heterogeneous hole- or electron-collection electrodes, for systems in 

which dipolar interactions control molecular structure at the electrode/active layer 

interface, substantial attention should be paid to the design of these interfaces in order to 

optimize OPV performance. 
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CHAPTER 4. STRUCTURAL AND ENERGETIC DISPERISTY AT THE 

OXIDE/ORGANIC INTERFACE 

 

4.1 Introduction 

This chapter focuses on new approaches to characterize band tailing in ClInPc on ITO, 

and the consequences of that band tailing on interface trap densities which impact on the 

electrical properties of ITO/ClInPc heterojunctions.  We use high sensitivity, background-

corrected UV-photoemission spectroscopy (UPS) measurements, complemented with 

metal-insulator-semiconductor-capacitor (MIS-C), Schottky diode and OPV device studies 

to correlate energetic dispersity with electrical properties. Other investigators have 

explored the electrical properties and energetics of similar phthalocyanines, including the 

oxo-vanadium, oxo-titanyl and chloroaluminum phthalocyanines and naphthalocyanines 

(Pcs and Ncs), 248,272-278 and shown that the internal dipoles of these Pcs produce 

perturbations to interface structure and energetics that can uniquely reveal the influence of 

local structure on energetic and electrical properties. The collection or injection of 

electrical charges across metal/MSC or metal oxide/MSC heterojunctions has been the 

subject of substantial research.240,241,243,279  For example, there have been numerous contact 

modification strategies to increase charge injection efficiencies in OLED and OFET 

platforms, which are more mature than OPV technologies. 119,180,280-284  However, there is 

continuing concern that charge collection in OPVs will be efficiency limiting as 

photocurrent and photovoltages both continue to rise with new active-layer 

materials.90,197,285-293 
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The interactions of active-layer and contact materials (or contacts modified with 

interlayers that enhance either electron or hole transport) on atomic/molecular length scales 

are important in determining the efficiency of charge harvesting or injection.36,81,198,294 

Most electrical contacts, and conducting polymer or oxide interlayers,291,295,296 are quite 

polar, with high surface energies, whereas most MSCs are non-polar or weakly-dipolar.  

Figure 1. Schematic representation of transport HOMO and LUMO levels in adjacent 

donor and acceptor layers for a PHJ OPV under reverse bias, showing gap states in the 

donor layer (comparable states could be present in the acceptor layer) that allow for 

undesired hole injection from the hole-harvesting contact (anode) across a broad 

potential range, in direct competition with the desired hole-harvesting.  This parasitic 

current is added to thermionic emission of holes over the injection barrier at the 

contact/donor interface, and thermionic emission of an electron from the donor to the 

acceptor at the donor/acceptor interface, which lowers the overall efficiency for hole-

extraction for the device under illumination; 5  
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Structural and energetic heterogeneity is therefore likely at the interfaces between such 

disparate materials, leading to charge traps, sites for interface recombination, and new 

states for dark charge injection (schematically shown in Figure 1). 244,297-302  In OLED-

relevant metal/organic heterojunctions, for example, the mainly amorphous organic layers 

appear to form transport HOMO and LUMO levels that tail extensively into the middle of 

the band gap region.93,94  Interestingly, these gap states (Figure 2), separated by small 

energy barriers out to the middle of the gap, appear to have major consequences for the 

current/voltage (J/V) response of OLEDs, and can explain why substantial current densities 

are passed in many devices before electroluminescence.93,303 Similar observations of 

contact-induced gap states and disorder have been noted for OFETs.304 
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Disorder and energetic heterogeneity in active layers, near interfaces with contacts or 

interlayers, can be associated with both “leakage currents” and recombination events that 

affect diode quality factors (n). 140,305  It has been proposed that the energetic dispersion in 

HOMO and LUMO transport levels produce additional dark injection pathways for both 

donor and acceptor components (Figure 2), especially when these states exist at 

concentrations well above parts per million.42,62,93,94,98,103,104  Recent characterizations of a 

variety of thin-film PV devices have concluded that leakage currents, attributable to gap 

and trap states can make these devices effectively non-rectifying at applied potentials near 

Figure 2. Schematic representation of a transport HOMO level for a MSC and the 

possible presence of tail states that can extend energetically well into the the band gap, 

depending upon the local coherence of the molecular assembly;7  
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zero bias. 94,306,307 Leakage currents may also arise from physical pinholes and defects in 

an active layer, contact and/or interlayer, which can be mitigated with processing 

conditions which improve the wettability at the contact/MSC interface.33,65,66  Kippelen 

and coworkers have, for example, recently shown that physical defects can be greatly 

minimized in polymer-based OPVs using sequential film-transfer lamination of both active 

layers and a high-conductivity polymeric top contact, leading to enhanced rectification near 

zero bias, improved diode quality factors in the dark, and a high dynamic range of response 

for an OPV as a function of light intensity. 308 

Figure 3. AP-ITO/ClInPc/SiO2/Al MIS-C architectures (upper) and AP-

ITO/ClInPc/Al Schottky diodes (lower) where only the initial 5 nm of ClInPc deposited 

onto the ITO contact is varied (left: 5 nm Phase I + 55 nm Phase I; right: 5 nm Phase 

II + 55 nm Phase I) to effect changes in molecular architecture confined to the ClInPc 

region near the ITO contact. 
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Interfacial trap states can also affect the nature of recombination, especially in the 

power-harvesting quadrant at forward bias, where diode quality factors, n, deviate from 

ideal values, leading ultimately to lowered power conversion efficiencies of thin-film PV 

devices.211,212,309,310  Giebink et al. recently provided an excellent overview of the 

importance of trap states at donor/acceptor interfaces in determining diode quality factors 

and overall energy-conversion efficiencies of OPVs, which closely translates to 

descriptions of the effects of traps at contact/MSC interfaces.  Trapped charges can be sites 

for recombination, causing the ideality factors used in simple descriptions of these devices 

to deviate substantially from those values expected for trap-free contact/MSC interfaces. 

140,311  

Microcrystalline thin films, such as those formed by pentacene (PEN) and several 

vacuum-deposited Pcs, are among the most studied MSCs in which structurally derived 

traps have been observed. 12,95,312  These molecules adopt morphologies ranging from 

amorphous to crystalline, with significant coherence possible in domain sizes. 12,313-316  

Even for the most coherent assemblies, it is believed that a contact/MSC interface can 

introduce substantial energetic heterogeneity.317-319  Several recent studies reveal the 

importance of grain boundary formation when molecular crystals are interfaced to polar 

metal oxide surfaces, and the local energetic heterogeneity and the charge trapping 

introduced by these grain boundaries.92,320  Energetic heterogeneity has been recently 

confirmed by Ueno and coworkers in valence band (VB) photoemission (PES) spectra 

taken at high sensitivity for both PEN and copper Pc thin films, even on ultra-smooth, non-

polar substrates such as freshly cleaved highly ordered pyrolitic graphite (HOPG). 12,13  
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Displaying these PES spectra on log (photoemission intensity) scales provides for a semi-

quantitative estimate of the density of states (DOS) extending above the transport HOMO 

peaks; in some instances to energies close to the Fermi energy (EF, shown schematically 

in Figure 2).   These experiments also revealed that even simple treatments of thin-film 

MSCs with inert gases can provide enough change in local microstructure to broaden the 

DOS distribution, adding tail states into the band gap region. This suggests there are 

molecular states in these MSC films with ionization potentials (IP) 0.1 to 0.5 eV above the 

HOMO transport level, which affect the electronic properties of thin-film devices.321-324  

It may be possible ultimately to passivate polar contact surfaces to mitigate formation 

of many of these trap states and to create energetically more uniform interfaces.  In silicon-

based PV platforms, as an example, strategies have been successfully developed to 

passivate electrode/active-layer interfaces in order to minimize surface recombination and 

gap state formation.297,325-327  These approaches are facilitated by the predictability and 

robust surface chemistries for silicon.  Similar approaches are envisaged for the new 

generations of OPV and nanocrystalline PV thin-film devices.  Encouraging experiments 

have been recently reported for OPVs by Lin, Kahn and coworkers, that suggest that 

passivation may be achievable with simple self-assembled monolayers on metal oxide 

contacts.323  

This Chapter focuses on simple changes in ClInPc polymorphism, within the 5 nm 

region adjacent to an electrical contact and how that affects the dispersion of ClInPc 

transport HOMO energies (revealed by photoemission spectroscopy), and the correlation 
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between these changes and the electrical properties of devices incorporating ITO/ClInPc 

heterojunctions. For ITO/ClInPc heterojunctions we show that converting an interfacial 

ClInPc layer between the as-deposited (Phase I) to Phase II polymorphs leads to changes 

in VB width, mean energy and the degree of band tailing.  These changes correlate with 

changes in both impedance and current-time (J/t) transient behavior for ITO/ClInPc/silicon 

dioxide (SiO2)/Al MIS-C devices (device architectures shown in Figure 3), which are used 

to semi-quantitatively characterize the density and energetic distribution of these interfacial 

trap states, showing dramatic lowering of trap density following the polymorphic 

conversion of the 5 nm region in the Pc film adjacent to the ITO/ClInPc interface. MIS-C 

devices provide a unique approach to isolation of a single contact/MSC heterojunction.  

MIS-C platoforms have been used to characterize microelectronic components,15 and are 

the central circuit element of thin-film, field-effect transistor platforms.328  Meridith, 

Pivirikas and coworkers recently introduced an intriguing use of MIS-C devices that 

isolated either hole or electron injection to a single contact. A linearly increasing device 

voltage was used to extract a single carrier (i-CELIV technique), and its J/t transient used 

to estimate charge mobilities of that carrier.328 With this configuration and experimental 

approach, they measured either electron or hole mobilities across a donor or acceptor MSC 

film, or a BHJ of the two components, which is not normally achievable in other device 

configurations.   
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4.2 Spectroscopic and microscopic characterization of ClInPc films 

Figure 4 summarizes the spectral changes for a 2 nm ClInPc as-deposited film 

deposited on AP-ITO, and for a 20 nm ClInPc film, both before and after conversion to the 

Phase II polymorph by solvent annealing.14  For the 2 nm ClInPc film, solvent annealing 

causes nearly complete conversion to the Phase II polymorph with a split Q-band response 

with absorbance maxima close to those theoretically predicted for these Pcs.193  The 
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Figure 4. Absorbance spectra for 2 nm and 20 nm ClInPc films on AP-ITO (see also 

Reference8) demonstrating the striking changes in the Q-band spectral response as the 

as-deposited, Phase I film is converted to the Phase II polymorph. The Phase I-to-II 

transition is shown by the sharp, split Q-band features predicted by theoretical 

modeling of similarly non-planar TiOPc polymorphs. 12 The 20-nm “mixed” film (red 

trace) combines a 5-nm layer of Phase II ClInPc on an AP-ITO substrate (i.e., after 

solvent annealing) over which a 15-nm  layer of Phase I ClInPc was deposited, which 

can also be converted to the Phase II polymorph if desired.  
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conversion of a Phase I to a Phase II polymorph unit cell (inferred from crystal structures 

for TiOPc and related trivalent metal Pcs),86,247,329,330 produces significantly shorter Pc-Pc 

contact distances along the c-axis dimension (Figure 5), higher charge mobilities 

(measured in OFET platforms),86 and improved OPV efficiencies.14,65,66,164   

 

To connect with the Pc films used in our MIS-C device studies described below, we 

also examined Q-band spectral responses for 20 nm ClInPc films on AP-ITO,331 

specifically: i) the as-deposited (non-annealed) film ; ii) the same film after complete 
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Figure 5. Molecular packing of ClInPc on AP-ITO in the Phase I (red) and Phase 

II polymorphs (blue) where we show the change in molecular overlap as the crystal 

structure changes from monoclinic to triclinic forms (the presumed 

crystallographic structures are shown below the spectra, adapted from Reference 
13).   
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conversion to the Phase II polymorph using solvent annealing (Chapter 2); and iii) the 

spectral response of a “mixed” ClInPc film created from an initial 5 nm of as-deposited Pc, 

converted to the Phase II polymorph, followed by deposition of 15 nm of additional ClInPc 

to complete the 20 nm film.  For the mixed layer ClInPc film (5 nm Phase II polymorph/15 

nm of as-deposited Pc), the Q-band spectral response suggests that there may be some 

templating of the ClInPc film deposited over the initial 5 nm Phase II film (i.e., we see a 

Q-band response from the Phase II polymorph extending beyond its nominal 5 nm 

thickness), but that most of the remaining ClInPc is in the Phase I form.  If deposition is 
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Figure 6. Absorbance spectrum for 60nm of phase I ClInPc deposited on AP-ITO 

(black curve). The red curve represents 5 nm of phase II ClInPc followed by 55 

nm of phase I ClInPc on AP-ITO. 
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continued to complete a 60 nm ClInPc film, as shown below in our MIS-C device 

experiments, the spectral response suggests that the majority of the Pc is in the (as-

deposited) Phase I polymorph (Figure 6).  The ratio of as-deposited to Phase II polymorph 

in these films becomes important in our discussion of the behavior of MIS-C devices with 

60 nm ClInPc films, and Schottky diodes with 20 nm ClInPc films, since the Phase II 

polymorph appears to demonstrate lower interfacial trap densities, and diode quality factors 

in Schottky diodes that suggest diminished surface recombination. 

 

Figure 7B show field-emission scanning electron microscopy (FESEM) top view 

images of the clean AP-ITO surface (lower image), and this surface after depositing a 5 

nm ClInPc film both before (upper left) and after (upper right) solvent annealing to achieve 

the polymorphic transitions described above.  The surface substructure of the ITO substrate 

Clean ITO

5 nm ClInPc (Phase II)/ITO5 nm ClInPc (Phase I)/ITO

Phase II ClInPc on ITO

Reduced Trap state density 

Increased order.

Phase I ClInPc on ITO

High trap state density

High disorder

A B

Figure 7. (A) Pictorially cross-section representation of 5 nm ClInPc films on AP-ITO (B) 

Top view FE-SEM images for AP-ITO and for AP-ITO with either the as-deposited ClInPc 

film (left) or after conversion to the Phase II polymorph (right), with  enhanced wetting of 

the ITO sub-crystalline features. 
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is seen in FESEM images of these as-deposited Pc films (Figure 7B [upper left]).66 

Occasional larger crystallites decorate the ITO surface, two of which can be seen in the 

upper left FESEM image in Figure 7B.  The solvent annealing step leads to ClInPc film 

with greatly altered morphologies which and microcrystalline grains which appear to more 

fully cover (“wet”) the AP-ITO surface (Figures 7A and 7B).  

4.3 UV-Photoemission: Band-tailing in ClInPc films 

 

Figure 8. (A, B) Photoemission from the HOMO peaks of Phase I and Phase II ClInPc 

films on ZYA-grade HOPG in linear (A) and natural log (B) scales, and showing the peaks 

before and after satellite subtraction. (C, D) Photoemission from the HOMO peaks of Phase 

I and Phase II ClInPc films on AP-ITO in linear (C) and natural log (D) scales, as well as 

before and after satellite subtraction. 
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Figure 8A-B shows high sensitivity UPS spectra for 5 nm as-deposited and Phase II 

(solvent annealed) ClInPc films on ZYA-grade HOPG in linear and log scale presentation, 

with and without helium Heβ and Heγ satellite features subtracted.  Figure 8C-D shows 

analogous spectra for 5 nm as-deposited and Phase II ClInPc films on AP-ITO, again in 

linear and log scale formats, before and after satellite features are subtracted.  

High sensitivity, satellite-free UPS data have been obtained previously for MSC films 

on HOPG by Ueno and coworkers, using monochromatized light sources (Xe Iα), and long 

signal averaging times, to achieve a dynamic range of five-orders of magnitude reliable 

Satellite Photoemission
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Figure 9. For the satellite subtraction, a protocol was developed where we removed the 

helium beta (Heβ) and the helium gamma (Heγ) peaks present during the photoemission 

of the He (I) lamp. Here we show the original (red curve) and subtracted (blue curve) high 

resolution UPS spectrum of 5 nm of C60 deposited on ZYA grade HOPG. The Heβ offset 

was set at a constant value of 1.87 eV from the primary photoemission peak and the 

relative intensity subtracted was 1.8%. The Heγ offset was set at a constant value of 2.52 

eV from the primary photoemission peak and a constant intensity of 0.5% was subtracted 

from this peak. Secondary electron photoemission was subtracted from all spectra, 

however this did not prove to enhance the signal to noise (S/N) near the Fermi edge. This 

protocol was also used for C60 deposited on AP-ITO and for ClInPc deposited on ZYA 

grade HOPG and AP-ITO. 
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PES response.12,315   Such a dynamic range provides a means of estimating changes in DOS 

out to near EF as a function of microstructural changes in a MSC thin film. For commercial 

spectrometers without monochromatic light sources, we can still create viable spectral 

responses that reflect changes in the DOS, provided that appropriate corrections are made 

to the PES data.   

 

To obtain high sensitivity PES spectra of the transport HOMO region of ClInPc films, 

we use conventional He (I) excitation (21.2 eV) recording spectra for periods of up to 1.5 

hours to achieve adequate signal-to-noise (S/N) ratios in the energetic region between the 

HOMO peak and EF, followed by data treatments to remove photoemission from the Heγ 

and Heβ satellites of the He (I) source (Figure 9), and spectral background arising from 

secondary electron scattering in these samples.332 To enable quantitative removal of the 

satellite features for the ClInPc spectra, we obtained PES spectra from atomically-clean Au 

substrates at the same high S/N ratios measured for ClInPc films and ascertained satellite 

peak intensity as a function of discharge lamp pressure and current.  The full details of this 

approach are shown in Figure 9, highlighting these data transformations for thin films of 

another MSF (C60) on HOPG, where the ionization potentials are higher than for the Pcs, 

the photoemission satellites are more pronounced, and the need for their removal more 

distinct. 

Once the He satellite contributions were removed from the ClInPc PES spectra, we 

used background correction algorithms to remove PES intensity arising from secondary 
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electron scattering events, for photoelectrons emitted at the Fermi edge, and below, down 

to just below the first PES peak for ClInPc films. 332  Secondary electron background 

correction has more typically been used for higher KE PES spectra, where secondary 

electron intensity can build to much greater levels. However, there is precedent for 

background removal in UPS data using modifications of background correction schemes 

that assume classical electron scattering models to estimate background intensities that can 

be removed without artifact.332  Lastly, by monitoring the vacuum level for all samples we 

confirmed that no discernable damage was induced for ClInPc films on either HOPG or 

ITO substrates during the ca. 1.5 hr period required for signal averaging (to attain a S/N 

ratio of at least 2 for the highest KE ClInPc PES features).  

 

For ClInPc films on HOPG, the lowest coverage films show the possibility of two PES 

features (shown as fitted Gaussian distributions for these spectra in Figure 10), which 
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Figure 10. HOMO emission peaks for 0.5 nm of Phase I (A) or 5 nm Phase I (B) 

deposited on ZYA Grade HOPG where we fit them with Gaussian distributions. The 

0.5 nm HOMO ClInPc emission peak is fitted with two Gaussian distributions 

whereas 5 nm phase I is fitted with one. 



152 
 

narrow upon completion of the first Pc monolayer to one spectral feature that is maintained 

at all higher coverages.  This result suggests there is more than one energetic environment 

at the lowest ClInPc coverages, even on HOPG.  The growth of trivalent- and tetravalent-

metal Pc films on HOPG, and similar layered semiconductors, has been shown to follow a 

Stransky-Krastinov (layer + island) growth mechanism with some energetic heterogeneity 

possible as coverage of the Pc increases on the HOPG surface. 272,333  Several previous 

reports of the formation of ordered Pc films on substrates that are layered materials (such 

as HOPG, MoS2 and SnS2), have suggested that the first deposited molecules are localized 

at step-edge and defect sites, whereas at sufficient coverages (monolayer and above) 

coherent domains belonging to one crystallographic form could form with sizes 

approaching 100-500 nm.176,314,334  Xu and coworkers recently used scanning tunneling 

microscopies for VOPc films on HOPG to demonstrate that there may be region-to-region 

differences in HOMO and LUMO energies varying by as much as 0.1 eV, owing primarily 

to differences in Pc-Pc interactions and Pc orientation as coverages increase.278  In our 

HOPG/ClInPc system, once the ClInPc film thickness exceeds ca. 2 nm the PES HOMO 

band in either linear or log scale presentation suggests a single HOMO energy distribution, 

with a base width of ca. 1.2 eV. 
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The satellite- and background-corrected high KE photoemission bands for 5 nm ClInPc 

films on AP-ITO (Figure 11A) and HOPG (Figure 11B) substrates display a dynamic range 

Figure 11. (A) Photoemission spectra, high KE region, for ca. 5 nm ClInPc films on 

AP-ITO, before (red) and after (blue) solvent annealing to convert the as-deposited 

ClInPc Phase I film to the Phase II polymorph;  (B) Photoemission spectra, high KE 

region, for ca. 5 nm ClInPc films, before and after solvent annealing, deposited on 

freshly cleaved ZYA-grade HOPG, showing few differences (believed to result from the 

ClInPc molecules depositing in a layer-by-layer fashion with minimal differences in 

substrate/Pc interactions between the two different polymorphic forms). (C&D) 

Schematic view of the differences in band tailing represented by different trap state 

densities in the band gap for as-deposited and solvent-annealed ClInPc on AP-ITO 

substrates 
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that covers nearly 104 counts sec-1, which is sufficient to distinguish states (Figure 11C&D) 

above the HOMO, up to 1 eV into the band gap region for ClInPc.  The spectral response 

for the as-deposited ClInPc film suggests that at least some of this broadening may arise 

from the presence of two or more distinct states, as revealed by fitting of these log scale 

spectra with two Gaussian distributions (Figure 12 A&B), with a ratio in peak area of ca. 

12:1.  These distributions are similar to those seen on HOPG at low Pc coverages, but they 

persist on the rougher and more polar ITO substrates to much higher coverages.  With these 

film thicknesses, and given that the sampling depth for photoelectrons of this kinetic energy 
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is in excess of 5 nm, we can be sure that we are sampling the ITO/Pc interface, up to at 

least the 5 nm film thickness. 335 

After solvent annealing, the PES band for the (now Phase II polymorph) ClInPc film is 

significantly narrower, and is missing the high KE feature seen in as-deposited ClInPc 

films.  From integration and subtraction of the areas under both PES peaks we estimate that 

Figure 12. HOMO emission peaks for 5 nm of Phase I (E) or Phase II (F) deposited 

on AP-ITO where we fit them with Gaussian distributions. The phase I HOMO 

emission peak is fitted with two Gaussian distributions whereas phase II is fitted with 

one. 
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approximately 15% of the DOS is represented by the higher KE feature, which we 

hypothesize is localized at the ITO/Pc interface, and which disappears when the 

polymorphic transition is induced.  Because of the sensitivity of the PES spectra to the Pc-

Pc and Pc-metal oxide interactions, the assymetry and dipolar characteri of MSCs like 

ClInPc is clearly a useful feature for a probe molecule to study such interfacial interactions.  

4.4 Differential Capacitance in MIS-C Platforms 

 

Figure 13: (A) Differential capacitance versus frequency for MIS-C (AP-

ITO/ClInPc/SiO2/Al) devices, where the first 5 nm of ClInPc adjacent to the ITO was 

either left in its as-deposited Phase I state (red) or solvent annealed to create the Phase 

II polymorph (blue).  We also include the capacitance versus frequency response for 

an AP-ITO/SiO2/Al device with no Pc active layer (SiO2 - black) and the expected 

response of the MIS-C platform if the ClInPc film acts as a perfect dielectric with a 

permittivity (ε) value of 3.1 (dashed line); (B) The MIS-C architectures studied. 
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We next consider differential capacitance versus frequency, and current-time or charge-

time transient responses of ITO/ClInPc/SiO2/Al MIS-C devices, where displacement 

currents are observed across the isolated ITO/ClInPc heterojunction (Figure 13).  MIS-C 

devices have been frequently characterized in terms of voltage- and frequency-dependent 

differential capacitance218,219 typically using IS.  From the impedance data for a MIS-C 

device, the differential capacitance is calculated as: 

𝐶(𝜔)  𝑅𝑒 {
1

𝑖𝜔𝑍(𝜔)
}(1) 

where C(ω) is the frequency-dependent differential capacitance, ω is the frequency in rad 

s-1, Re refers to the real component within the brackets, i is the imaginary unit, and Z (ω) 

is the complex impedance at a specific frequency (also covered in Chapter 1).217  The 

capacitance of the MIS-C platform is approximated by a simple, parallel-plate capacitor 

model for stacked dielectrics: 

𝐶  
𝐴𝜀0𝜀𝐼𝜀 

𝜀𝐼𝑑 + 𝜀 𝑑𝐼
(2) 

where εo is the vacuum permittivity, εI is the permittivity of the insulating layer, εS is the 

permittivity of the MSC layer, A is the geometric area of the plates, and dI and dS are the 

thicknesses of the insulating layer and the MSC layer respectively.112,218,328 In an ideal 

parallel-plate capacitor a voltage perturbation leads to excess charge density exclusively at 

the surface of each of the contact electrodes – this confinement is relaxed with MIS-C 

devices.112,218  
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When DC bias voltages less than ± 2 volts were applied between the two contacts, the 

differential capacitance responses for each ITO/ClInPc MIS-C device responses were 

nearly voltage independent (Figure 14).  Voltage-dependent responses were seen at higher 

applied DC bias voltages (> ± 5 volts), where the injection/extraction involved transport 

bands.  The differential capacitance response at low frequencies converged on the response 

expected for charge separation across an SiO2 insulating layer with a permittivity (εI) of 
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Figure 14. Differential capacitance versus frequency responses for MIS-C 

devices composed of as-deposited Phase I ClInPc as the DC bias ranges 

between -2V and +2V, demonstrating the invariance of the differential 

capacitance to polarity and magnitude of the DC bias. Note: The slight 

variations in differential capacitance do not trend with applied DC bias. 
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3.8 (SiO2 dashed line in Figure 13A) and a differential capacitance of 4.2 nF (33.6 nF cm-

2), as would be found in a metal-insulator-metal device (ITO/SiO2/Al).112  At frequencies 

above ca. 105 Hz the differential capacitance approached 2.3 nF (18.4 nF cm-2), i.e., the 

maximum expected “geometric capacitance” if both the ClInPc and SiO2 layers function 

as ideal stacked dielectrics, with a permittivity (εS) of 3.1 for the ClInPc layer, close to the 

permittivity values estimated previously for pure Pc layers. 36,223  For the modulation 

voltage amplitude used (50 mV), these differences in differential capacitance response 

reflect differences in charge densities at the contact interface of ca. 1-2 nF cm-2, well under 

1% of a monolayer of Pcs in a close-packed Pc thin film.  The MIS-C experiment is 

sampling relative changes to trap state densities at the ITO/ClInPc interface, with low 

charge density differences within each cycle.   

The frequency dependence of the differential capacitance for ITO/ClInPc (60 nm, 

Phase I)/SiO2/Al MIS-C devices (red curve, Fig. 13A) is consistent with that expected from 

a MSC thin film with trap states broadly distributed in energy throughout the band gap 

region.211,213,215,336  Within the nominal ±2 V bias range, as the frequency increased from 

10 to 106 Hz the differential capacitance decreased in stages -- the energetically-deepest 

trap states relax in the frequency range below ca. 103 Hz, followed by a gradual decrease 

in differential capacitance, and then a steep decline above 105 Hz corresponding to 

relaxation of the energetically most shallow trap states.  Such an interpretation is supported 

by past studies to describe the effect of interface traps on differential capacitance as a 

function of frequency, temperature and applied voltage for well-defined inorganic 

semiconductor heterojunctions by Schmeitz and coworkers, 213,215 with extrapolation to 
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MSC devices.215 The equivalent circuit models used to describe MSC layers in OPVs 

generally consist of “nested” arrays of simple RC circuits with systematically varying time 

constants correlating with the energetic depth of the trap in the MSC: the energetically 

shallowest traps relax at the highest frequencies, and the energetically deepest traps relax 

at the lowest frequencies.211,213,215,336   

When the 5 nm ClInPc film on AP-ITO is solvent annealed to form the Phase II 

polymorph, followed by deposition of the remaining 55 nm layer of as-deposited ClInPc 

to form ITO/ClInPc (Phase II, 5 nm)/(Phase I, 55nm)/SiO2/Al MIS-C devices, the 

differential capacitance (Fig. 13A, blue trace) at frequencies above 105 Hz still converges 

to the ideal dielectric response of the MIS-C platform, but has significantly lower 

differential capacitance at all other frequencies. Thus, we hypothesize that the as-deposited 

– to – Phase II polymorphic transition at the ITO/ClInPc interface mainly impacts 

energetically-shallow traps localized in this interfacial region.220  These observations 

suggest that the lower IP states seen in the UPS spectra (Figures 11 and 12) for the as-

deposited Phase I ClInPc film, which tail into the bandgap region, are associated with these 

energetically-shallow states that appear to be removed by the solvent annealing step.   
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4.5 Current Transient Response in MIS-C Platforms 

 

 

Since IS imposes a symmetric voltage perturbation on the MIS-C devices, we also 

investigated small potential steps on top of a DC bias and monitored J/t and charge-time 

(Q/t) transients, which revealed asymmetric features of charge injection/extraction not seen 

in the IS data.  We also show in Figure 15 that over the ±2V DC applied bias, the current 

transient response does not show a dependence on the polarity or magnitude of the applied 

bias. Typical transient responses obtained for as-deposited ClInPc versus 5 nm Phase II/55 
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Figure 15. Transient voltage step-responses for MIS-C devices composed of 5 nm of 

solvent annealed Phase II ClInPc and 55 nm of as-deposited Phase I ClInPc where DC 

bias ranges from -2V to +2V. Current density (black, left axis) and the total charge (blue, 

right axis), is the integral of the current response.  Demonstrates the invariance of the 

transient responses to polarity and magnitude of the DC bias. Note: The slight variation 

shown in the total charge does not track with applied DC bias. 
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nm Phase I ClInPc MIS-C devices are presented in Figures 16 & 17, where we show the 

injection/extraction J/t and Q/t behavior on both log (Figure 16) and linear (Figure 17) time 

scales.  As for the IS results, any total charge density exchanged between the two contacts 

that exceeds that defined by the geometric capacitance of the ClInPc MIS-C device (ca. 2.3 

nF) reflects a larger effective capacitance, which can only be achieved by 
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Figure 16.  (A, B) Typical log current – log time transients after application of a 

potential step of 20 mV, for both injection (A) and extraction (B) of charge: AP-ITO/60 

nm ClInPc (Phase 1)/SiO2/Al MIS-C platform (red trace) and for the AP-ITO/5 nm 

ClInPc (Phase II) + 55 nm ClInPc (Phase 1)/SiO2/Al platform (blue trace).  The transient 

response for this platform with no ClInPc layer (i.e., AP-ITO/SiO2/Al) is shown in the 

SI section.  Clear differences in rate and extent of extraction versus injection are seen 

for the Phase I-only ClInPc film, whereas the current-time traces are symmetric for 

injection/extraction for the film where the first 5 nm has been converted to the Phase II. 
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injection/extraction of charges into the ClInPc layer through specific trap states.  The 

transient response with no ClInPc layer (i.e., AP-ITO/SiO2/Al) is shown in Figure 18.   

Figures 16 A-B & 17A-B shows typical J/t transients after a 20 mV potential step, for 

both injection and extraction of charges.  While clear differences in rate and extent of 

extraction versus injection of charges (up to millisecond time scales) are seen for the as-

deposited ClInPc film (Figure 17E), the J/t traces are symmetric for injection/extraction 
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Figure 17.  The injection/extraction differences are more dramatically shown in the 

charge-time transients over the first 10 microseconds (C, D and E, F) where for the 

Phase I-only films charge extracted is smaller than charge injected by 14 %, whereas 

when the first 5 nm is converted to the Phase II polymorph, there is perfect symmetry 

between injected/extracted charge densities on this time scale.  Charge 

injection/extraction is ultimately conserved for both film types, but can take seconds 

to minutes to achieve for Pc films with high interfacial trap densities. 
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for the film when the first 5 nm has been converted to the Phase II polymorph (Figure 17F).  

For our experiments extending out to 100 microseconds, a 20 mV potential step produces 

injected/extracted charge density differences for Phase I ClInPc of ca. 4.48x1013 Coulmbs 

cm-2 for injection and 3.87x10-13 Coulmbs cm-2 for extraction, which represents a ca. 14% 

difference and injection/extraction of charge, and as with the IS experiments, only a 

fraction of a monolayer of Pc, on average, is involved in these injection/extaction 

processes. 
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Figure 18. Transient voltage step-responses for MIS-C devices composed of as-

deposited Phase I ClInPc  (red), 5 nm of solvent annealed ClInPc (Phase II) followed 

by 55 nm of Phase I ClInPc (blue), and a discrete 2.3 nF capacitor (grey) at  0.75 V DC 

(ITO with respect to aluminum). The left-axis demonstrates the current response of the 

system and the right-axis is the integral of the current response, the total charge 

exchanged between the two electrodes.   
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These differences are shown more dramatically in the Q/t transients over the first 10 

microseconds (Figures 17C-17F).  For the Phase I-only films the charge exchanged is 40% 

larger than a discrete 2.3 nF capacitor (Figure 18), whereas when the first 5 nm is converted 

to the Phase II polymorph there is perfect symmetry between the injected and extracted 

charge densities on this time scale.  Charge injection/extraction is ultimately conserved for 

both as-deposited and Phase II ClInPc, but can take seconds-to-minutes to achieve for Pc 

films with high interfacial trap densities. 

4.6 Schottky Diode Devices 

 

Finally, we discuss the dark J/V behavior for AP-ITO/ClInPc (20 nm)/Al diodes as a 

function of the morphology of the 5 nm ClInPc film adjacent to the AP-ITO contact (Figure 

19).  We have shown previously in Chapter 3 that simple Schottky diodes are formed with 

these configurations, where the ITO/Pc interface provides the rectifying response and the 

region for photocurrent production. 14  The polymorphism of the 5 nm ClInPc layer 

adjacent to the AP-ITO has a major effect on the dark J/V responses.   

 



166 
 

Reverse-bias “leakage current” densities vary by over a factor of 100 between Phase I-

only ClInPc films, 5 nm Phase II/15 nm Phase I films (10-4 mA cm-2 versus 10-2 mA-cm-

2).  Performance parameters are shown in Table 1, as well as the linear J/V curves (Figure 

19).  Diode ideality factors, obtained by fitting the entire J/V response, 311 varies from 2.03 

to 1.55 for as-deposited only ClInPc films, versus 5 nm Phase II/15 nm as-deposited ClInPc 

active layers.  For an ideal Schottky diode, with a single rectifying interface, the ideal value 
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Figure 19. J/V dark response of AP-ITO/ClInPc/Al Schottky diodes where the total 

ClInPc film thickness was ca. 60 nm, and the first 5 nm adjacent to the ITO was either 

in the as-deposited Phase I form (red) or solvent annealed to the Phase II polymorph, 

followed by deposition of the Phase I form to complete the device.  Significant 

lowering of the dark current response at reverse bias is seen after conversion of the 5 

nm ClInPc layer at the ITO to the Phase II polymorph, accompanied by a change in 

the diode quality factor from 2.03 to 1.55, an enhanced rectification ratio, and lowering 

of the reverse saturation current (Jo) by three orders of magnitude to ca. 3.2x10-4 

mA/cm2.    
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would be 1.0.  Higher values suggest enhanced recombination within the ITO/ClInPc 

interfacial region, which is partially mitigated by the transformation to the Phase II 

polymorph, and the decrease in trap densities shown in both the PES and MIS-C data 

above. 337,338  We show in Figure 20 and Table 1, similar differences in dark J/V behavior 

of planar-heterojunction OPVs based on ClInPc/C60 heterojunctions, and increases in 

overall OPV efficiency under illumination.  These same strategies have been pursued as 

well for bulk-heterojunction (various ratios of C60 and ClInPc) MIS-C and OPV platforms, 

where the morphology of the first 5 nm of ClInPc greatly influences both the trap density 

and energetic distribution of traps, and the overall OPV response.  These studies will be 

communicated elsewhere. 
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Figure 20. A) Planar heterojunction OPV architectures for these studies: ITO/ClInPc (20 

nm)/C60 (40 nm)/BCP (10 nm)/Al (150 nm). The ClInPc donor layer was either 20 nm 

Phase I (as deposited) or 5 nm solvent annealed ClInPc (Phase II), followed by 15 nm of 

the Phase I polymorph.  B) Light and dark current-voltage responses for a ClInPc-C60 

OPV devices fabricated with as-deposited “Phase I” ClInPc and solvent-annealed “Phase 

II” ClInPc.  
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4.7 Conclusions 

 The presence of trap sites in crystalline MSCs has been widely studied, and 

especially for crystalline MSCs there is ample literature precedence for the important role 

that these trap states play in determining the electrical properties of MSC thin 

films.92,306,339,340  ClInPc and related asymmetric, dipolar MSCs, provide opportunities to 

probe energetic changes that occur in bulk thin films, but particularly in interfacial regions, 

in contact with polar oxides such as ITO, where their dipolar nature helps to control the 

interactions with the oxide contact, and dictates the kind of Pc-Pc interactions which 

ultimately result from polymorphic transitions.  Interestingly as-deposited ClInPc films, at 

or near the oxide interface show PES spectra that suggest a sizeable fraction of Pcs adopt 

a configuration which lowers their IP with respect to the rest of the Pc film, and that solvent 

annealing to achieve the Phase II polymorph largely removes that population.  The 

differential capacitance results on MIS-C platforms suggest that these energetically unique 

Table 1. Device parameters for Full OPV architectures

Voc [V]a Jsc [mA/cm2]b FFc η [%]d

Full OPV As-Deposited 0.76 ±0.02 6.28 ±0.02 0.53 ±0.01 2.5 ±0.02

Full OPV Solvent-Annealed 0.69 ±0.02 7.89 ±0.02 0.51 ±0.01 2.8 ±0.01

Table 1. Device parameters for full OPV devices. aOpen-circuit photopotential (Voc). 
bShort-circuit current (JSC).  cFill factor (FF). dPredicted efficiency under AM1.5G 

illumination. 
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states are associated with shallow charge traps, which have nearly the same relative 

concentration as indicated from the PES data, which are likewise removed by solvent 

annealing, i.e. disordered molecular sites in the as-deposited Pc films are associated with 

these energetically shallow traps.  The full picture at these interfaces must be more 

complicated, however, as revealed in the potential-step/current or charge transient 

experiments, where it was revealed that charging and discharging of the Pc film, especially 

in the as-deposited morphology, is quite asymmetric, with differences in time constant for 

injection/extraction that extend out to millisecond time scales and beyond – a feature that 

is missed if just differential capacitance with small sinusoidal modulations of contact 

potential are used.  Finally, the fact that the mitigation of these trap states leads directly to 

diode responses closer to ideal suggests that they play an important role in recombination 

near the contact/MSC interface, suggesting that their presence is likely to be a major 

limitation in charge collection efficiencies in OPV and related device platforms.  We 

interpret the substantial lowering of leakage currents in these simple devices (seen as well 

for full OPV platforms, Figure 20) as arising from the concomitant improvements in 

wetting of the oxide contact by the Phase II polymorph of this MSC.  The exact reasons for 

this improvement remain unclear, but there is clearly substantial movement of Pcs on 

molecule length scales to achieve such film structures, which significantly lower leakage 

pathways, suggesting that these are film morphologies that should be targeted by molecular 

modification strategies in future device platforms. 

It will be of interest now to extend these studies to other OPV-relevant active layers, 

and to polymeric as well as crystalline layers adjacent to both hole- and electron-collection 
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contacts.  In Chapter 5, for mixtures of ClInPc/C60, where the ratio of electron acceptor to 

electron donor is varied widely, we see evidence that conversion of the first 5 nm of Pc to 

the Phase II polymorph has a significant effect on the morphology, and trap density, of 

subsequently deposited Pc, and that increasing the C60/ClInPc ratio enhances this 

templating effect.  The combination of UV-photoemission and MIS-C characterization of 

electrical properties for these heterojunctions will allow a unique approach to the isolation 

of these effects near just one contact at a time, and should provide a useful way of direct 

comparison between broadened DOS distributions and direct determination of the extent 

to which such broadened DOS actually impacts on the electrical properties of that 

interfacial region. 
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CHAPTER 5: EFFECT OF MIXING RATIO AND HOLE-TRANSPORT LAYER 

TYPE ON RECOMBINATION IN BULK-HETEROJUNCTION SOLAR CELLS 

 

5.1 Introduction 

Interface composition and the energetic offsets between hole- or electron-

harvesting contacts (Chapter 1, Section 1.7) and the active layer, are increasingly seen as 

critical to the performance of OPVs.36,80,90,196-198,269,341,342  In Chapter 4 we studied the effect 

of trap state densities in PHJ solar cells where we varied the morphology of the first few 

monolayers of ClInPc and observed substantial improvement in device performance when 

the more-ordered Phase II polymorph was used (versus Phase I). This Chapter builds on 

the PHJ study and focuses on exploring interfaces between ClInPc:C60 BHJs and intrinsic 

p-type ClInPc hole transport layers (HTLs), and how BHJ mixing ratios and ClInPc HTL 

Interlayer

ITO

Interlayer

BCP

Al

Acceptor

ITO

Donor

BCP

Al

Donor/Acceptor

BHJ Device PHJ Device

Figure 1. Left: A generic BHJ architecture incorporating the intrinsic BHJ 

(D/A layer) between hole- or electron-transporting interlayers. The 

prototypical buffer layer (BCP), aluminum contact and ITO contact are shown 

for completeness. Right: The generic PHJ architecture D/A bilayer.  
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order/disorder effect charge movement through OPV devices. Full BHJ OPV and BHJ 

MIS-C devices are examined (similar to the PHJ devices studied in Chapter 4) to elucidate 

how interfaces can be modified to realize the most efficient processes in OPVs. 

OPVs based on PHJ architectures (Figure 1) have been the focus of intense study 

since the first bilayer device was produced by Tang et al.64,343-346 in the 1980s. As a 

consequence of the low diffusion lengths for excitons, PHJ devices need the active-layer 

materials to be thin enough to minimize recombination, while being thick enough for 

maximum absorption of the solar flux and subsequent photo-generation and extraction of 

free charges. BHJ architectures (Figure 1) overcome some of these limitations through 

intimate mixing of the donor and acceptor materials, which minimizes exciton 

recombination. This has allowed the OPV community to increase the photo-conversion 

efficiency dramatically over the last 10 years.76,347,348  

In terms of power conversion efficiency (PCE), the best performing active-layer 

materials to-date are fluorinated thiophene-benzothiadiazole based polymers, which have 

been integrated into tandem-cell configurations with “classic” polythiophene and 

fullerene-methyl-ester donor/acceptor systems.76,347 These tandem structures (with 

favorable optical, energetic and electronic properties) have produced 10.6% PCE and ca. 

1.5 V Voc. 347 However, small-molecule organic materials have also achieved significant 

advances in PCE, with the highest performing research cells approaching 7%.349-351 

Moreover, Jones and co-workers recently found that by stacking OPV cells incorporating 

small-molecule subphthalocyanine chloride and fullerene active layers, they were able to 
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attain the very high Voc of 7 V,145 and present small-molecule systems as a route towards 

low-cost, low-power systems not shown with polymer-based systems. An advantage of 

using small-molecule based BHJs is the ability to finely tune and control properties to a 

degree that is not easily attainable with polymer-based systems; such as mixing and film 

thickness. This level of control presents opportunities for basic science studies that cannot 

be performed in polymeric systems, and are exploited in this Chapter for the ClInPc:C60 

small molecule BHJ system. 

Architectures for BHJ-based systems vary widely in complexity and structure 

with some systems requiring upwards of twenty different layers (and interfaces) to form 

a complete working device. 350,352-357 The simplest BHJ system requires at least six 

layers of materials (Figure 1), as opposed to three for PHJ OPVs. This is due to the 

mixed D/A layer where both the donor and acceptor materials can be in contact with 

p

BHJ
n

EF
EC

EV

ITO

Al

ITO

p-type layer

n-type layer

BHJ layer

Al

p-type layer

n-type layer

p-type layer

n-type layer

BHJ layer

BHJ layer

A B C

Figure 2. A) An ideal p-i-n (p-type, intrinsic, n-type) stacked BHJ cell showing the Fermi 

(EF), conduction (EC) and valence (EV) levels. The solid lines in the BHJ represent the 

frontier levels for the donor and the dashed lines represent that of the acceptor. B) and C) 

The architecture for single (B) and tandem (C) BHJs where the dashed lines indicate the 

optical light intensity – if the design is optimized the maxima will occur in the BHJ region 

for photocurrent generation. 10 
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both the hole- and electron-extracting electrodes, which presents a detrimental pathway 

for charges to recombine and reduces the power output of the device. 358,359   

One of the routes used to improve charge collection/extraction is to place 

interlayers between the cathode/BHJ and the anode/BHJ interfaces (Figure 1 & 2). 78,359 

While interlayer thin films can be added at both contacts to enhance the efficiency for 

one type of charge collection,36,81,196,198 molecular-level interactions between certain 

donor or acceptor molecules 18,360-362 and the interlayer 14,66,363 are predicted to impact the 

efficiencies of charge harvesting, recombination, and overall OPV performance.197 

Interlayers also can act to improve the wettability, electronic coupling and phase 

separation for the active-layer components at the respective interfaces. 92,251,364,365 

Moreover, interlayers can improve the optical field distribution, specifically in p-i-n 

structures, acting as window layers composed of highly doped p- or n-type materials 

surrounding the intrinsic layer (Figure 2). 16 By using wide band gap materials, it is 

possible to tune the optical properties so that no light is lost due to absorption in layers 

other than the active layers; thereby increasing the internal efficiency. 45,366-368 This can 

be accomplished by using intrinsically- or extrinsically-doped interlayer materials or by 

using energetically-matched materials (HOMO/LUMO level materials that are doped 

and act as high-mobility window layers).45,369  

Another method for modifying the interface between the anode and the donor 

material is to use a dopant, either in a charge extraction layer or molecular dopants in 

the active layer itself. 97,284,309,370-372 Doping to increase conductivity and to introduce 

selective interlayers has been applied for decades, especially within the solar cell 
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community with silicon commonly doped (with aliovalent impurities such as boron and 

phosphorous) to tune the band gap response to incoming light and improve majority 

charge carrier mobilities. Doping can lead to efficient carrier injection and carrier 

transport via energetically-matched quasi-Fermi levels for active layers and charge-

collecting electrodes (Figure 2A). 370 Work within the Armstrong group and others have 

shown that doping can be used to optimize injection and reduce voltage losses at 

interfaces. 370,372,373 It has been shown that when the dopant concentration is high at the 

interface, the available transport states lie close the Fermi level and the bending region 

is small. 370 This allows charges to tunnel through the injection barrier creating a quasi-

ohmic contact, whereas in an undoped film, the charges would have had to overcome 

the injection barrier to be harvested. 370  

However, there are caveats when incorporating a BHJ into an OPV device such 

as reduced charge mobility in the active layer due to an amorphous BHJ; this can 

decrease the efficiency if not considered in the architectural design.374,375 This was 

described in a seminal paper by Forrest and co-workers who found that reducing the 

crystallinity of CuPc in CuPc:C60 BHJs also reduced the charge carrier mobilities by a 

factor of 10 compared to pure CuPc films. 374,375 If the layer is amorphous the extraction 

of electrons and holes will be difficult, with the hole-transport material generally being 

the limiting step due to low exciton diffusion and charge-carrier transport lengths, 

resulting in recombination and lower FF values.374 Recent molecular dynamics studies 

of interfaces in mixed-phase OPV devices by Zimmerman et al. and Noriega et al.376,377 

demonstrated that systems do not necessarily require order or disorder in absolute terms, 
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but seem to require a mixture of both to obtain the best performing devices. As a stark 

example, Zimmerman et al. has shown that buried interfaces significantly affect the PCE 

for squaraine-based materials that are quasi-crystalline. In BHJ devices, charge 

transport lengths have been found to depend on the mixing ratio of the D/A materials. 

374,378 This dependency has been rationalized in terms of percolation pathways for 

charges to move through the mixed layer.  For BHJ systems such as CuPc:C60 the 

interaction energies between nearest neighbors is highest for like molecules, where 

CuPc-CuPc interaction energies were estimated to be 0.87 eV, 379 C60-C60 at1.5 eV 380,381 

ClInPc (I or II)ClInPc (I or II)

ITO

C60

BCP

Al

ClInPc:C60

ITO

SiO2

Al

ClInPc:C60

Different Mixing Ratios 

2:1, 1:1, 1:2

BHJ Device MIS-C Device

Figure 3. The BHJ system architectures studied. Left: A full OPV device architecture 

(AP-ITO / 5 nm ClInPc (Phase I or II) / 20 nm ClInPc:C60 / 5 nm C60 / 8 nm BCP / 100 

nm Al) where the BHJ mixing ratio is varied from 2:1 1:1  1:2. The BHJ is 

deposited on either Phase I or Phase II ClInPc (ClInPc and C60 molecular structures are 

shown in the center). Right: The MIS-C architecture is shown with the ClInPc HTL 

deposited on the AP-ITO electrode, and the BHJ inserted between the ClInPc HTL and 

the insulating SiO2 layer. 
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and CuPc-C60 at 0.44 eV. 382 These interaction energies have been shown to dictate the 

morphology and device performance in OPVs as a function of BHJ mixing ratio. 

Charge transport in both vacuum-deposited and solution-processed BHJs has been 

a key area of focus for the OPV community. The recent advances in efficiencies require 

knowledge of each interface and how the charge transport process is affected when two 

disparate materials come into contact; a problem that becomes more complex in BHJ 

architectures. The overall effect on the FF of a BHJ OPV is dominated by kinetic processes 

that facilitate charge carrier collection and recombination as a function of the electric field 

in the device, which is a conflation of the applied and built-in fields. 383 Due to the BHJ 

structure and intermixing of the D/A materials in order to create a large D/A contact area 

(large-area interface), detrimental processes can occur such as geminate and bimolecular 

(between separated charge carriers) recombination at the D/A interface, and lowered 

charge mobilities. 58,383 However, geminate recombination is dependent on the electric field 

at the D/A interface.384-388 For type II heterojunctions at low forward biases, it is generally 

assumed that recombination via interfacial polaron pairs will dominate based on the quasi-

Fermi level separation. 140,311 As suggested by Forrest et al., at low bias (ca. 0-0.5 V) the 

current is controlled by the field-dependent dissociation of thermally-generated polaron 

pairs, due to free holes (in the donor) and trapped electrons (in the acceptor) recombining 

389 At higher biases (ca. 0.5-0.8 V) the current is controlled mainly by the reverse process 

of trapped holes recombining with free electrons. 

In order to understand the role of trap state formation and the impact on device 

performance for the BHJ ClInPc:C60 system with varying BHJ mixing ratios, we first probe 
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significant differences in interfacial trap state formation in BHJ MIS-C devices with either 

Phase I or Phase II ClInPc layers (Figure 3). ClInPc has an asymmetric molecular structure 

where the halo-metal bond is oriented perpendicular to the porphyrin ring producing 

several polymorphic crystal structures; where the two most prominently studied are the 

monoclinic (Phase I) and triclinic (Phase II) forms (see Chapter 1, Section 1.8 for more 

detail). We then investigate BHJ OPVs incorporating ClInPc Phase I or Phase II hole-

transport layers (HTLs) where we see significant differences in the reverse bias dark 

saturation current (J0) and diode-quality factors (n). In comparison, analogous OPVs 

incorporating the prototypical HTL, MoO3, have J0 and diode-quality factors that are 

relatively invariant to BHJ composition, in contrast to dipolar ClInPc HTLs. 

 

5.2 Mixing ratio: Influence of HTL polymorphism 

 

Figure 4 shows FE-SEM images of the ClInPc:C60 BHJ films deposited on top of a 

5 nm ClInPc HTL previously deposited on (air-plasma cleaned) AP-ITO. The 5 nm ClInPc 

HTL is either: (1) the as-deposited Phase I form (upper panel); or (2) the solvent-annealed 

Phase II form (bottom panel). Focusing first on the ClInPc:C60 BHJ films deposited on the 

Phase I ClInPc HTL (Figure 4, top panel), it can be seen that as the BHJ mixing ratio 
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changes from predominately ClInPc (2:1 mixture) to predominately C60 (1:2 mixture), the 

grains remain relatively the same size. For the BHJ films deposited on a Phase II ClInPc 

HTL (Figure 4, bottom panel), the BHJ film surface has grains that are smaller (c.a. 10 nm) 

in size in comparison to films deposited on Phase I ClInPc (c.a. 250 nm). A study by Riede 

and co-workers measured zinc phthalocyanine (ZnPc):C60 BHJs by AFM to probe surface 

grain structure as a function of the BHJ mixing ratio. Depending on the mixing ratio, C60 

was found to be the driving force for phase separation in ZnPc:C60 BHJs due to its ability 

to form nano-crystallites. 390 A SEM study carried out by Hoppe et al., which mixed poly[2-

methoxy-5-(3,7-dimethyloctyloxy)]-1,4-phenylenevinylene (or MDMO-PPV) and 1-(3-

methoxycarbonyl) propyl-1-phenyl [6,6]C61 (or PCBM), also found that grain sizes varied 

with mixing ratio, heating and solvent casting of the polymer films. 343 

Phase I

Phase II

2:1 1:1 1:2

2:1 1:1 1:2

Figure 4.  FE-SEM images for 10 nm BHJ films of different ClInPc:C60 mixing ratio on 

5 nm interlayers of either Phase I or Phase II ClInPc. The scale bar is 500 nm. 
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5.3 Trap States as a Function of BHJ Mixing Ratio and ClInPc Interlayer 

Type 

 

As observed in previous work, disordered interfaces present injection barriers for 

charges especially at the metal oxide/donor interface, which contribute to decreased 

charge-injection or charge-extraction efficiencies. 103,297,391-394 In Chapter 4, we studied the 

Figure 5. Differential capacitance versus frequency for BHJ MIS-C (ITO/ClInPc 

(Phase I or II)/ClInPc:C60 (2:1...1:2)/SiO2/Al) devices. The BHJs were deposited on 

either 5 nm of Phase I (filled scatter plots) or Phase II  (hollow scatter plots) ClInPc 

in varying mixing ratios (2:1 black squares, 1:1 blue triangles, 1:2 green circles). 

The geometric capacitance (2.2 nF) is shown as well as the maximum attainable 

capacitance (4.2 nF) for the devices, which is shown for SiO2. 
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effect of the first few monolayers of Phase I or Phase II ClInPc on charge 

injection/extraction at the ClInPc/AP-ITO interface using PHJ MIS-C devices, and how 

that translates to the performance of a PHJ OPV. Here we extend that study using BHJ 

MIS-C and BHJ OPV devices to study the impact of ClInPc:C60 mixing ratios and Phase I 

versus II ClInPc HTL type (Figure 5). Using the same experimental setup and protocol as 

Chapter 4, a series of BHJ MIS-C devices deposited on AP-ITO with the architecture 

shown in Figure 3 were investigated. The plots of the differential capacitance versus 

frequency are shown in Figure 5. For reference, the geometric capacitance (2.2 nF, 

calculated for the 60 nm active layer plus the 100 nm insulating SiO2 layer) is also shown 

in Figure 5 along with the maximum attainable capacitance (4.2 nF). The later corresponds 

to charges residing on both sides of the insulating SiO2 layer. As was the case for PHJ MIS-

C devices, we measured no discernable difference in the differential capacitance at biases 

ranging from -2 to 2 V which suggests we are only probing the trap states and not the 

HOMO/LUMO transport levels. At high frequencies, all the ClInPc:C60 mixing ratios on 

both Phase I and II ClInPc HTLs converge on the geometric capacitance. This high 

frequency convergence was also observed in Chapter 4 for PHJ structures, and represents 

charges effectively sitting on the electrodes as an ideal parallel-plate capacitor. As the 

frequency is reduced below ca. 3 MHz, the differential capacitance increase for BHJs with 

a Phase I HTL are on the order of 3-15% higher  (Figure 6A) than for the Phase II HTL 

(Figure 6B). For ClInPc:C60 mixtures with higher C60 content (On Phase I or Phase II 

HTLs, Figures 6 A&B), it is evident that as the ClInPc:C60 mixing ratio is varied from 2:1 

to 1:2 the differential capacitance is lowered over all frequencies studied. This could 
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translate into lower recombination rates, which is suggested by the performance of full 

OPV devices as discussed further in Section 5.4 below. As observed in previous work, 

disordered interfaces that have been shown to lead to increases in trap densities, present 

injection barriers for charges especially at the metal oxide/donor interface and contribute 

to decreased charge-injection or charge-extraction efficiencies. 103,297,391-394  In Figure 7 the 
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Figure 6. (A) Shows the frequency response of the capacitance for different mixing 

ratios on phase I ClInPc and the corresponding MIS-C architecture. (B) The frequency 

response of the capacitance for the phase II interlayer.  For both sets of data, the trap 

state formation decreases as the concentration of C60 increases. We also observe a turn 

on capacitance that is faster for the 2:1 mixture. The phase II interlayer shows a decrease 

in the trap state contribution over all frequencies compared to the phase I interlayer.   
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first derivative of the differential capacitance vs. frequency (dC/df) is shown where it can 

be seen that the mixing ratios higher in Pc concentration lead to the biggest changes around 

1 MHz, possibly due to the increased density of trap states present in the film. For the 

mixing ratios with higher concentrations of C60 in the BHJ, there are also large changes 

where this may stem from the fact that the slope changes much faster due to the trap density 

being lower in these films. Thus the traps are filled much faster when the same amount of 

charges are being injected and extracted. A concurrent explanation could be that the 

Figure 7.  The first derivative of the differential capacitance with respect to the frequency 

is shown for each mixture of ClInPc:C60 on phase I or phase II ClInPc. At high frequencies 

we observe a big change in dC/df for the 2:1 mixtures on phase I and to a lesser extent 2:1 

on phase II. We also observe a big increase in dC/df for the 1:1 and 1:2 mixtures where 

there is steep change in the slope as the frequency is decreased. 
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energetic distribution of the traps for the 2:1 mixture is much broader than for the 1:1 or 

the 1:2 mixtures which would explain the steep slope at high frequencies in Figure 5 and 

large dC/df for Figure 7.   

5.4 Influence of Mixing Ratio and HTL Type on OPV Performance 

 

BHJ OPV devices were fabricated using either Phase I or Phase II ClInPc HTLs (5 

nm thin films, as was the case for the MIS-C devices) followed by one of the three 

ClInPc:C60 BHJ mixing ratios (2:1, 1:1 or 1:2). On top of each BHJ layer, a C60 film was 

deposited as an intrinsically n-type acceptor to facilitate electron extraction to the cathode. 

BCP, the commonly employed buffer layer used for PHJ devices in Chapters 3 and 4, was 

also used here and inserted between C60 and the aluminum electrode.  

5.4.1 Phase I Hole Transport Layer 
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Figure 8. J/V dark responses of AP-ITO/ClInPc (Phase I)/ClInPc:C60/C60/BCP/Al  

devices in the semi-log (left) and linear form (right).  
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Figure 8 shows the measured current/voltage response in the dark and light for the 

three BHJ mixing ratios (and a diagram of the device architecture) for the Phase I ClInPc 

HTL. Figure 9 shows their reverse- and forward-bias regions separately in close-up, with 

the trend in dark-saturation current in reverse bias clearly observed. The 2:1 ClInPc:C60 

BHJ mixture shows the highest reverse-saturation current (Figure 9A) at 1.08 mA/cm2, 

followed by the 1:1 mixture at 0.22 mA/cm2 and the 1:2 mixture at 0.033 mA/cm2.  The 

forward bias is shown in Figure 9B, where significant differences in the shape of the J/V 

curves can be seen for the three mixing ratios. Fitting the dark J/V curves to the modified 

Shockley equation we were able to extract the diode quality factors for each mixing ratio 

on phase I ClInPc: 2:1 (n ≈ 2.00), 1:1 (n ≈ 1.90) and 1:2 (n ≈ 1.60).  In previous work by 

Forrest and coworkers, the molecular disorder and corresponding exponential trap 

distribution was modeled using kinetic parameters for recombination at the interfaces of 
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Figure 9. J/V dark responses of AP-ITO/ClInPc (Phase I)/ClInPc:C60/C60/BCP/Al  devices 

to show up-close the reverse-bias (A) and forward-bias (B) regions. Significant lowering 

of the dark current response at reverse bias is seen upon reducing the ClInPc component 

of the BHJ mixture, accompanied by a change in the diode-quality factor from non-ideal 

(<<1 for 2:1) to ideal (~1 for the 1:2 mixture) and lowering of the apparent reverse 

saturation current, Jo. 
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prototypical donor and acceptor systems. 311  This has been extended to small-molecule 

devices where Tress and coworkers studied the dominating recombination mechanisms in 

ZnPc:C60 BHJs. 338 They found that the recombination mechanism changes from trap 

assisted, to bimolecular as the intensity of the illumination source is increased, and is 

mainly independent of the mixing ratio. 338  We see clear differences in the ideality factor 

at low forward bias, which improves upon the increase in C60 concentration in the 

ClInPc:C60 BHJ which suggests that the type of recombination occurring is changing as 

well. 

5.4.2 Phase II Hole Transport Layer 

 

Figure 10 shows the dark and light J/V responses for the OPV BHJ devices 

fabricated with a 5 nm Phase II ClInPc HTL, as well as the device architecture used. 
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Figure 10. J/V semi-log response (left) of AP-ITO/ClInPc (Phase 

II)/ClInPc:C60/C60/BCP/Al  devices with the linear response on the right. The 5 nm film 

adjacent to the AP-ITO is the solvent-annealed Phase II ClInPc polymorph. Significant 

lowering of the dark current response at reverse bias is seen upon reducing the ClInPc 

content of the BHJ. 
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Compared to the Phase I HTL devices, the main differences observed with the Phase II 

ClInPc HTL was the further decrease in dark-saturation current at each ClInPc:C60 BHJ 

mixing ratio and the improved diode-quality factors for all mixtures (as shown in Figure 

10). In addition, increasing the BHJ C60 content with the Phase II HTL correlates well with 

the observed decrease in the reverse-bias dark-saturation current (0.76 mA/cm2 for the 2:1 

mixture, 0.19 mA/cm2 for the 1:1 mixture, and 0.017 mA/cm2 for the 1:2 mixture) as well 

as improvement in the diode-quality factor where we fit the dark curve to get n ≈ 1.90 for 

the 2:1 mixture, n ≈ 1.65 for the 1:1 mixture and n ≈ 1.40 for the 1:2 mixture (Figure 11A 

and B). For the BHJ MIS-C devices incorporating the Phase II ClInPc HTL, we noted 

above the decreased capacitance over all measured frequencies relative to the equivalent 

Phase I HTL devices (Figure 5 and 6).  
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Figure 11. J/V dark response of AP-ITO/ClInPc (Phase II)/ClInPc:C60/C60/BCP/Al  

devices where we show up close the reverse-bias (A) and forward-bias (B) regions. 

Significant lowering of the dark current response at reverse bias is seen upon reducing 

the ClInPc component of the BHJ, accompanied by an improvement in the diode-quality 

factor and lowering of the apparent reverse-saturation current, J0.  
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5.4.2 MoO3 Hole Transport Layer 

 

In comparison to using Phase I or II ClInPc as an HTL, ClInPc:C60 BHJ OPV 

devices were also fabricated using 8 nm MoO3 films (Figure 12) as the HTL adjacent to 

the AP-ITO contact, with each of three ClInPc:C60 mixing ratios (2:1, 1:1 or 1:2). The 

subsequent layers to complete the OPV devices were of the same thickness and deposition 

parameters as for the ClInPc Phase I and II HTL based OPVs. We use MoO3 as a 

comparative HTL due to the substantial research that has been performed on this oxide and 

because it has become a reference material for a HTL in OPVs. Figure 12 shows the J/V 

response curves for OPVs using MoO3 as the HTL. The semi-log J/V curve is broken down 

into the reverse- and forward-bias regions (Figure 13A and B) to show more clearly the 

J/V response. Our MoO3 film results in a reduced saturation current (3.33x10-3 mA/cm2 for 
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Figure 12. J/V semi-log response (left) of AP-ITO/MoO3/ClInPc:C60/C60/BCP/Al  devices 

(linear response on the right). The 8 nm film adjacent to the AP-ITO was as-deposited 

molybdenum oxide.  Significant lowering of the dark current response at reverse bias is 

seen upon reducing the ClInPc component of the BHJ mixture. 
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the 2:1 mixture, 7.61x10-4 mA/cm2 for the 1:1 mixture, and 4.18x10-4 mA/cm2 for the 1:2 

mixture) and improved diode-quality factor as we change the mixing ratio from 2:1 (n ≈ 

1.46) to 1:1 (n ≈ 1.41) to 1:2 (n ≈ 1.41). 137 It is observed again that the reverse-bias 

saturation current decreases (more than for Phase I and II ClInPc HTLs) as the BHJ C60 

content increases. Recent work has shown that MoO3 HTLs improve hole injection to an 

ITO electrode, with energetic offsets, Fermi level pinning to the underlying ITO contact, 

and their origins having recently been clarified by Kahn and co-workers. 6,114 Their recent 

article demonstrated that thin layers of MoO3, with a large electron affinity of 6.7 eV and 

high work function of 6.86 eV, improve hole injection into α-NPD (N,N’–di[(1-naphthyl)-

N,N’-diphenyl]-1,1’-biphenyl-4,4’-diamine). 7,114 This improvement in the hole-extracting 

contact, relative to ITO, suggests that for the ClInPc:C60 BHJ OPV devices studied here, 

the recombination rates between the BHJ and MoO3 are low and charge-carrier collection 
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Figure 13. J/V dark response of ITO/MoO3/ClInPc:C60/C60/BCP/Al  devices up-close to 

show the reverse-bias (left) and forward-bias (right) regions. Significant lowering of the 

dark current response at reverse bias is seen by reducing the ClInPc component of the BHJ 

mixture, accompanied by a change in the diode-quality factor and lowering of the apparent 

reverse-saturation current, J0.  
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(holes) is efficient and high. This results in a reduced saturation current (3.33x10-3 mA/cm2 

for the 2:1 mixture, 7.61x10-4 mA/cm2 for the 1:1 mixture, and 4.18x10-4 mA/cm2 for the 

1:2 mixture) and improved diode-quality factor. 137 It is interesting that for all mixtures of 

ClInPc:C60, the diode-quality factors appear to be relatively similar (Figure 13B) 

suggesting polaron pair recombination rates may have been reduced at least at the 

BHJ/MoO3 interface for all ClInPc:C60 mixtures.  

5.4.4 Comparison of HTL Dark J/V Response Parameters 

 

Figure 14. Comparison of the dark J/V response for each mixture on the two ClInPc HTL 

studied (Phase I and Phase II) as well as the reference HTL (MoO3). As the C60 

concentration is increased for the BHJ mixtures, the J0 and diode-quality factor improves 

greatly for BHJs based on Phase I and II HTL. However, for the MoO3 HTL J0 and n appear 

relatively constant. 
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Figure 14 compares differences in the effects of each HTL (Phase I ClInPc, Phase 

II ClInPc and MoO3) on the dark J/V response for each of the ClInPc:C60 BHJ mixing ratios 

studied. The Phase I and Phase II HTL are sensitive to the composition of the BHJ and 

show consistent decreases in the reverse bias dark saturation current as the concentration 

of C60 is increased in the BHJ. Furthermore, the diode-quality factor at low forward bias 

improves as the BHJ C60 content increases. In comparison, for the whole range of 

ClInPc:C60 BHJ mixing ratios deposited on top of MoO3, the reverse saturation current and 

the diode-quality factor are relatively unchanged. This suggests that the MoO3 HTL 

effectively acts as a selective contact regardless of the mixing ratio of ClInPc:C60, which 

can be observed also in Figure 15 where we compare the three different HTLs and the 

corresponding J0 as a function of either the MoO3 or Phase I ClInPc HTLs.  We also see a 
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Figure 15. (A) Comparing the reverse-saturation current (J0) in the dark for the three 

interlayers with the baseline the MoO3 interlayer (x-axis, plotted against itself) plotted 

against the ClInPc Phase I or II interlayer (y-axis). There are significant differences 

between J0 values for the 2:1 mixture when deposited on the three interlayers, where the 

differences become smaller as the BHJ concentration of C60 is increased. The MoO3 

interlayer appears to give a low J0 regardless of the adjacent ClInPc:C60 BHJ mixture. (B) 

A comparison of the J0 values for Phase I versus Phase II polymorph interlayers. The 

baseline is the Phase I interlayer (plotted against itself). There are again, large differences 

for the 2:1 ClInPc:C60 BHJ mixture where the Phase II interlayer gives the lower J0.   
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strong correlation between J0 and n in Figure 16 where, as J0 decreases, we also measure a 

decrease in n for BHJ films deposited on phase I or phase II ClInPc HTLs. This suggests 

that as the reverse bias dark current is reduced, the recombination mechanisms, operative 

in the forward bias, change from bimolecular (n close to 2.0) to monomolecular (n close to 

1) recombination. However the degree of ordering (Phase I versus Phase II) for the ClInPc 

HTLs as well as the mixing ratio of ClInPc:C60 play an important role in how detrimental 

currents flow through the device and the quality of the diode that forms in the OPV. 

Figure 16. A comparison of the reverse saturation current (J0, solid lines) change and the 

diode quality factor (n, dashed lines) change as a function of the mixing ratio of ClInPc:C60 

in the BHJ. As J0 decreases, the diode quality factor improves dramatically for BHJs 

deposited on ClInPc (phase I or II) whereas the MoO3 HTL provides an ideal contact for 

all mixing ratios and thus we do not observe a big change in either J0 or n. 
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All of the relevant OPV parameters extracted for J/V response curves under 

simulated 1 sun (AM1.5G) conditions are summarized in Table 1. The most striking 

differences are observed in JSC, n and the device efficiency (η). The 2:1 ClInPc:C60 BHJ 

mixtures were consistently the worst performing cells, 1:1 mixtures in the middle, and 1:2 

mixtures consistently the best performers in terms of Jsc, Voc and η. This is expected due to 

the decrease in reverse-bias dark currents for OPV devices, the decreased differential 

capacitance for MIS-C devices that suggests a decrease in trap state density, and overall an 

ideality factor that is closer to one for OPV devices. We see that using the prototypical 

HTL, MoO3, we get relatively high performance for these BHJ devices (2.3%), although 

using the Phase II ClInPc HTL gives us the highest PCE of 2.4% which is significant.  

 

Table 1. aShort-circuit current (JSC). Statistical variation is less than JSC ± 0.17. bOpen-

circuit photopotential (Voc). Statistical variation is less than Voc ± 0.01. cFill factor (FF). 

Statistical variation is less than FF ± 0.01. dReverse saturation current, J0, in the dark taken 

at large negative bias. ediode quality factor predicted from fitting the modified Shockley 

equation to the dark J/V curve. fPredicted efficiency under AM1.5G illumination. Statistical 

variation is less than η ± 0.10. 

Interlayer Mixture Jsc
a
(mA/cm

2
) Voc

b
(V) c

FF
d
J0 (mA/cm

2
) e

n
fη (%)

Phase I 2 to 1 5.17 0.54 0.42 1.08E+00 2.00 1.18

1 to 1 6.12 0.60 0.45 2.20E-01 1.90 1.68

1 to 2 7.17 0.60 0.44 3.30E-02 1.60 1.87

Phase II 2 to 1 5.00 0.61 0.42 7.60E-01 1.90 1.26

1 to 1 5.33 0.61 0.42 1.90E-01 1.65 1.37

1 to 2 7.83 0.64 0.49 1.70E-02 1.40 2.40

MolyOxide 2 to 1 5.32 0.74 0.41 3.33E-03 1.46 1.61

1 to 1 5.73 0.74 0.40 7.61E-04 1.41 1.70

1 to 2 7.70 0.74 0.40 4.18E-04 1.41 2.30
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5.4.5 IPCE of BHJ HTLs 

 

IPCE measurements were performed in conjunction with the full OPV ClInPc:C60 

BHJ devices and are shown in Figure 17. For all devices we see an improvement in the 

IPCE at around 400 to 500 nm as the C60 content is increased in the ClInPc:C60 mixture. 

We see a decrease in photocurrent production for the 2:1 ClInPc:C60 mixing ratio most 

400 500 600 700 800 900 1000 1100

0

20

40

60

80

100

 

 

IP
C

E
 (

%
)

Wavelength (nm)

 2:1 on ClInPc Phase I

 1:1 on ClInPc Phase I

 1:2 on ClInPc Phase I

400 500 600 700 800 900 1000 1100

0

20

40

60

80

100

31% increase 

for 1:2 over 2:1

 2:1 on ClInPc Phase II

 1:1 on ClInPc Phase II

 1:2 on ClInPc Phase II

 

 

IP
C

E
 (

%
)

Wavelength (nm)

400 500 600 700 800 900 1000 1100

0

20

40

60

80

100
 2:1 on Molyoxide

 1:1 on Molyoxide

 1:2 on Molyoxide

 

 

IP
C

E
 (

%
)

Wavelength (nm)

Figure 17. IPCE spectra for a ClInPc:C60 BHJ with A) Phase I ClInPc as the hole-transport 

layer, B) Phase II ClInPc as the hole-transport interlayer and C) MoO3 as the hole-transport 

layer.  
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likely due to a large amount of recombination as suggested in the MIS-C devices and the 

OPV performance. Interestingly, we also see an increase in the Q-band absorption for 

ClInPc from ca. 680 to 830 nm (Phase I to Phase II), depending on the ClInPc phase 

present, which suggests that as the HTL becomes more ordered the interface between the 

HTL and BHJ becomes more conducive to charge transport for holes and electrons. For 

the NIR absorption band (800-875nm) we measure a c.a. 31% increase in IPCE for the 1:2 

mixture of ClInPc:C60 versus the 2:1 mixture which suggests that the phase II HTL 

combined with the increased concentration of C60 in the BHJ leads to an increase in 

templating which produces more of the phase II polymorph in the BHJ active layer. 

5.5 Conclusions 

 

We show that trap states for ClInPc HTLs are critical in determining the charge 

transport properties in devices based on ClInPc:C60 BHJ. The trap state densities observed 

with BHJ MIS-C devices decrease as the BHJ concentration of C60 is increased (28% 

decrease for the Phase I HTL, 19% for Phase II HTLs). When the ClInPc HTL is disordered 

(Phase I), we see big differences in performance as a function of mixing ratio (10% increase 

in Voc). However, when the ClInPc HTL is ordered (Phase II) those differences become 

less pronounced (3% increase in Voc). The prototypical reference HTL, MoO3, showed a 

relative invariance to dark saturation current and diode-quality factor when these different 

ClInPc:C60 BHJ mixing ratios were deposited on top. However, we note that when using 

the Phase II, ordered polymorph of ClInPc as the HTL, we achieve a similar device PCE 

(2.4%) than when using MoO3 (2.3%), and that this PCE is on par with other well-studied 
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systems with BHJs that are over two times the thickness of the BHJ studied here. This 

presents ClInPc as a viable BHJ component and HTL material, where the major benefit 

would be in tandem architectures due to its ability to have a relatively thin BHJ active layer 

and a high Voc. 
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CHAPER 6: F5BSUBPC AS A MULTIFUNCTIONAL MATERIAL IN OPVS 

 

6.1 Introduction 

 

The exploration of new classes of organic semiconductor materials continues to be 

of interest as active layers in OLEDs, OPVs, and OFETs; especially if there is a possibility 

that they can transport both holes and electrons with reasonable charge carrier 

mobilities.395-397 Work within Prof. Tim Bender’s group at the University of Toronto has 

been at the forefront of research on subphthalocyanines (subPcs) including their synthesis 

and chemical/functional modification. 142,203,398-401 A study of subPcs for OPVs, and their 

transport of both holes and electrons, is the focus of this Chapter. This research results from 

collaboration between the Armstrong and Bender groups, for which I acknowledge the 

original primary authorship of Graham Morse, Ph.D. (2013 dissertation) from the Bender 

group. 401 My primary contribution was in the UPS measurements and with the device 

performance measurements. 

Boron subphthalocyanines (BsubPcs) are magenta-colored 14-π electron aromatic 

materials, which have recently been shown to be organic semiconductors in OPVs, 200-202 

OLEDs, 142,203,204 and OFETs. 205 In these applications, BsubPcs were used as either an 

electron donor (hole-transport material)200,205 or an electron acceptor (electron-transport 

material). 202 Included in this list is a demonstration by Bender, Graham and coworkers that 

a series of fluorinated phenoxy boron subphthalocyanines, exemplified by pentafluoro 

phenoxy boron subphthalocyanine (F5BsubPc), can function as both electron-transporting 
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and electroluminescent materials in OLEDs.142,203 Bender, Graham and coworkers have 

shown the measured field-dependent electron mobilities of the same series of fluorinated 

phenoxy boron subphthalocyanines to be comparable to those seen for several other known 

electron-transporting materials (mobilities up to ca. 10−4 cm2/V·s were observed).399 

Bender, Morse and coworkers have also shown that a novel series of phthalimido-BsubPcs 

can be used as electron-transporting emitters in OLEDs. The stable one-electron reduction 

and one-electron oxidation processes observed in solution for the phthalimido-BsubPcs 

suggest that they may be applicable as both electron- and hole-transporting materials.398 

Jones and coworkers have also recently shown that hole and electron transport is possible 

in an OPV through a layer of chloro-boron subphthalocyanine (Cl-BsubPc).402 This 

Chapter presents the collaboration with Graham Morse and Timothy Bender in a 

comprehensive study of F5BsubPc in PHJ OPVs, with F5BsubPc representative of the more 

general class of phenoxy-BsubPc materials. We show that F5BsubPc can function as an 

electron-donor material in a PHJ OPV using C60 as the electron-accepting material. We 

also show that F5BsubPc can function as an electron-acceptor material using Cl-BsubPc as 

the electron-donating material in an “all-BsubPc” PHJ OPV. UPS was used to estimate the 

IP for each layer in the PHJ OPV configurations, allowing for the estimation of the HOMO 

energy levels (and the LUMO energy levels) of the active-layer materials, and an 

estimation of the resulting impact of PHJ formation between F5BsubPc and either C60 or 

Cl-BsubPc on the energy levels. 

 



199 
 

6.2 OPVs Based on F5BSubPc/C60 Planar Heterojunctions 

 

 

BsubPcs are most commonly used in OPVs as electron-donor materials, the most 

common of which is Cl-BsubPc.200,400 OPVs based on the pairing of Cl-BsubPc and C60 

have shown good performance with the following device architecture: ITO/MoO3 (5 

nm)/Cl-BsubPc (10 nm)/C60 (33 nm)/BCP (8 nm)/Al (100 nm).137,369 Therefore, F5BsubPc 

was first evaluated as an alternative electron-donor material to Cl-BsubPc. F5BsubPc/C60 

PHJ devices were constructed as follows: ITO/MoO3/F5BsubPc/C60/BCP/Al (Figure 1). 

Figure 1. Log (A) and linear (B) dark and illuminated J/V plots for PHJ OPV devices 

prepared with F5BsubPc (blue line), CuPc (black line) or PEN (red line) as donor materials 

and C60 as an acceptor. (C) Schematic of the molecular structure of F5BsubPc and its 

frontier molecular energy level alignment with C60. (D) Device configuration of the PHJ 

F5BsubPc/C60 OPV. 
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MoO3 was used as an HTL to enhance the efficiency of hole harvesting.7,114,115,137 The 

F5BsubPc layer was varied in thickness from 17 to 37 nm, while C60 thickness was held 

constant at 40 nm. The devices consistently produced a large Voc of ∼1 V (Table 1), larger 

than comparative devices constructed using electron donors such as CuPc and PEN (Figure 

1, Table 1).200 The F5BsubPc layer thickness had a minimal impact on Voc (varying by 

±0.05 V) and FF (varying between 0.4 to 0.5) across the thickness range (Table 1). At 37 

nm, the FF rapidly dropped to 33% and the J/V curve resembled an s-kink, which we 

believe is caused by unbalanced charge transport at this thickness, leading to excessive 

recombination losses.196,403,404 The power conversion efficiency was mainly dictated by the 

changes in current produced as a result of the change in exciton dissociation efficiency as 

F5BSubPc

Thickness

(nm) Voc (V) Jsc (mA/cm2) FF (%) η (%)

17 1.07 ± 0.01 0.88 ± 0.16 48.6 ± 1.9 0.46 ± 0.10

27 1.02 ± 0.03 2.03 ± 0.39 46.2 ± 3.9 0.96 ± 0.22

29 1.05 ± 0.02 2.96 ± 0.59 48.2 ± 1.7 1.49 ± 0.27

32 1.05 ± 0.00 2.85 ± 0.63 43.9 ± 1.0 1.32 ± 0.27

37 1.03 ± 0.03 2.32 ± 0.32 33.4 ± 0.9 0.8 ± 0.16

Ref. CuPc (20 nm) 0.44 ± 0.02 5.94 ± 0.79 56.9 ± 2.5 1.49 ± 0.26

Ref. PEN (50 nm) 0.3 ± 0.01 5.84 ± 1.59 46.9 ± 1.6 0.82 ± 0.29

Table 1. Summary of PHJ Device Optimization by Varying the F5BsubPc Thickness in 

the Following Device Configuration: ITO/MoO3 (6 nm)/F5BsubPc/C60 (40 nm)/BCP 

(10 nm)/ Al (100 nm)a 

aStandard deviations for an average of at least eight 0.019 cm2 devices are reported for 

each performance parameter. Two reference devices are shown for comparisons: 

ITO/CuPc (20 nm)/C60 (40 nm)/BCP (10 nm)/Al (100 nm) and ITO/PEN (50 nm)/C60 

(40 nm)/BCP (10 nm)/Al (100 nm). 
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the product of exciton diffusion length, LD, and absorptivity, α, exceeded the optimal αLD 

product.162,266 It is also notable that the Jsc values are significantly lower than for the CuPc 

and PEN based OPVs. This is consistent with the idea that reverse-saturation currents in 

the conventional Shockley equation describing the J/V response of an OPV are dictated by 

the energy barrier between the transport HOMO of the donor and the transport LUMO of 

the acceptor, which is significantly higher for the BsubPcs.405 Overall, the best performing 

device was found to be ITO/MoO3 (6 nm)/F5BsubPc (29 nm)/C60 (40 nm)/BCP (10 nm)/Al 

(100 nm) with an average power conversion efficiency of 1.5% (champion devices were 

observed with efficiencies as high as 2% (Figure 1A,B; Table 1)). F5BsubPc can clearly 

Figure 2. Log (A) and linear (B) dark and illuminated J/V plots for PHJ OPV devices: (black 

line) ITO/MoO3 (6 nm)/F5BsubPc (27 nm)/C60 (40 nm)/BCP (10 nm)/Al (100 nm), (red line) 

ITO/F5BsubPc (27 nm)/C60 (40 nm)/BCP (10 nm)/Al (100 nm), and (blue line) ITO/MoO3 (6 

nm)/F5BsubPc (27 nm)/BCP (10 nm)/Al (100 nm). 
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function as an electron donor when paired with C60; however, Bender, Morse and 

coworkers have shown that F5BsubPc also functions as an electron transporter.142,399 

Organic materials have been shown to form Schottky barriers with MoO3 interfaces, 

producing photocurrent (organic material acting as electron acceptor).406 Therefore, we 

were interested in locating the rectifying interface for exciton dissociation in the 

F5BsubPc/C60 device(s) to prove the function of F5BsubPc as an electron donor material. 

We sequentially “deconstructed” the F5BsubPc/C60 device by making a series of new 

devices by first omitting the C60 layer and then the MoO3 layer (Figure 2). We observed 

that the MoO3/F5BsubPc interface(s) do not adequately rectify and produced only a 

minimal photocurrent. However, a large Voc > 1 V was produced due to the large 2.1 eV 

bandgap of F5BsubPc (Figure 2, blue line). This is similar to the large Voc in MoO3/C60 

Schottky devices previously reported.406 In contrast, the F5BsubPc/C60 device (without 
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MoO3, Figure 2, red line) produced similar Jsc to its reference device (Figure 2, black line), 

albeit with an s-kink due to charge extraction limitations – presumably caused by poor 

alignment of the ITO 4.7 eV work function with the low lying HOMO of F5BsubPc (IP of 

5.7 eV) in the absence of MoO3. Thus, we can conclude that the F5BsubPc/C60 interface is 

indeed the rectifying interface where photocurrent is generated in the 

ITO/MoO3/F5BsubPc/C60/BCP/Al device(s). These observations are consistent with the 

Figure 3. (top) IPCE (black line), APCE (blue line), and absorbance (red line) of an 

ITO/MoO3 (6 nm)/F5BsubPc (29 nm)/C60 (40 nm)/ BCP (10 nm)/Al (100 nm) large-

area device. The absorbance spectrum coincides with what is expected of a 

combination of F5BsubPc and C60, the IPCE response peaks ca. 10−20 nm to the red of 

the main absorbance peak, suggesting that exciton dissociation is favored by excitation 

of a minority species at the F5BsubPc/C60 heterojunction. (bottom) A plot of the log of 

IPCE versus wavelength for the same device. 
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UPS data outlined below in Section 6.4. An IPCE plot for a representative 

ITO/MoO3/F5BsubPc/C60/BCP/Al large-area device is shown in Figure 3. A sharp increase 

in the IPCE spectra at ∼600 nm is seen with an IPCE response of 33% corresponding to 

the contribution from the absorption of light from F5BsubPc. The F5BsubPc/C60 device also 

shows a significant photoresponse from the absorption of light by C60 between 400 and 500 

nm (Figure 3). The absorption is exclusively from C60, since F5BsubPc has an absorption 

minimum over that range. The devices maintain ∼30% IPCE throughout this absorption 

range. The Jsc estimated from the integration of the IPCE spectrum, normalized to the AM 

1.5G spectral response and the excitation lamp output,51 was 1.81 mA/cm2, which is lower 

than the measured value (3.1 mA/cm2). For comparison, Cl-BsubPc (13 nm)/C60 (33 nm) 

devices are reported to have an IPCE of ∼45% at the Cl-BsubPc absorption maximum.369 

Photocurrent from a possible charge transfer (CT) complex between F5BsubPc and C60 can 

be observed in the IPCE spectrum, at a wavelength of 732 nm, which is consistent with 

absorption from a CT state at 1.69 eV (Figure 3, bottom). Similar CT states have been 

previously observed in Cl-BsubPc/ C60 planar or graded heterojunctions with IPCE 

contributions starting at 600 nm and tailing to 750 nm.1,46 The energy of charge transfer 

states in OPV devices has recently been correlated to measured Voc.
407  Applying this 

concept to the F5BsubPc/C60 devices predicts a Voc of 1.09 ± 0.07 V in good agreement 

with our experimental measurements. 
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6.3 OPVs Based on Cl-BSubPc/F5BSubPc Planar Heterojunctions 

 

Bender, Morse and coworkers have demonstrated in previous work that F5BsubPc 

can act as an electron-transporting and electroluminescent material.203,399  In the preceding 

section, we outlined the pairing of F5BsubPc with C60 wherein F5BsubPc had the role of a 

hole transporter and light absorber. The frontier molecular orbitals of F5BsubPc also 

suggest that it would be an effective material in OPVs as an electron acceptor if electron-

Figure 4. Log (A) and linear (B) dark and illuminated J/V plots for PHJ OPVs using F5BsubPc 

as an acceptor and PEN (blue line) or Cl-BsubPc (black line) as donor materials. (C) Schematics 

of the molecular structure of F5BsubPc and its frontier molecular energy level alignment with 

PEN and Cl- BsubPc. (D) The structure of the Cl-BsubPc/F5BsubPc and the PEN/F5BsubPc PHJ 

devices. 
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donor materials are selected with an appropriate energetic offset. For example, our UPS 

data (Section 6.4)suggest that F5BsubPc can used as an acceptor material when paired with 

Cl-BsubPc (5.6 eV),200 albeit with a relatively small band edge offset of ∼0.1 eV. There is 

literature precedence of “all-BsubPc” devices producing Voc near 1 V with only 0.1−0.3 

eV offset in their IP (0.2−0.6 eV offset in electron affinity values) and producing high 

power conversion efficiencies (2.7% and 4%).202,408 We also selected PEN as an alternative 

electron-donating material for pairing with F5BsubPc because of its lower IP (4.8 eV) and 

its significant HOMO offset versus F5BsubPc (Figure 4).409,410  

PHJ devices with the configurations Al (100 nm)/BCP (8 nm)/ F5BsubPc (x nm)/Cl-

BsubPc (10 nm)/MoO3 (8 nm)/ITO and Al (100 nm)/BCP (8 nm)/F5BsubPc (x nm)/PEN 

(50 nm)/ITO (Figure 4D) were thus constructed and evaluated as PHJ OPVs. Reasonable 

rectification was observed in the dark for both device configurations (Figure 4). The 

F5BsubPc layer thickness was varied while the thicknesses of the PEN and Cl-BsubPc 

Table 2. Summary of PHJ Device Optimization by Varying the F5BsubPc 

Thickness in the Following Device Configurations: ITO/PEN (50 

nm)/F5BsubPc/BCP (10 nm)/Al (100 nm) and ITO/MoO3 (8 nm)/Cl-

BsubPc (10 nm)/F5BsubPc/BCP (10 nm)/Al (100 nm).a 

aStandard deviations for an average of at least eight 0.019 cm2 devices are 

reported for each performance parameter. 
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layers were held constant at 50 and 10 nm, respectively (according to best practices for 

each outlined in the literature).200,411 Using F5BsubPc as the electron-transport layer, Voc 

values of 0.95 and 1.05 V were observed for PHJ OPVs with PEN and Cl-BsubPc electron 

donors, respectively (Figure 4). The best thickness for the F5BsubPc layer in the 

F5BsubPc/Cl-BsubPc devices over the range tested was 40 nm, resulting in a Jsc of 2.1 

mA/cm2. For the PEN/F5BsubPc devices the best thickness over the range tested was found 

to be 51 nm producing a Jsc of 0.73 mA/cm2. The FF for each device were comparable at 

43.2% and 41.8%, respectively and the best power conversion efficiencies for Cl-

BsubPc/F5BsubPc and PEN/F5BsubPc devices were 0.94% and 0.28%, respectively (Table 

2).  

In the case of the “all-BsubPc” Cl-BsubPc/F5BsubPc device, IPCE measurements 

showed that absorption of wavelengths between 450 and 650 nm contributed to the 

photoresponse of the device (Figure 5). This narrow spectral response is not surprising and 

is a result of the near identical absorption profiles of the two active materials (Cl-BsubPc 

and F5BsubPc). The highest photoresponse is observed at 596 nm with an IPCE of 47%. A 

second peak in the IPCE spectra is observed at 548 nm similar to the absorbance shoulder 

present for the BsubPcs. CT states are also observed at the onset of the IPCE plot (Figure 

5, bottom). Here a peak is observed at 720 nm representing absorbance and photocurrent 

production from a CT state at 1.72 eV. Calculating the predicted Voc using the correlation 

developed by Graham et al.407 suggests a value of 1.12 ± 0.07 V, once again in good 

agreement with our experimentally measured Voc. By integrating the IPCE spectra and 

normalizing it to the spectral output of our AM1.5G illumination source,51 we estimate a 
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device Jsc of 2.38 mA/cm2, which is in good agreement with experimental observations 

(2.19 mA/cm2). By comparison to the F5BsubPc/C60 device discussed above, an 

improvement from 33% to 47% in IPCE at 600 nm indicates an additional contribution 

from the Cl-BsubPc in the photoresponse. The IPCE performance of Cl-BsubPc/C60 

devices in literature46,369 and Cl-BsubPc/F5BsubPc devices outlined herein are similar to a 

photoresponse of ∼45% at 600 nm. Finally, to probe the Cl-BsubPc/F5BsubPc interface as 

the rectifying interface, we also deconstructed the ITO/MoO3/Cl-

BsubPc/F5BsubPc/BCP/Al device. Schottky junction devices that lacked the F5BsubPc 

layer were constructed (ITO/MoO3/Cl-BsubPc/F5BsubPc/BCP/Al). These Schottky 

Figure 5. (top) IPCE (black line), APCE (blue line) (arbitrary units), and absorbance (red line) 

of the PHJ ITO/MoO3 (8 nm)/Cl-BsubPc (10 nm)/F5BsubPc (40 nm)/BCP (8 nm)/Al (100 nm) 

large area device. As for the F5BsubPc/C60 OPVs, the absorbance spectrum is a composite of 

absorbance from both BsubPcs; the IPCE spectra suggest photocurrent production from minority 

forms of the BsubPcs at the F5BsubPc/Cl-BsubPc heterojunction absorbing at near 615 nm. 

(bottom) A plot of the log of IPCE versus wavelength for the same device. 
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junction devices lacked rectification similar to previous reports,412 and therefore we can 

conclude that the Cl-BsubPc/F5BsubPc interface must be the rectifying interface and 

F5BsubPc must be acting as an electron acceptor, an observation that is consistent with the 

UPS data outlined below. 

6.4 Band Edge Energies for F5BSubPc/C60 and Cl-SubPc/F5BSubPc Planar 

Heterojunctions 

We then moved to establish the band-edge offsets for the frontier orbital energies for 

F5BsubPc as an electron donor in PHJs with C60 as an electron acceptor, and for F5BsubPc 

as an electron acceptor in PHJs with Cl-BsubPc as the electron donor. This was done to 

evaluate the offsets in transport HOMO and LUMO levels, which are believed to be 

Figure 6. Schematic view of the HOMO levels and local vacuum level shifts for 

Au/MoO3/F5BsubPc/C60 PHJs, as determined from layer-by-layer vacuum deposition of these 

materials over a thickness range of ∼10 nm. Electronic equilibrium is maintained with the 

spectrometer throughout all deposited layers; hence we show the Fermi energy to be constant 

throughout all layers. The offset in HOMO energies between the F5BsubPc and C60 layers (0.6 eV) 

coupled with the assumed bandgap energies for each component (2.1 and 2.0 eV, respectively) 

leads to an offset in transport LUMO energies (EF5 LUMO − EC60 LUMO = ca. 0.7 eV), providing for 

both the rectification seen in these planar heterojunctions in the dark, and the driving force for 

exciton dissociation under illumination. 
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necessary for efficient exciton dissociation and selective charge extraction.180,200,266 Figure 

6 shows the offsets in HOMO energies for the F5BsubPc/C60 heterojunction, as estimated 

from UPS characterization of vacuum-deposited thin films of the relevant materials, 

starting with a clean Au substrate. 156,413 Equivalent results were obtained with ITO 

substrates, but electronic equilibrium is easier to maintain during UPS experiments on Au 

substrates, using film thicknesses of each layer similar to those used in the above outlined 

devices. Since we used thin layers of vacuum-deposited MoO3 to enhance hole collection 

in the devices, 7,114 this was replicated for the UPS experiments on Au substrates. We 

typically started with clean Au, added the MoO3 layer at a device-relevant thickness, 

followed by the donor layer also at its device-relevant thickness, and then a few layers of 

the electron acceptor, up to its final device thickness. After correction for the significant 
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local vacuum level shifts (as determined by shifts in the LKE region of the UPS spectra), 

especially for the F5BsubPc/C60 interface, we found an offset in HOMO energies for 

F5BsubPc and C60 of 0.6 eV. Assuming a transport bandgap for F5BsubPc of 2.1 eV and a 

transport gap of ca. 2.0 eV for C60, we estimate an offset in transport LUMO levels, EF5 

LUMO − EC60 LUMO = ca. 0.7 eV, which is more than sufficient to provide the driving 

force for exciton dissociation at the F5BsubPc/C60 interface.266 There are, in addition, 

adequate offsets in the HOMO and LUMO levels to provide the rectification and selective 

charge harvesting associated with PHJ OPVs. 35,64,406,414 Figure 7 shows the energetic 

offsets for the Cl-BsubPc/ F5BsubPc heterojunctions. The IP of F5BsubPc is only ca. 0.1 

eV larger than for Cl-BsubPc, and from the absorbance spectra of their thin films, the offset 

Figure 7. Schematic view of the HOMO levels and local vacuum level shifts for Au/MoO3/Cl-

subPc/F5BsubPc PHJs, as determined from layer-by-layer vacuum deposition of these materials 

over a thickness range of ∼10 nm. Electronic equilibrium with the spectrometer is maintained 

throughout all deposited layers, hence the common Fermi energy. The offset in HOMO energies 

between the Cl-BsubPc and F5BsubPc (0.1 eV) coupled with the assumed bandgap energies for 

each component (2.1 eV for each BsubPc) leads to an offset in transport LUMO energies (ECl LUMO 

− EF5 LUMO = ca. 0.1 eV). 
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in transport LUMOs (ECl-BsubPc LUMO − EF5BsubPc LUMO) is estimated to be ca. 0.1 eV, 

suggesting a lower driving force for exciton dissociation and offsets in the transport HOMO 

and LUMO energies, which might make rectification of the J/V response difficult. 162,266,405 

Only small shifts in local vacuum level were seen in the UPS spectra of these 

heterojunctions as revealed by shifts in the LKE edges of the photoemission spectra. 

Despite the small offsets and the fact that both Cl-BsubPc and F5BsubPc show Fermi levels 

that suggest both materials are p-type (relative to C60), reasonable photovoltaic behavior 

was observed and detailed above for the Cl-BsubPc/F5BsubPc PHJ. 
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6.5 PHJ OPVs Based on Multiple Electron-Donor or Multiple Electron-

Acceptor Layers 

Cascade OPVs have the potential to make use of three organic materials with 

monotonically-decreasing frontier orbital energy levels. In one example of an energetically 

monotonic arrangement of materials, the first layer acts an electron-donor layer, the second 

layer is ambipolar (transports both holes and electrons), and the third layer acts as an 

electron-acceptor layer. This configuration may create two PHJ regions for exciton 

dissociation (donor/ambipolar layer and ambipolar layer/acceptor) but the additional 

heterojunction adds an additional energetic barrier to charge extraction, thus lowering the 

expected Voc. As a proof of concept that F5BsubPc could act as the ambipolar component 

Figure 8. Log (A) and linear (B) dark and illuminated J/V plots for PHJ OPV cascade devices 

in configurations that require F5BsubPc to form a heterojunction with PEN backed with C60 

as the electron-transport layer (blue line) or a heterojunction with Cl-BsubPc (black line) 

backed with C60 as the electron-transport layer. (C) Device configuration of PHJ 

PEN/F5BsubPc/C60 OPV. (D) Device configuration of PHJ Cl-BsubPc/F5BsubPc/C60 OPV. 
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in a cascade arrangement, we explored two device configurations: ITO/MoO3 (6 nm)/Cl-

BsubPc (10 nm)/F5BsubPc (x nm)/C60 (40 nm)/BCP (10 nm)/Al (100 nm) and ITO/PEN 

(50 nm)/F5BsubPc (11 nm)/C60 (40 nm)/BCP (10 nm)/Al (100 nm). For the Cl-

BsubPc/F5BsubPc heterojunction, the F5BsubPc layer was varied between 10, 20 and 40 

nm and the OPV device performance was evaluated at each thickness. At 20 and 40 nm, 

an s-kink was observed in the J/V curve, which is likely attributable to enhanced 

recombination or charge carrier mobility imbalance in the cascade-device architecture. 404 

Higher series resistances were also seen at F5BsubPc thicknesses of 20 and 40 nm. 

However, at an F5BsubPc layer thickness of 10 nm, a power conversion efficiency of 0.96% 

and a standard shaped J/V curve was observed (Figure 8). By comparison to the planar 

bilayer devices described above, this cascade device produces ∼50% more photocurrent 

but has a smaller Voc by ca. 0.3 V (Table 3). PEN/F5BsubPc/C60 cascade devices also 

showed the same general performance; higher photocurrent with lower Voc. However, in 

this case less significant gains are observed in overall cell performance perhaps since the 

PEN/F5BsubPc/C60 cascade device combines two sub cells with strikingly mismatched 

Table 3. A Comparison between the PHJ Cascade OPV Devices 

ITO/MoO3/Cl-BsubPc/F5BsubPc/C60/BCP/Al and ITO/ 

PEN/F5BsubPc/C60/BCP/Al and Their Comparative Bilayer Devices. 
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device performance (Voc of 0.71 V and a Jsc of 1.43 mA/cm2, Table 3). Nonetheless, given 

these two examples, we can conclude that F5BsubPc can also function as an ambipolar 

layer in a cascade arrangement, transporting both electrons and holes while also absorbing 

light. 

6.6 Conclusions 

Through our collaboration with Graham Morse and Tim Bender we have 

demonstrated that F5BsubPc can function as either an electron-donating/hole-transporting 

material or an electron-accepting/electron-transporting material in a PHJ OPV 

configuration. Using C60 as the electron acceptor and F5BsubPc as the electron donor, good 

frontier orbital energy offsets were observed, which are consistent with other high IP 

donor/C60 heterojunctions. OPVs with good rectification, high Voc, and reasonable 

efficiency were achieved for un-optimized devices. For Cl-BsubPc/F5BsubPc devices, the 

measured offsets in both the HOMO and LUMO energies were small (ca. 0.1 eV), but good 

rectification and photovoltaic activity was still achieved. In each case, by deconstructing 

the devices we could verify that the rectifying and photocurrent producing interfaces were 

the F5BsubPc/C60 and Cl-BsubPc/F5BsubPc interfaces. In each of the device 

configurations, a strong contribution to the photocurrent was observed at energies below 

the lowest energy excitonic state. Charge transfer complexes at the donor/acceptor 

interface are observed by IPCE and are ∼1.7 eV for both F5BsubPc/C60 and Cl-

BsubPc/F5BsubPc. To probe the ambipolarity of F5BsubPc, we also constructed cascade-

OPV devices. We demonstrate that F5BsubPc can function in this role by effectively 

transporting both holes and electrons while absorbing light, albeit only for a specific (and 
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largely un-optimized) F5BsubPc layer thickness. Our cascade devices produced, on 

average, ca. 50% higher photocurrent (presumably due to the two exciton dissociation 

interfaces) but a reduced Voc (in comparison to a similar donor/acceptor OPV). 415,416 

F5BsubPc is a representative of the more general class of phenoxy-BsubPcs. We feel these 

results further the idea that the field should look beyond the prototypical BsubPc, Cl-

BsubPc, and towards the large synthetic variation that is available to phenoxy-BsubPcs. 

Based on the work outlined herein and previous work by Bender, Morse and coworkers 

showing the dual functionality of F5BsubPc in OLEDs, 142,202 we feel phenoxy BsubPcs 

may have significant promise across multiple organic electronic device configurations. 
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CHAPTER 7: CONCLUSIONS AND FUTURE DIRECTIONS 

 

7.1 Conclusions 

 This work has made a significant impact within the OPV community due to its 

focus on the order/disorder at the oxide organic interface. By using a unique dipolar 

material, ClInPc, and using techniques that have not been utilized in the OPV community, 

this work been able to identify what processes, electronic and morphological, are operative 

and important to the performance of small molecule OPVs. OPVs have gained an enormous 

amount of attention over the last 10 years, especially in the research community where 

through the combination of government and private sector investments, we are finally 

starting to challenge the interfaces contained within. While new materials and architectures 

are constantly being developed and tested, the interfacial chemical and electronic processes 

have been and will continue to be at the forefront in developing high efficiency OPVs.  

7.1.1 Surface treatment of ITO: Polar vs. Non-Polar Donors 

In Chapter 3 we studied the influence of the hole collecting electrode surface 

chemical properties and the corresponding effects on polar and non-polar electron donor 

materials. We show that the orientations of polar electron-donor materials, ClInPc and 

TiOPc, have a significant impact on hole-collection and OPV efficiencies whereas non-

polar materials do not show significant differences. Activating the ITO surface with pre-

treatments/chemical modifications, increased the performance of ClInPc-based PHJ OPVs 

by approximately twofold.  Despite a high work function (5.1 eV) and wettability by non-
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polar donor layers, the F5BPA–modified ITO leads to less organized Pc layers, as indicated 

in both the UPS results and visible spectroscopic characterization, and poorer ClInPc/C60 

or TiOPc/C60 OPV PHJ performance (Section 3.4). For a non-polar donor like PEN, which 

does not demonstrate specific interactions with the ITO surface, OPV performance is 

affected provided the effective work function of the ITO contact exceeds the IP and 

transport HOMO energies of the donor layer.   

7.1.2 Effect of Energetic and Structural Dispersity on Charge 

Movement 

MIS-C platforms confine charge harvesting/injection to a single MSC/contact 

heterojunction, allowing us to correlate changes in differential capacitance, over a broad 

frequency range, and charge/time or current/time transient’s in-situ, with changes in the 

energetic dispersity revealed by UPS measurements. High sensitivity He(I) UPS spectra 

quantify band tailing above the transport HOMO PES band for ClInPc films on AP-ITO, 

which is significant, especially for the as-deposited ClInPc films.  Conversion of the as-

deposited ClInPc film to the phase II polymorph leads to narrowing of the HOMO 

photoemission band, indicative of an ITO/ClInPc interface that is energetically more 

homogeneous.  These changes correlate with deviations in the impedance and current/time 

transient responses of MIS-C devices (ITO/ClInPc/SiO2/Al), which were used to 

characterize the electrical properties of the oxide/organic interface. Enhancing the 

energetic homogeneity of the oxide/organic interface also leads to changes in behavior of 

ClInPc-based Schottky diodes as well as full OPV devices, including lowered reverse bias 

dark leakage currents and diode quality factors closer to ideal values.  We propose that the 
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combination of these approaches to interface characterization are relevant to understanding 

charge harvesting and injection efficiencies in a broad array of MSC device platforms, for 

which it is increasingly believed that dispersity in band edge energies (band tailing) is an 

important factor affecting efficiencies of charge collection and injection, and overall device 

efficiency. 

7.1.3 Recombination processes in BHJs based on a Polar Donor 

We show that trap states for ClInPc HTLs are critical in determining the charge 

transport properties in devices based on ClInPc:C60 BHJ. The trap state densities observed 

with BHJ MIS-C devices decrease as the BHJ concentration of C60 is increased (28% 

decrease for the Phase I HTL, 19% for Phase II HTLs). When the ClInPc HTL is disordered 

(Phase I), we see big differences in performance as a function of mixing ratio (10% increase 

in Voc). However, when the ClInPc HTL is ordered (Phase II) those differences become 

less pronounced (3% increase in Voc). The prototypical reference HTL, MoO3, showed a 

relative invariance to dark saturation current and diode-quality factor when these different 

ClInPc:C60 BHJ mixing ratios were deposited on top. However, we note that when using 

the Phase II, ordered polymorph of ClInPc as the HTL, we achieve a similar device PCE 

(2.4%) than when using MoO3 (2.3%), and that this PCE is on par with other well-studied 

systems with BHJs that are over two times the thickness of the BHJ studied here. This 

presents ClInPc as a viable BHJ component and HTL material, where the major benefit 

would be in tandem architectures due to its ability to have a relatively thin BHJ active layer 

and a high Voc. 
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7.1.4 F5BSubPc as a Multifunctional Material in OPVs 

Through our collaboration with Graham Morse and Tim Bender we have 

demonstrated that F5BsubPc can function as either an electron-donating/hole-transporting 

material or an electron-accepting/electron-transporting material in a PHJ OPV 

configuration. For Cl-BsubPc/F5BsubPc devices, the measured offsets in both the HOMO 

and LUMO energies were small (ca. 0.1 eV), but good rectification and photovoltaic 

activity was still achieved. In each case, by deconstructing the devices we could verify that 

the rectifying and photocurrent producing interfaces were the F5BsubPc/C60 and Cl-

BsubPc/F5BsubPc interfaces. In each of the device configurations, a strong contribution to 

the photocurrent was observed at energies below the lowest energy excitonic state. We 

demonstrate that F5BsubPc can function in this role by effectively transporting both holes 

and electrons while absorbing light, albeit only for a specific (and largely un-optimized) 

F5BsubPc layer thickness. 

7.2 Future Directions 

While this work makes big strides in determining orientation dependence of 

molecules and their effects on device performance, the next step needs to include 

techniques where we are able to study buried interfaces without the need for sequential 

depositions (i.e. in our layer by layer UPS measurements) or the use of destructive 

techniques. One of these techniques was presented in Chapter 5 where, by using p-RSoXR, 

we would be able to probe changes in morphology at buried interfaces. This is important 

due to the fact that causal relationships are difficult to make when you are measuring films 

that are not representative of those in full devices because we know interfaces change when 



221 
 

materials are isolated vs. when in contact. The challenge going forward will be how we de-

couple intimate processes that depend on each other. We will have to couple these new 

measurement techniques with the use ‘state of the art’ materials that are being developed 

now such that we can then probe and deduce the relevant interfacial properties and 

subsequently understand what our next generation electrodes and architectures need to be. 
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APPENDIX A 

 

A.1 Incident photon to current efficiency (IPCE) 

 

 

 

Newport Grating Information

Grating 1 Grating 2
Line density 
(g/mm)

1200 1200

Blaze λ 350 750

Type Ruled Ruled

Reciprocal Linear 
Dispersion 
(nm/mm)

6.6 6.2

Peak Efficiency (%) 80 85

Primary λ region 200-1600 nm 450-1600 nm

Upper λ limit 1600 nm 1600 nm

Model 74024 74025

Multiple Fixed Slit Wheel
Model 77269 Newport

No. of 
Slit

Slit Width
(microns)

Band 
Width
(nm)

1 50 0.5

2 120 1

3 280 2

4 600 4

5 1240 8

6 760 5

7 1560 10

8 3160 20

Figure 1. Calibration parameters for the Newport cornerstone 

monochromater. The slit wheel was normally set to give a band width of 4 

nm and the 350 blaze grating was used in the work contained in this 

disseration. 
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A.2 Deposition Software 

A.2.1 Single component deposition 

 

The deposition software was upgraded to include reference grade quartz crystal oscillators 

that could be interfaced with Q-Pod controllers that are connected via USB to a computer 

which monitors rate and thickness of the deposited materials. The Q-pod software is shown 

below in Figure 3 where the materials and their corresponding rates and parameters are 

displayed. This software has enabled the lab to precisely control, with angstrom resolution, 

the thickness of thin films (organic or metal) being vacuum deposited on any surface. 

 

 

Figure 4. Inficon Q-pod software start screen showing the parameters used to deposit thin 

film organic materials and metals. 
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The types of crystals and the data acquisition system for the new rate and thickness monitor 

can be controlled via the setup page of the software shown in Figure 4. 

 

 

 

 

 

 

 

 

Figure 5. Setup menu for the q-pod software used to control single depositions. 
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A.2.2 Co-deposition Software 

 

 

The co-deposition software was purchased from Inficon and was chosen so that the 

custom electronic and vacuum equipment that was developed could be paired to effectively 

control and monitor rates of two materials being deposited simultaneously. The software 

is interfaced with PC control card, and is shown at startup in Figure 5. The software comes 

with a manual that provides in depth information on the various parameters and menu items 

that can control 1 to 6 depositions at once. The software is available on the NRA Server 

and on the OPV and MO chamber computers.  

 

 

Substrate

QCM 1 QCM 2

Source 1 Source 2

Source 

Plume

Source 

Plume

Figure 6. Layout of the vacuum equipment used to co-evaporate small molecule organic 

photovoltaics. 
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Figure 7. Start screen of the Inficon co-deposition software 
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A.3 Differential Capacitance Calculation 

 

 

 

 

 

 

 

 

 

Exported SMaRT Impedance Data

Experiment start time : 9/9/2013 11:53:55 AM

Frequency (Hz) AC  (V) DC  (V) Cap. Mag. (F) Z Phase (Deg) Z (Ohms) Z Imag. (Ohms) Diff. Cap. (F) Diff. Cap. (nF)

5000000 0.05 -1 4.36E-11 -44.66671 519.2675 -513.261 3.06478E-11 0.030647821

3971641 0.05 -1 5.58E-11 -33.90118 595.6107 -400.2516 3.11469E-11 0.03114693

3154787 0.05 -1 7.20E-11 -26.18947 628.3793 -309.0575 3.1795E-11 0.031795028

2505936 0.05 -1 9.10E-11 -20.77123 652.2534 -247.3931 3.22873E-11 0.03228731

1990536 0.05 -1 1.14E-10 -16.75932 669.1768 -201.518 3.299E-11 0.032989974

1581139 0.05 -1 1.45E-10 -13.60291 674.9193 -163.3164 3.40928E-11 0.034092842

1255943 0.05 -1 1.78E-10 -11.54111 696.0058 -142.1241 3.56903E-11 0.035690333

997631.2 0.05 -1 2.30E-10 -7.074005 689.6019 -85.57673 2.8273E-11 0.028272996

792446.6 0.05 -1 2.85E-10 -6.542318 700.1252 -80.29303 3.24715E-11 0.032471458

 𝑖  𝐶    
−𝑍𝐼   

2      𝑒  𝑍𝑅    𝑍𝑅   
 + 𝑍𝐼   

 


Figure 8. Example of data obtained via the impedance analyzer and the corresponding 

equation used to calculate the differential capacitance. The differential capacitance is 

shown in Farads and nano-Farads. 
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