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Organic photovoltaic (OPV) devices have gained significant academic interest 

over the past three decades because of their potential as a low cost energy source with 

uniquely tuneable properties. While recent reports of devices with greater than 10 

percent power conversion efficiency are very encouraging to this young technology, 

OPV devices are still limited by intrinsic properties of organic semiconducting materials. 

In this work, two strategies for circumnavigating the inherent tradeoffs of these materials 

are explored in detail.  

First, the insertion of an anode interlayer (AIL) structure between the substrate 

and active layers was investigated as a means to alter the optoelectronic properties of 

subsequently deposited films and ultimately to improve OPV device performance. Lead 

Phthalocyanine (PbPc) thin films grown on a Pentacene AIL exhibited increased near 

infrared (NIR) absorption resulting from an increased fraction of the triclinic crystal 

phase. Compared with thin films and devices grown on oxide surfaces, spectral 

response was extended well into the NIR range, increasing photocurrent generation by 

more than 30 %. Next, the crystalline regions of Zinc Phthalocyanine (ZnPc) thin films 

were shown to shift from exclusively edge on to a combination of edge on and face on 
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orientations with the introduction of a PEDOTPSS/Tetracene AIL structure. By varying 

the active layer structures of ZnPc based OPV devices, significant enhancements in 

photocurrent generation were demonstrated and a ZnPc record 5.8 percent power 

conversion efficiency was achieved. Finally, the amorphous donor 

Tetraphenyldibenzoperiflanthene (DBP) was used in conjunction with exciton 

dissociating and exciton blocking AIL structures in order to directly compare their effects 

on OPV device performance. While both AIL structures improved photocurrent 

generation, we showed that the exciton blocking AIL structure is best-suited for 

maximizing power conversion efficiency.  

Finally, tandem devices were constructed with two complimentary donor 

materials to achieve a device with high open circuit voltage and spectral response past 

one micron. By measuring the photocurrent behavior of the individual subcells within the 

tandem stack, we were able to validate optical electric field calculations and improve 

power conversion efficiency to a material record 4.5 percent. 
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CHAPTER 1 
INTRODUCTION TO ORGANIC PHOTOVOLTAICS 

1.1 Motivation 

Dating back to the discovery of fire and tools many thousands of years ago, 

humans have distinguished ourselves as a species by our ability to use natural 

resources to improve our quality of life. As time has gone on, our understanding of 

physical processes has vastly increased both the amount of natural resources that we 

are able to harness and the methods by which we harness them. This ability to learn 

and adapt has opened many possibilities to mankind, none of which would be possible 

without vast amounts of available energy and the ability to put that energy to use. 

Nevertheless, energy consumption changed relatively little from the discovery and 

control of fire until the discovery of the steam engine in the 18th century. Once the 

potential of naturally occurring fossil fuels was unlocked, human civilizations have been 

able to achieve unprecedented levels of widespread prosperity and quality of life. 

In the United States, the diversity of available energy highlights mankind’s ability 

to shift between different sources as they come available. A historical timeline of United 

States energy consumption by source is shown in Figure 1-1. Dominated by wood-

burning prior to the discovery of coal some 150 years ago, the utilization of the higher 

energy density fossil fuels coal, oil, and natural gas came to compose the majority of 

energy production in the United States throughout the 20th century. These tried and true 

methods continue to provide for the vast majority of present energy consumption in 

many developed countries.  

Whether or not it is in the best interests of regional, national, and global societies 

to rely on these traditional energy sources well into the future is a very fascinating 
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debate. On the one hand, developed countries have successfully built robust 

infrastructures for capturing and deploying energy from fossil fuels. As a result, the 

financial costs of energy derived from these sources are relatively low. Further 

advantages in technology have served to further improve our ability to extract fossil 

fuels from the earth and spread power efficiently. On the other hand, the infrastructures 

that keep costs down in developed countries are not in place in underdeveloped or 

developing regions of the world. Furthermore, the finite amount of traditional energy 

resources makes relying on them a dubious proposition on any length scale over 100 

years. Finally, the scale and reversibility of the environmental impact resulting from 

traditional energy sources casts a shadow over their widespread use in the future. 

 

Figure 1-1.  Energy consumption in the United States throughout history, sorted by 
energy source. 

 
Several renewable, clean energy sources have emerged as viable large-scale 

alternatives to traditional sources in the last few decades. Together, the renewable 

sources hydropower, wind, biomass and waste, solar photovoltaic, geothermal, and 
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concentrated solar combined to generate approximately 4.5 terrawatt hours (TWh) in 

2011 [1], representing a 55% increase in global renewable power generation since 

2000. While this is a staggering number, it still represents only a small portion of total 

energy supply: a case study conducted by the United States Energy Information 

Administration projects that 12% of worldwide energy consumption in 2014 will come 

from renewable sources [2]. Clearly, if renewable sources are going to be a factor in the 

future they must be available on a very large scale. 

Among the renewable power options, solar is unique because of the vast amount 

of energy available. Disregarding the angular and spatial distributions of optical power 

and the intermittent nature of solar availability, the standard “1 sun” optical power 

intensity is 1 W/m2. Accounting for the entire surface area of the planet, this 

corresponds to roughly 50,000 TW. If we consider the 29% of surface that is not 

covered by water and assume a feasible 10% power conversion efficiency, we arrive at 

1450 TW of usable solar power. That same Energy Information Administration case 

study projects a global energy demand of 30 TW in the year 2050. So, covering roughly 

2% of the earth’s land area with 10% efficient solar cells can reasonably supply this 

demand when the sun is shining. 

These back-of-the-envelope calculations have omitted important details such as 

distribution efficiency, temporal mismatch between supply and consumption, and 

stability. But the fact that the amount of solar energy incident on the earth represents a 

substantial fraction of energy consumption on a global scale merits attention in itself. 

The work presented in this dissertation is motivated by this vast potential of solar energy 

as a solution to local, regional, domestic, and global power requirements. 
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1.2 Inorganic and Organic Semiconductors 

In the most basic sense, a photovoltaic (PV) device directly converts solar energy 

to electrical energy by converting photons to electrons. This process can be further 

broken into two steps: light absorption and charge carrier conduction. In the first step, 

incident photons with sufficient energy can promote electrons in a solid from the ground 

state to a quantum mechanically allowed excited state. Semiconductors are ideal 

candidates for maximizing the efficiency of this process because the energy gaps 

between their ground and excited states, or band gaps, are well-aligned with the 

energetic distribution of solar energy. A reference solar irradiance spectrum generated 

by the American Society for Testing and Materials [3] is shown in Figure 1-2.  

 

Figure 1-2.  ASTM solar spectral irradiance and total absorbed power as a function of 
semiconductor band gap energy. 
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The majority of solar irradiance is distributed between photon energies of 1 and 3 

eV, in good agreement with the allowed interband transition energies of the inorganic 

semiconductors silicon (Si, 1.1 eV), gallium arsenide (GaAs, 1.4 eV) and copper indium 

gallium diselenide (CIGS, 1.0 – 1.7 eV). Put another way, if we assume continuous light 

absorption of photon energies greater than the band gap, the band gap energy of Si 

allows for 800 W/m2, or 80%, of the incident optical power to be absorbed. 

In addition to advantageous optical properties, semiconductors also exhibit 

excellent electrical properties for efficient charge carrier transport. Inorganic 

semiconductors are characterized as covalent solids where the valence electrons of 

neighboring atoms are shared within the crystal. These three dimensional crystalline 

networks result in well-defined energy bands which are filled with electrons from the 

bottom of the energetic distribution according to Hund’s rule and the Pauli exclusion 

principle. The highest-lying fully occupied band is termed the valance band, and the 

lowest-lying empty (at T = 0 K) band is termed the conduction band. By introducing 

dopants, atoms with more or fewer valence electrons than the host material, into 

substitutional lattice sites the occupancies of the valence and conduction bands can be 

engineered to achieve the desired electrical properties.  

Owing to their deep knowledge base dating back to the 1950s and excellent 

electrical properties which arise from extremely high levels of purity, power conversion 

efficiencies (ηP) over 20% have been achieved in cells based on these materials [4]. 

While these efficiencies are high enough to satisfy significant energy needs, the extent 

of future enhancement is relatively limited as these efficiencies are very close to the 

theoretical maximum, first calculated by Shockley and Queisser [5]. After more than a 
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half century spent collectively researching and developing photovoltaics, the cost of 

these modules is still high enough to limit their market share to well less than 1% of 

global and domestic power generation [1,2]. A large part of these costs stems from the 

complexity and high thermal budgets of processing steps that are required to achieve 

semiconductor films with the optoelectronic properties required for high conversion 

efficiency. The relatively slow pace of inorganic PV development and market 

penetration merits the consideration and study of other classes of photoactive materials.  

Polymer and molecular solids with semiconducting properties present an 

alternative to inorganic semiconductors. Organic semiconducting (OSC) materials can 

be prepared via synthetic chemistry from inexpensive source materials. They can also 

have a broad range of optoelectronic properties which can be tuned by altering the 

chemical structure of the constituent materials and processing methods of films and 

devices. Furthermore, semiconducting polymers and oligomers are compatible with high 

throughput processing methods and non-rigid geometries [6,7]. Altogether these 

advantageous properties of OSCs can reduce processing and module costs, ultimately 

improving such parameters as the energy payback time [8], required energy input [9] 

and final cost of electricity [10]. 

While the materials and processing methods represent an advantage for organic 

photovoltaics, the ultimate performance of their incorporated devices lags behind that of 

inorganic photovoltaic devices. While ηP values have surpassed 20 % in devices based 

on inorganic semiconductors, champion organic photovoltaic devices have only recently 

surpassed the 10 % mark. A timeline of maximum ηP values achieved for various PV 
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technologies is shown in Figure 1-3 [11]. The reasons for relatively low conversion 

efficiencies in organic photovoltaics will be discussed in Chapter 2. 

 

Figure 1-3.  Highest achieved efficiencies for various PV technologies. Image courtesy 
of the National Renewable Energy Laboratory. 

1.3 Brief History of Organic Photovoltaics 

The field of organic photovoltaics (OPV) largely traces itself back to the 

development of the so-called “Tang cell” published by C. W. Tang in 1986 [12]. If we 

take a more simplistic view, carbon-based organisms have captured energy from the 

sun for billions of years. Recalling this fact alone gives the scientist reason to believe 

that photovoltaics, specifically OPVs, can play a major role in energy production for 

human consumption. More practically, photoconductivity in an organic material was first 

observed in Anthracene in the early 20th century [13], but the first functioning PV cells 

based on organic active materials were not discovered until the 1950s [14–16]. While 
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interesting as a proof of concept, these device were not efficient (ηP << 1 %) enough for 

practical consideration.  

Efficiencies remained well below 1 % until 1984 and 1986 when Harima et al. 

[17] and Tang [12], respectively, sandwiched two organic layers with different ionization 

potentials between metal electrodes, forming what would later become known as the 

donor/acceptor (D/A) heterojunction (HJ). The development of new organic materials 

with desirable photovoltaic properties quickly pushed record efficiencies past 1 % in the 

early 1990s. In the two decades since, further improvements in physical, optical, and 

electronic properties, as well as new fabrication and processing concepts, have pushed 

the record OPV efficiencies past the 10 % mark. 

1.4 Optical and Electrical Processes in Organic Semiconductors 

The structural, electrical, and optical properties of OPVs arise from the 

underlying characteristics of their constituent materials. In this section, the physical 

properties of OSCs will be introduced in order to build a framework for discussing the 

performance characteristics of OPV devices in Chapter 2. From these fundamental 

properties, the challenges associated with achieving high performance OPVs will 

become apparent. 

1.4.1 Chemical and Electronic Structures 

By a strict definition, organic materials are those which are composed entirely of 

carbon and hydrogen. Many of the materials used in this field of study would not fit that 

definition, so in the context of this work “organic” will refer to any carbon-containing 

material. Carbonaceous solids come in many forms of varying complexity, as illustrated 

in Figure 1-4. Here we break organic materials into three groups: small molecules, 

polymers, and biological molecules. Small molecules and polymers have similar 
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optoelectronic properties in the solid state but feature different processing techniques 

for film formation. Small molecules and polymers with semiconducting characteristics 

feature extended π conjugation: alternating single and double bonds between carbon 

atoms. Biological molecules can be envisioned as an extended network of oligomeric or 

polymeric units, as exemplified by molecules such as DNA. 

 

Figure 1-4.  Chemical structure of various classes of organic materials. A) Small 
molecular weight molecule zinc phthalocyanine, B) polymers poly (ethylene 
dioxythiophene) and poly (styrene sulfonate), and C) deoxyribonucleic acid 
(DNA). 
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The double-bonded hydrocarbon molecule ethylene, C2H4, is a useful model for 

describing organic solids because it has a relatively simple chemical structure and 

embodies the electronic structure of larger molecules with extended π electron systems, 

including OSC materials. A lone carbon atom has the electronic configuration 

1s22s22pxyz
2. When two –CH2 moieties are brought together, the four valence electrons 

within the n = 2 shell hybridize in order to reduce the energy of the two body system. 

The four valence electrons of each carbon atom hybridize into three sp2 electrons and 

one pz electron: the sp2 electrons form coplanar single σ bonds (two with hydrogen 

atoms, one with the opposite carbon atom) while the pz electrons can form a stabilizing 

π bond with one another. The three σ bonds are oriented in the same plane at 

approximately 120° angles with one another, while the two pz electrons are then located 

above and below the plane of the molecule and can form a π bond between the two 

carbon atoms. This bonding scheme is illustrated schematically in Figure 1-5. 

When the two π electrons of neighboring molecules are shared in a covalent 

bond, the energy of the assembly is minimized and the π electrons within the bond are 

at the very top of the energetic distribution. These two π electrons can also form an 

antibonding π* orbital, which is the next-highest lying energetic configuration allowed in 

the system. Together, these two configurations form the highest occupied molecular 

orbital (HOMO) and lowest unoccupied molecular orbital (LUMO). These energy levels 

and π-π* transitions dominate the optoelectronic properties of OSC materials and 

devices. 

When considering assemblies of conjugated oligomers and polymers in the solid 

state, the frontier molecular orbital energies will be offset from those of the isolated 
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molecules by different amounts depending on material-dependent intermolecular 

interaction energies. However the basic transport energy levels shown in Figure 1-5 will 

schematically look the same. The molecular structures and frontier energy levels, EHOMO 

and ELUMO, of several OSC materials determined by ultraviolet photoelectron 

spectroscopy and optical absorption are shown in Figure 1-6. These values have been 

the topic of extensive study within the OSC community and measured values differ 

slightly between laboratories. As a result, the values collected from the literature [18–31] 

and presented here are approximate and are assigned error tolerances on the order of 

0.1 – 0.2 eV. 

 

Figure 1-5.  Schematic of the bonding in ethylene. A) Atomic configuration of ethylene. 
B) Hybridized electrons in carbon: the electron distributions of hydrogen s 
electrons are shown in gray, hybridized carbon sp2 electrons are blue, and 
carbon p electrons are purple. C) Molecular orbital energies of π and π* 
configurations of ethylene. 
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The frontier energy levels of organic solids exhibit a strong dependence on small 

changes in chemical composition. The family of oligoacenes demonstrates this 

complexity. When a fused phenyl group is added to Tetracene to form Pentacene, the 

band gap is reduced by ~ 0.3 eV and the EHOMO level is shifted closer to vacuum. When 

the fused Tetracene core is maintained and four phenyl groups are added to form 

Rubrene, the band gap is instead increased and the resulting EHOMO level is deeper. 

The family of metal phthalocyanines also embodies a complex relationship between 

molecular chemistry and physical properties, as demonstrated by the shifting energy 

levels and band gaps for Zinc Phthalocyanine (ZnPc) and Lead Phthalocyanine (PbPc).  

 
Figure 1-6.  Molecular structures and frontier energy levels of several organic 

semiconductors. 
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1.4.2 Optical Absorption 

The close relationship between molecular structure and physical properties such 

as energy levels and optical band gap presents a tremendous opportunity to optimize 

these structure-property relationships for incorporation in optoelectronic devices. In the 

case of photovoltaics, one of the most important characteristics of semiconductor 

materials is optical absorption: the more photons a material can absorb, the more 

electricity it can produce. For achieving the best performance in OPV devices, an 

understanding of the physical relationships and familiarity with the properties of 

available materials are equally important. 

The structure-property relationships of the oligoacene family have been studied 

for several decades and are well-known. As a general rule of thumb, as the molecular 

conjugation length increases (i.e. moving from the two-membered Naphthalene to the 

five-membered Pentacene) the EHOMO level shifts closer to the vacuum level and the 

optical absorption onset is red-shifted to lower photon energies [32]. This trend also 

holds in the more structurally complex dicyanovinyl-substituted oligothiophene family. 

An excellent summary of the synthesis and characterization of these materials is given 

by Fitzner et al. [33]. These results are summarized in Figure 1-7. As we will see in 

Chapter 2, the careful selection of materials with different optoelectronic properties is 

key to maximizing OPV performance. 
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Figure 1-7.  Trends in the optical absorption and EHOMO levels in terminally dicyano-
substituted oligothiophenes with different conjugation lengths. Data and 
figures from ref. [33]. 

 
In addition to the individual molecular structures, the absorption efficiency is also 

strongly dependent on molecular arrangement in thin films. For planar OSC molecules 

such as ZnPc and Diindenoperylene (DIP), the orientation of the molecules within a film 

relative to the direction of propagating light has a strong influence on the film’s optical 

properties. As will be shown in Section 1.5, the configuration of OPV devices is such 

that incident light propagates in the direction perpendicular to the substrate surface. 

Optical transitions are strongest when the optical electric field (perpendicular to the 

direction of propagation) is parallel to the molecule’s optical transition dipole moment μ, 

i.e. μ∙E is maximized. It is therefore advantageous to have absorbing films with 

molecules arranged such that their transition dipoles are oriented in the plane of the 

growth surface. For planar molecules, the transition dipole moment is most often along 

the conjugated molecular plane, so the case where planar molecules lie down flat on 

the substrate is ideal for efficient light absorption.  

Schünemann et al. [34] have demonstrated this phenomenon nicely in a study of 

DIP and ZnPc films grown on oxide, gold, and organic surfaces. The peak extinction 
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coefficient of thin DIP films increased three-fold when the molecules were oriented in a 

more flat-lying configuration, while that of ZnPc increased by a factor of two. Rand et al. 

[35] reported similar findings for ZnPc films deposited on a CuI template layer. In both 

cases, the molecular orientations were verified with spectroscopic ellipsometry and/or x-

ray diffraction experiments. These characteristics are shown in Figure 1-8. 

 

Figure 1-8.  Absorption efficiency and extinction coefficient (k) for DIP and ZnPc films, 
respectively, grown on different substrates. A) DIP grown on a PTCDA 
molecular template layer absorbs light more efficiently, from ref. [34]. B) ZnPc 
grown on a CuI template has increased optical constants, from ref. [35]. 

 
Given the sensitivity of optical properties to film structure exhibited in these well 

controlled case studies, one can imagine that a truly vast spectrum of optical properties 

are exhibited by different OSC materials. The breadth of these characteristics are 

demonstrated by the optical absorption coefficient, which is related to the imaginary 

component of the complex refractive index k through the relation α(λ) = 4πk(λ)/λ. The 
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measured absorption coefficient spectra of six OSC materials are shown in Figure 1-9. 

OSC materials have very strong optical transitions resulting in peak α(λ) values in 

excess of 105 cm-1
, which are more than an order of magnitude greater than most 

conventional semiconductor materials. These high α(λ) values correspond to 

characteristic absorption lengths less than 100 nm, thereby making OPV and ultrathin 

film technology.  

 

Figure 1-9.  Absorption coefficient spectra of six organic semiconductor thin films. 

 
Similar to the frontier energy levels and optical band gaps depicted in Figure 1-6, 

the features of OSC absorption spectra are heavily dependent on the chemical 

structures and film properties of the constituent molecules. For instance, the 

phthalocyanines ZnPc, PbPc, Boron Subphthalocyanine chloride (SubPc), and Indium 

Phthalocyanine chloride (InPc) have very similar molecular structures with the exception 

of the central metal atom, yet their absorption spectra feature different peak absorption 
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energies and spectral shapes. While the magnitudes of the α(λ) spectra represent a 

strength of OSC materials and OPV devices, the absorption bandwidths are relatively 

narrow. In particular, the bandwidths of the primary absorption transitions of DBP and 

SubPc films are less than 200 nm. An OPV device with either of these active layer 

materials would be transparent to a substantial portion of the solar spectrum. However, 

combining the absorption spectra of multiple OSC materials in a single device can 

circumvent this limitation. This topic will be addressed in Chapter 2. 

1.4.3 Electrical Conduction 

The one constant between all of the molecular structures shown in Figure 1-6 is 

the presence of extended π conjugation within each molecule. As a result, the individual 

unhybridized 2pz π electrons in these bonds are shared amongst neighboring atoms 

and their respective wavefunctions are delocalized throughout the molecule. These 

strong overlaps result in covalent C-H and C=C bond energies on the order of 100 – 

200 kcal/mol [36], or 5-10 eV/atom [37]. On the other hand, molecule-molecule 

electronic interactions are relatively weak due to their non-covalent nature. For 

uncharged molecules, stabilizing intermolecular interactions are limited to van der 

Waals forces where small local charge redistributions accommodate molecular packing. 

The strength of these interactions drops with intermolecular separation distance r as 

1/r6. The equilibrium intermolecular distance can be empirically quantified by the 

Lennard-Jones potential, which balances the stabilizing van der Waals force with 

electrostatic repulsion, 
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where A and B are material-specific constants and n → 12 describes interatomic and 

intermolecular repulsion due to the Pauli exclusion rule. In uncharged, weakly polar 

systems such as OSC films the magnitude of van der Waals stabilization forces is < 0.1 

eV/atom [37].  

The relative extents of electron orbital overlap resulting in drastically different 

intramolecular and intermolecular bonding energies suggest that charge conduction in 

organic films is limited by intermolecular charge transfer. Charge carrier mobility in OSC 

films and devices is characterized by an intermolecular hopping mechanism where a 

significant potential barrier must be surmounted in order for charge carriers to flow 

between adjacent molecules. As a result, the mobility in many OSC films exhibits a 

temperature dependence approximated by [38] 
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In contrast with conventional semiconductors, the mobility of carriers in OSC 

materials is enhanced with increasing temperature because of increased phonon 

activity. These phonon vibrations assist charge transfer processes between molecules 

rather than scatter delocalized charge carriers as in conventional semiconductors, 

whose mobility decreases with temperature. 

Despite being limited by intermolecular hopping processes, OSC materials can 

achieve charge carrier mobilities above 0.1 cm2V-1sec-1 [39,40], although values in the 

10-7 to 10-3 cm2V-1sec-1 are more common [41–43]. Carrier mobility can in some cases 

be enhanced by altering molecular orientations within a film [44] or by the incorporation 

of molecular dopants [26,45,46]. 
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1.4.4 Excitonic Characteristics 

After an energetic photon promotes an electron across the optical band gap, the 

differences between conventional and organic OSC materials become even more 

apparent. The attractive force between an excited electron and its parent lattice or 

molecular site can be approximated by the Bohr radius and associated Coulombic 

attractive energy. The Bohr radius rB of an excited electron in a material is related to the 

ground state hydrogen radius, ro, according to 
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where εr is the relative dielectric constant, me is the mass of an electron, me
* is the 

electron effective mass in the material, and ro is given by 
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where εo is vacuum permittivity, ħ is the reduced Planck’s constant, and e is the 

elementary charge. In Si, εr = 11 and me
* = me/3, giving rB(Si) = 17 Å. This is large 

relative to the Si lattice constant, signifying that the excited electron is weakly bound to 

its starting location. For OSC materials, the relatively weak intermolecular interaction 

energies lead to low bulk dielectric constants in the 2-5 range [25,47,48] and electron 

effective masses > me [32,49]. As a result, ro values are on the order of one nanometer 

or less and excitons are localized to a single molecule. These excitonic phenomena can 

also be quantified in terms of the Coulomb attractive energy between an electron and 

hole, given by 
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For conventional semiconductors, EB is comparable with or less than kBT near 

room temperature. These weakly bound excitons are called Wannier-Mott excitons. The 

corresponding exciton binding energy in OSC materials is a few hundred meVs, an 

order of magnitude greater than the thermal energy in the system at room temperature. 

These tightly bound, localized excitons found in OSC materials are classified as Frenkel 

excitons. A charge transfer exciton is an intermediate case where the exciton is 

localized to neighboring molecules. These are schematically illustrated in Figure 1-10. 

 

Figure 1-10.  Excitons in a solid. In order of increasing binding energy: A) Wannier-Mott, 
B) Charge transfer, and C) Frenkel excitons. 

 
Excitons are chargeless particles which can diffuse throughout a solid and are 

unaffected by electric fields less below the MV/cm range [50]. Similar to charge carrier 

conduction, the diffusion of excitons is characterized by an intermolecular hopping 

process which can be described by two mechanisms: Förster transfer and Dexter 
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transfer. In Förster transfer, dipole coupling between adjacent molecules facilitates non-

radiative resonant energy transfer between them. Energy or exciton transfer occurs 

when the fluorescence spectrum of the excited molecule overlaps with the absorption 

spectrum of the ground state molecule, and the intermolecular transfer rate between the 

pair, kF, is expressed as [51] 
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where τ is the mean exciton lifetime, R is the intermolecular separation distance, and R0 

is given by [52] 
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where ηPL =kR/(kR + kNR) is the photoluminescence efficiency, κ is the dipole orientation 

factor, n is the refractive index, λ is the wavelength, FD is the normalized fluorescence 

spectrum, and σA is the absorption cross section. The R-6 dependence of kF highlights 

the importance of the electronic coupling between the two bodies. This transfer 

mechanism can be efficient at length scales up to 10 nm [53]. 

Exciton migration in a solid can also occur by direct exchange of electrons 

between molecules, as described by Dexter [54]. The rate of this process is determined 

by the electron wavefunction overlap between neighboring species. Since this 

mechanism requires the physical overlap of electron clouds, transfer is only effective at 

separation distances up to a couple of nanometers. The rate is exponentially dependent 

on intermolecular separation R and takes the form, 

      (
   

 
)∫  ( )  ( )   

 

(1-8) 



 

40 

The efficiency of these transfer processes is highly dependent on the physical 

properties of OSC materials. These can be practically and quantitatively described by 

the exciton diffusivity D = LD
2/τ, where LD is the characteristic exciton diffusion length 

and τ is the exciton lifetime after which the exciton decays to the ground state, typically 

on the order of nanoseconds. Values of LD are highly material-dependent and most 

OSC materials have diffusion lengths < 20 nm [55–57]. This parameter is also highly 

sensitive to molecular orientation and film crystallinity, which can be altered by various 

processing methods. For instance, Verreet et al. [58] engineered Rubrene film growth to 

increase the size of crystalline domains, resulting in LD values in excess of 200 nm. 

1.5 Organic Photovoltaic Devices 

The optical and electronic processes described in Section 1.4 show that OSC 

materials can effectively perform the two major processes required for efficient 

photovoltaic power conversion: light absorption and charge carrier conduction. 

However, the route between photons and electrons/holes is blocked by the excitonic 

nature of the excited state. In order to deliver current to an external load, excitons must 

be separated into electron and holes. The barrier to this challenge was first overcome 

by Harima in 1984 [17] and Tang in 1986 [12] with the development of the 

donor/acceptor heterojunction. 

1.5.1 Donor/Acceptor Heterojunction 

As discussed in Section 1.4, OSC materials are excitonic in nature in that the 

excited state is a tightly bound electron-hole pair, or exciton. Unlike conventional 

semiconductors and solar cells, photocurrent generation in OPV devices requires an 

exciton-dissociating interface where excitons can separate into charge carriers. A type-II 

heterojunction between two materials with EHOMO and ELUMO offsets fulfills this 
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requirement, as illustrated in Figure 1-11. When an exciton reaches the interface, the 

energetic alignment of the frontier energy levels facilitates a charge transfer process 

between the two materials at the molecular level.  

 

Figure 1-11.  Energy level diagram of a donor/acceptor heterojunction. 

 
During this charge transfer, or exciton dissociation, process, the electron is 

transferred to the material with a deeper ELUMO or greater electron affinity, called an 

electron acceptor. The material with a lower electron affinity is therefore referred to as 

an electron donor, or donor. Exciton dissociation can occur from either side of the 

heterojunction, so absorption by either material can result in charge carrier generation. 

For efficient exciton dissociation, the ΔELUMO and ΔEHOMO offsets should be greater than 

the exciton binding energies of the donor and acceptor materials, respectively.  

1.5.2 Photocurrent Generation Processes 

Now, we can envision photovoltaic conversion of photons to electrons as a multi-

step process in OPV devices. Light absorption results in the creation of excitons, which 

must arrive at a donor/acceptor interface in order to dissociate into charge carriers. 
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Charge carriers must then be conducted outside of the active layers to do work on an 

external system. We can thus define the external quantum efficiency (EQE) of this 

process, which is the ratio of photogenerated electrons to incident photons, as the 

product of the efficiencies of these four individual steps: light absorption (ηA), exciton 

diffusion to an interface (ηED), exciton dissociation or charge transfer (ηCT), and charge 

carrier collection (ηCC). These processes are illustrated schematically for donor 

absorption in Figure 1-12. 

 

Figure 1-12.  Multi-step photocurrent generation mechanism in a donor/acceptor 
heterojunction. 



 

43 

1.5.3 OPV Device Architectures 

One limiting factor in this multi-step process is the difference in the characteristic 

length scales of light absorption and exciton diffusion in OSC materials. Peak 

absorption coefficients on the order of 105 cm-1 (Figure 1-9) correspond to characteristic 

absorption lengths > 50 nm. On the other hand, most OSC materials have exciton 

diffusion lengths < 10 nm. In order to achieve efficient photocurrent generation, both ηA 

and ηED should be maximized. For a multilayer structure with neat donor and acceptor 

layers, high efficiencies for both of these processes are mutually exclusive. This 

phenomenon is known as the exciton diffusion bottleneck. 

The bottleneck can be overcome, however, by forming an intimately mixed 

donor:acceptor blend, or bulk heterojunction (BHJ) [46,59,60]. In the BHJ structure, the 

donor and acceptor materials each form ~nanometer-sized domains which allow for 

efficient exciton diffusion to a D/A interface. Furthermore, the relative amounts of donor 

and acceptor in the blend layer can be engineered to alter the optoelectronic properties 

of BHJ films [61] and OPV devices [62]. Optimized BHJ devices can achieve both high 

ηA and ηED and have become the structure of choice in most high efficiency OPV 

devices.  

An OPV device is formed by sandwiching the donor/acceptor heterojunction 

structure between electrodes with different work functions. One of the two electrodes 

must be transparent so that visible light can enter the device and be absorbed by the 

organic layers. In the standard device configuration used in this work, a glass substrate 

pre-coated with a transparent, high work function indium-doped tin oxide (ITO) film is 

used as the anode. Organic photoactive layers are grown on this substrate by methods 

discussed Chapter 2, and an opaque, low work function Aluminum cathode is deposited 



 

44 

to complete the device. Buffer layers can also be inserted between the electrodes and 

photoactive layers in order to improve charge carrier extraction, energy level alignment, 

and performance stability. Schematics of planar heterojunction (PHJ) and BHJ device 

stacks in this standard configuration are shown in Figure 1-13. 

 

Figure 1-13.  A) Planar and B) Bulk heterojunction OPV device architectures used in 
this work. 

1.6 Dissertation Overview 

Fabrication and characterization methods used to form OSC films and OPV 

devices will be described in Chapter 2, along with a discussion of two key inherent 

limitations to OPV device performance. Chapter 3 will investigate methods of modifying 

donor film and interlayer properties by inserting multi-functional anode interlayers (AIL) 

between the ITO anode and subsequently deposited donor layers. The extension to 

OPV device performance will be the topic of Chapter 4. Chapter 5 will extend on this 
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analysis by focusing on a single donor material and isolating individual AIL/donor 

phenomena and their effects on OPV device performance. Experimental work on series-

connected tandem devices will be presented in Chapter 6. Here, two individual D/A HJ 

devices are combined in a single tandem cell in order to harness the optoeletronic 

properties of multiple donor materials within the same device. Finally, Chapter 7 

summarizes the work in the context of the current status of OPV and suggests further 

work in this field. 
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CHAPTER 2 
FABRICATION AND CHARACTERIZATION OF ORGANIC THIN FILMS AND 

PHOTOVOLTAIC DEVICES 

This chapter will explore the characteristics and performance of OPV devices 

from a more practical angle. First, the major fabrication methods used in this thesis will 

be described. Next, film and device characterization methods will be summarized with 

an emphasis on OPV device characterization and figures of merit. After developing this 

quantitative framework, the historical progress of OPV performance and continuing 

challenges to be addressed in this thesis will be discussed in more detail. 

2.1 Thin Film and Device Fabrication Methods 

Two major classes of OSC materials can be identified based on their different 

physical structures and associated processing methods: polymers and small molecular 

weight oligomers, or small molecules. Both classes of OSC materials exhibit the 

optoelectronic properties and characteristics introduced in Chapter 1, but the way in 

which they can be processed to fabricate optoelectronic devices are different. Polymers 

are soluble in many organic solvents and can be deposited into thin films from solution. 

Compatibility with solution processing requires that both donor and acceptor species are 

soluble in a common solvent. Solutions of donor and acceptor, as well as different buffer 

layers, can be deposited by spin coating followed by evaporation of solvent material to 

leave a film of the desired species. While spin coating and spray deposition are 

attractive methods compatible with high volume manufacturing methods, the studies 

described in this thesis primarily rely on vacuum processing of small molecules. 

2.1.1 Vacuum Thermal Evaporation 

Small molecules have historically been insoluble in solution and are instead 

deposited onto substrates by thermal evaporation in the gas phase. The recent 
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development of several solution processable small molecules has bridged this gap, but 

none of these new hybrid materials are studied in this work. A widespread method for 

depositing films of metals and small molecules is vacuum thermal evaporation (VTE). 

Film growth proceeds in a high vacuum chamber (base pressure ~ 10-7 Torr) by 

resistive heating of source material containers, or boats. Once the material-specific 

sublimation temperature is reached, a molecular (or metallic) vapor is formed and films 

are grown on downward-facing substrates positioned above the source material. The 

molecular mean free path (MFP) in such a system can be expressed as 
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Here, kB is Boltzmann’s constant, T is the gas temperature, P is the system 

pressure, and πd2 is the collision area between two molecules [63]. At a pressure of 10-6 

Torr, nanometer-sized molecules which sublime at 150 - 500°C have mean free paths in 

excess of 1 m. The distance between the source materials and substrate in a typical 

VTE system is on the order of a few tens of centimeters, so transport can be considered 

ballistic in nature. 

A schematic of a VTE deposition system is shown in Figure 2-1. Quartz crystal 

microbalances (QCM) are used to monitor growth rates and film thicknesses, and the 

power supplied to individual electrodes can be adjusted to control the rate of deposition. 

Furthermore, multiple materials can be deposited simultaneously to form doped or 

mixed layers for a bulk heterojunction structure. In this case, QCMs are carefully 

positioned to only observe one material at a time so that two or more such QCMs can 

monitor separate materials individually. Once the desired deposition rate(s) is (are) 

achieved, a shutter below the sample is opened to begin film growth on the substrate. 
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Using this strategy, multiple layers can be deposited sequentially to form the desired 

film or device stack. 

 

Figure 2-1.  Schematic of a vacuum thermal evaporation chamber. 

 
As suggested by Figure 2-1, VTE is not very economical in terms of materials 

usage. In the configuration shown, only a small fraction of the sublimed cone is 

collected on the substrate for analysis. Linear sources can be substituted for point 

sources to increase this yield. Nonetheless, VTE is an excellent method for fabricating 

precise multilayer films and device structures. Several organic, metal, and oxide 

materials can be deposited in the system in a single batch without breaking vacuum, 

allowing complex structures which cannot be achieved by solution processing alone. 

VTE also offers a greater degree of control over doped and mixed layer structures as 

well, which can be crucial in certain device structures. 
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2.1.2 Thermal Gradient Sublimation 

As is the case for conventional semiconductors, OSC film and device properties 

are strongly dependent on the composition of the semiconducting active layers. While 

defects in conventional semiconductors are readily ionized and affect the bulk 

conductivity, the weak intermolecular forces in OSC materials make electrical defect 

incorporation and controlled doping an ongoing challenge. Instead, impurities usually 

occupy molecular interstitial sites and disrupt molecular packing. This can have drastic 

effects on charge carrier mobility, as evidenced by studies of impurity incorporation in 

PTCDA films [64]. 

One preventative step which can reduce impurity incorporation is purification of 

organic powders by thermal gradient sublimation. In this process, source materials 

purchased from external suppliers (typical starting purities range from 85% to 99.9%) or 

synthesized in-house are loaded into a 1” diameter quartz tube. This tube is one of 

three, the other two being used as collection tubes for purified material, which are 

placed within a larger diameter tube located in a three zone furnace. Quartz wool is 

placed at the end of the large tube between the purification zones and the pumps to 

keep organic material from getting into the pumps, and a metal screen is placed 

downstream of the quartz wool to keep it from doing the same. Purifications can be run 

at high vacuum with a turbomolecular pump or in the presence of a controlled inert gas 

flow. The experimental set up and progression is illustrated in Figure 2-2, along with 

source and purified C60. 
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Figure 2-2.  Summary of thermal gradient sublimation. Progression of purification from 
the beginning A) to the final purified product B). C) Source C60 material (MER 
Corp., 99.9%, left) and high purity C60 after one purification run with N2 flow 
(right). Image courtesy of author. 

 
The quartz tubes are etched with diluted hydrofluoric acid and cleaned with 

organic solvents between runs before being baked out at T > 600°C to remove any 

remaining organic residues. Organic source material is then loaded and heated to its 
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sublimation temperature while the temperatures of the other two sections of the furnace 

are controlled to create a decreasing temperature gradient. Sublimation temperatures 

are material-specific and range from 150 to 450 °C. The temperature gradient is 

optimized experimentally so that more volatile impurities are deposited farther down the 

temperature gradient outside of the collection zones while heavy impurity molecules 

remain in the source tube. The number of required purification steps varies from one to 

four depending on the purity of the starting material and the difficulty of separating pure 

material from impurities; subsequent steps are carried out at successively elevated 

temperatures to further remove light impurities. Yields typically range from 50-90 % by 

weight for a single purification run. Information regarding the source of organic materials 

and their purification is summarized in Table 2-1. 

Purified organic powders are loaded into evaporation source boats illustrated in 

Figure 2-1. These powders are deposited sequentially to form a multilayer structure 

illustrated schematically in Figure 1-13. In order to form a photovoltaic device, these 

organic layers must be sandwiched between electrode layers. Once the desired organic 

layers have been deposited onto the substrate pre-patterned with a transparent 

electrode, an opaque metal cathode layer is deposited through a finger-like mask to 

form a crossbar geometry where the transparent anode, organic layers, and cathode 

from a 4 mm2 overlapping active layer.  
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Table 2-1.  List of organic semiconductor materials used in this work and their 
purification methods. 

Material Supplier Source 
purity (wt. 

%) 

No. 
purification 

runs 

Vacuum 
or 

Nitrogen 

Bathocuproine (BCP) Sigma-Aldrich 96% 0 N/A 

Bathophenanthroline (BPhen) Sigma-Aldrich 97% 1 Vacuum 

Boron subphthalocyanine 
chloride (SubPc) 

Sigma-Aldrich 85% 2 Vacuum 

C60 MER Corp. 99.9% 1 Nitrogen 

Copper Phthalocyanine (CuPc) Sigma-Aldrich 95% 2 Vacuum 

Tetraphenyldibenzoperiflanthene 
(DBP) 

Luminescence 
Technology 

Corp. 

>99% 1 Vacuum 

Indium Phthalocyanine chloride 
(InPc) 

Sigma-Aldrich 90% 2 Vacuum 

Lead Phthalocyanine (PbPc) Sigma-Aldrich 80% 2 Vacuum 

N,N’ –Bis(naphthalene-1-yl)-N,N’ 
–bis(phenyl)-benzidine (NPB) 

Luminescence 
Technology 

Corp. 

>99.5% 0 N/A 

Pentacene Sigma-Aldrich 99% 1 Vacuum 

Tetracene Sigma-Aldrich 99.99% 0 N/A 

Zinc Phthalocyanine (ZnPc) Synthesized 
in-house 

>99% 1 Vacuum 

 

2.2 OPV Device Characterization 

This section will be dedicated to defining metrics for evaluating photovoltaic 

device performance and describing how key figures of merit are determined in the 

laboratory. Once these have been defined, a more quantitative comparison between 

conventional and organic PV technologies will follow. This will lead to a discussion of 

key limitations of OPV materials and devices, which motivate the scope of this work. 

2.2.1 OPV Performance Metrics 

In the dark, OPV devices based on a donor/acceptor (D/A) heterojunction (HJ) 

function as p-n junction diodes with rectification ratios often > 105 at V = ± 1 V at room 
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temperature [50,65,66]. A popular equivalent circuit model, the modified Shockley diode 

equation (2-2), approximates an OPV device as a diode characterized by saturation 

current density JS and ideality factor n, in parallel with a photocurrent generation source. 

Large shunt and relatively small series resistors with resistances RSH and RS 

approximate leakage pathways and bulk resistivity in the device, respectively.  

  ( )    [   (
 (      )

   
)   ]  

 

      
 

 

(2-2) 

More detailed analysis of OPV dark current behavior has led to the development 

of a more rigorous treatment of diode characteristics [66,67]; however this analysis will 

be omitted herein. A semi-log plot of dark current behavior (i.e. JPH = 0) typical of OPV 

devices is shown in Figure 2-3. 

 In addition to the dark current, OPV devices exhibit strong photocurrent 

generation under illumination (with intensity PO) as discussed in Section 1.5. The total 

current density flowing through a PV device is therefore given by the sum of the dark 

current and photocurrent (JPH): 

 ( )    ( )     (    ) 
 

(2-3) 

The most popular metric for evaluating solar cells is the power conversion 

efficiency, ηP, defined as the maximum power generated by the cell to the power 

incident on the device, 

   
    
  

  

 

(2-4) 

where PMAX is the maximum power output and P0 is the incident optical power. This 

quantity is determined by measuring the current-voltage characteristics of the device 

under simulated solar illumination. Two key characteristics are the short-circuit current 
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density (JSC), the current density flowing through the external circuit under no applied 

voltage bias, and the open-circuit voltage (VOC), the potential at which no current flows 

through the cell. Sample J-V characteristics of a donor/acceptor Copper Phthalocyanine 

(CuPc)/fullerene C60 OPV device are shown in Figure 2-4.  

 

Figure 2-3.  Experimental and fitted dark current using (2-2) for an archetypal OPV 
device. 

 
After determining the current density and voltage corresponding to maximum 

power generation, the fill factor FF is defined as 

   
        
      

 

 

(2-5) 

Now, (2-4) can be expressed as  

   
        

  
 

 

(2-6) 

This relation shows that ηP is equally dependent on three key performance 

parameters: JSC, VOC, and FF. 
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Figure 2-4.  Photovoltaic behavior of a typical CuPc/C60 OPV device. A) J-V 
characteristic and B) Power generation quadrant. 

 
A closer look at the J-V characteristics in Figure 2-4 shows that the voltage 

dependence of current density is greatest under forward voltage biases approaching the 

VOC. This curvature in the J-V characteristic has the strongest influence on the VOC and 

FF parameters. Comparing the currents in Figures 2-3 and 2-4, we notice that the dark 

current and photocurrent reach similar magnitudes at forward bias voltages approaching 

the VOC. In this regime, the two currents compete with one another, and understanding 

the interplay between the opposing driving forces is critical to OPV device performance. 

Solving (2-2) and (2-3) for the VOC (i.e. J = 0, V = VOC) under idealized conditions (low 

RS, high RSH) gives 
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|   (   )|

  
)  

 

(2-7) 

where q is the electron charge and JPH(VOC) is the photocurrent under open-circuit 

conditions. Note that the VOC corresponds to the voltage bias where no total current 

flows through the device, i.e. photocurrent and dark current sum to zero. While rarely 

considered, photocurrent behavior under forward bias also plays a role in determining 

A B 
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the VOC [68], as demonstrated in (2-7). The VOC is also dependent on the dark saturation 

current density JS. This parameter has been shown to be heavily dependent on the 

energy level offsets and intermolecular D/A interactions at the D/A HJ interface [69–71].  

The nontrivial absorption spectra of OPV active layer materials (Figure 1-9) result 

in a strong spectral dependence of photocurrent generation. Different photoactive 

materials within the same OPV device will often have distinct absorption spectra. 

Therefore, spectral photocurrent measurements are an important tool for evaluating the 

behavior of not only the OPV device but also individual layers within the multilayer 

structure. The most ubiquitous metric describing PV spectral response is the external 

quantum efficiency (EQE), defined as the fraction of incident photons that are converted 

to electrons and collected at the electrodes. This is calculated as 

   (   )  

   (   )
 ⁄

  ( )
  
⁄

   ( )   ( )   ( )   ( )    ( )     (   ) 
(2-8) 

where IPH is the measured photocurrent, P0 is the incident optical power, h is Planck’s 

constant, and ν is the photon frequency. The internal quantum efficiency (IQE) can be 

calculated by measuring the absorption efficiency (ηA) of the device, allowing separation 

of the optical and electronic behaviors of the device. The EQE spectrum of a CuPc/C60 

OPV device is shown in Figure 2-5. 



 

57 

 

Figure 2-5.  Short-circuit EQE spectrum of a CuPc/C60 OPV device alongside the AM 
1.5G solar spectrum. 

 
Furthermore, the EQE and irradiance spectra S(λ) are related to the JSC 

according to the relation 
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(2-9) 

Clearly, increasing EQE is essential to maximizing ηP by way of maximizing JSC. 

Equation (2-9) also illustrates the importance of a broad spectral response: the breadth 

of the S(λ)EQE(λ) product has a strong bearing on JSC. Focusing on the EQE and AM 

1.5G spectra in Figure 2-5, for a given maximum EQE the JSC of this device could be 

increased by a broadening of the spectral response in order to harness low energy near 

infrared (NIR) photons. Since the flux of photons below the band gap of these materials 

is still considered in the ηP calculation, they are in a sense wasted and leave room for 

improvement. Furthermore, the agreement between the JSC obtained from (2-9) and that 

obtained from illuminated J-V characteristics of the same device is a good measure of 
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the calibration of the light source used for illuminated J-V measurements. This 

procedure will be addressed in the next section. 

2.2.2 Measurement and Calibration Methods 

Current density-voltage (J-V) measurements conducted in this work use an 

Agilent 4155C semiconductor parameter analyzer for electrical measurements and a 

150 W Newport Xenon arc lamp as illumination source. Proper alignment of the 

reflecting mirror within the lamp housing and focusing optics result in a circular beam 

profile ~1” in diameter, much larger than the 4 mm2 devices used in this work. A small 

iris between the source lamp and device under test removes stray photons from the 

edges of the beam. Neutral density filters are also placed in the beam path to change 

the illumination intensity, which can also be altered by fine adjustments of the input 

power to the lamp. A schematic of this set up is shown in Figure 2-6. 

 

Figure 2-6.  Measurement set up for illuminated J-V data collection. 

 
Spectral measurements of both OSC films and OPV devices require 

monochromatic illumination and are performed with the lock-in technique. White light 

generated by a quartz tungsten halogen lamp (Newport 70613NS) is monochromated 
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by diffraction gratings in a monochromator (Newport 74100) before being chopped at 

400 Hz to create an alternating signal. The resulting beam is collimated and focused 

onto a test device, film under investigation, or calibrated Si photodiode with known 

responsivity R(λ). The response of the device or calibrated photodiode is then 

measured with a current amplifier (Keithley 428) and a lock-in amplifier (Stanford 

Research Systems SR 830 DSP). This measurement set up can be used to measure 

EQE from (2-8), as well as transmission and reflection through and by films. 

Furthermore the current amplifier allows for voltage biasing as well as current 

measurement, thereby allowing illumination wavelength- and voltage-dependent device 

measurements. The experimental set up for these spectral measurements is depicted in 

Figure 2-7.  

 

Figure 2-7.  Equipment components and experimental arrangement for spectral 
measurements. 

 
 



 

60 

One issue complicating PV device characterization is the irradiance spectrum of 

the illumination source used for measurements. The true solar spectral irradiance 

depends strongly on cloud cover, atmospheric conditions, time of day, latitudinal 

location, etc. For this reason the photovoltaic community has an agreed upon standard 

irradiance spectrum so that laboratories can follow similar characterization methods and 

generate reproducible results. For terrestrial applications like those studied in this work, 

the AM 1.5G spectrum is used according to the American Society for Testing and 

Materials (ASTM) G173-03 standard reference tables for hemispherical axis tilt [3]. 

Integrating the entire spectrum gives the total incident optical power used for ηP 

calculations: 100 mW/cm2. The AM 1.5G spectrum is plotted alongside the output 

spectrum of the Xenon lamp used in this work in Figure 2-8. 

 

Figure 2-8.  Reference AM 1.5G and Xe solar simulator spectra. 
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While the Xe arc lamp does a good job of reproducing the reference AM 1.5G 

spectral distribution from λ = 400 – 800 nm, the spectra differ significantly in the NIR 

region. This can be mitigated by placing a color filter in front the device under test, such 

as the KG1 filter shown (broken blue line). In order to report a meaningful ηP value, the 

differences between reference and source illumination spectra must be addressed. For 

a perfectly calibrated illumination source, the JSC values obtained from J-V 

measurements and short-circuit EQE measurements by way of (2-9) would agree. 

When working with materials with different characteristic EQE spectra, this can be 

achieved by calculating the spectral mismatch factor M, given by [72,73] 

  
∫         ∫       

∫       ∫        
 

 

(2-10) 

where E and S refer to spectral irradiance and responsivity, respectively, where S(λ) = 

IPH(λ)/P0(λ). The subscripts ref, R, S, and T refer to the reference AM 1.5G spectrum, a 

reference detector (here, we use a calibrated Si PV cell), the lamp source used in the 

laboratory, and the cell under test, respectively. Since the product of irradiance and 

responsivity spectra is a current I, M can also be expressed as  

  
          

          
 

 

(2-11) 

This equation can be broken into two halves: on the left hand side, the Iref,R/IS,R 

ratio describes the ratio of the photocurrents generated by the reference cell under the 

reference AM 1.5G and laboratory illumination source spectra, respectively. The right 

hand side is analogous to a test device.  

A standard method for calibrating a solar simulator is to experimentally set the 

left hand side of (2-11), Iref,R/IS,R, equal to unity. This is achieved by measuring the EQE 
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spectrum of the reference cell and calculating its “real” JSC value from (2-9). Next, the 

reference cell is placed in front of the solar simulator lamp and its position, the power 

supplied to the lamp, and/or neutral density filters are adjusted until the ISC = JSC∙A = 

Iref,R agrees with the calculated value. The location and calibrated ISC,R value are 

recorded and used until another calibration is performed.  

In order to achieve AM 1.5G, 100 mW/cm2 equivalent illumination intensity for a 

given OPV device with a different EQE spectrum, M is calculated from (2-10) and the 

right hand side of (2-11) can be forced to equal unity. Then, the reference cell 

photocurrent corresponding to 100 mW/cm2 incident power under reference AM 1.5G 

conditions will be given by 

     
      

 
 

 

(2-11) 

The importance of this calibration procedure is illustrated in Figure 2-9. The 

device under test had M = 1.10 due it its relatively strong blue-green response, 

coinciding with the spectral region where our simulator lamp generates more photons 

than the AM 1.5G standard. From (2-11), failing to reduce the solar simulator intensity 

would cause an over-excitation of the test device and artificially high reported JSC and 

ηP values would result. 

Indeed, the JSC calculated from (2-9) is roughly 10% less than that calculated 

from a J-V measurement using an uncorrected light source. When the optical power, 

measured by the reference cell, is reduced according to (2-11) by either reducing the 

power supplied to the lamp or with neutral density filters between the lamp and test 

location, the difference between EQE and J-V measurements disappears. The proper 

calibration of the solar simulator light source is key to obtaining correct and reliable 
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values in OPV device measurements. Even when a precise illumination intensity or 

reference cell photocurrent cannot be obtained, knowledge of the mismatch factor can 

explain the difference between JSC values calculated from EQE spectra and J-V 

measurements. Furthermore, the output spectra of solar simulators is known to change 

with service time [74], so regularly checking the lamp output spectrum and re-calibrating 

is good practice. 

 

Figure 2-9.  Short-circuit EQE spectrum and J-V characteristics of a DBP/C60-based 
OPV device. In B), the solar simulator lamp intensity was reduced according 
to (2-11) in the text, resulting in close agreement between JSC values 
obtained from the EQE and J-V measurements. 

 
2.3 OPV Device Characteristics 

2.3.1 Quantifying Conventional versus Organic PV 

While significant progress has been made in the past three decades, OPV 

devices are still relatively inefficient compared with other PV technologies (Figure 1-3). 

In the nearly 30 years since the introduction of the Tang cell [12], champion OPV 

devices have only recently surpassed the ηP = 10 % mark, and the number of published 

reports of such devices can be counted on one hand [75,76]. By contrast, the first 

reported Si-based PV cell had an ηP of 6 % [77] and cells with ηP > 10 % were fairly 

A B 
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common within the scientific community less than a decade layer [78]. In other words, it 

has taken more than two decades for OPV technology to achieve that which was 

achieved by Si-based PV cells in less than ten years.  

For a better understanding of why OPV performance has improved relatively 

slowly, we can consider the performance characteristics of the best-performing cells 

from the most recent compilation by Green et al. [4]. The confirmed JSC, VOC, fill factor, 

and ηP of cells composed of different active layer materials are listed in Table 2-2. 

Clearly, the largest different between the best organic cell and the more efficient 

inorganics is the JSC, which is more than doubled in the Si-based device. All three listed 

inorganic devices have a greater fill factor, but this difference accounts for at most a 

25% difference. Besides, OPV devices with fill factors > 0.7 are being reported more 

frequently [21,79–82] and will also be demonstrated in the results of this work. While the 

VOC of the best OPV device is actually greater than those of Si- and CIGS-based 

devices, the JSC in OPV cells is clearly the main difference between organic and 

conventional photovoltaics: the two- to three-fold difference in ηP is also characteristic of 

the difference in JSC values for these various devices. 

 

Table 2-2.  Photovoltaic performance parameters of the confirmed highest-performing 
single-junction PV devices based on various active layer materials. 

Material Crystalline Si 
[83] 

GaAs 
[84] 

CIGS 
[85] 

Organic 
[4] 

JSC (mA/cm2) 42.7 29.7 34.9 17.8 

FF 0.83 0.87 0.79 0.69 

VOC (V) 0.71 1.12 0.72 0.87 

ηP (%) 25.0 ± 0.5 28.8 ± 0.9 19.9 ± 0.8 10.7 ± 0.3 
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This difference in JSC can be directly traced to the fundamental differences 

between the physical properties of inorganic and organic semiconductors described in 

Chapter 1. The three dimensional crystalline covalent bonding network formed in 

inorganic semiconductors results in continuous bands of allowed energy states through 

which charge carriers can travel. This leads to high carrier mobilities and, more crucially 

in the context of photocurrent generation, large enough dielectric constants so that 

electrons excited across the band gap are not bound to their parent hole as is the case 

in OPV materials and devices. The requirement of the D/A HJ for efficient charge carrier 

generation limits the efficiency of photocurrent generation in OPV compared with 

conventional PV devices, thereby limiting JSC. 

2.3.2 Fundamental Limitations of OPV Devices 

The D/A HJ requirement for efficient exciton dissociation in OPV devices leads to two 

key trade-offs which must be mitigated in order to achieve devices with high quantum 

and power conversion efficiency devices. The first of these, the exciton diffusion 

bottleneck, was touched on briefly in Section 1.5. Since the length scales of light 

absorption and exciton diffusion differ by an order of magnitude in OSC materials, EQE 

is limited by the trade-off between the efficiencies of light absorption and exciton 

diffusion, ηA and ηED, in PHJ devices. Alternatively, donor and acceptor species can be 

deposited simultaneously from the vapor phase or in solution to form a bulk 

heterojunction (BHJ) where ηED approaches 100% [86–88]. Figure 2-10 shows the A) J-

V characteristics and B) EQE spectra of PHJ and BHJ devices based on the CuPc/C60 

D/A pair. 
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Figure 2-10.  OPV device performance of CuPc/C60 devices with PHJ and BHJ active 
layer structures. A) J-V characteristics and B) short-circuit EQE spectra. 

 
Both devices shown in Figure 2-10 had the same total active layer thickness, with 

the PHJ consisting of 20 nm CuPc/40 nm C60 and the BHJ consisting of a 60 nm-thick, 

1:1 by weight mixture of CuPc and C60. It is immediately apparent that the BHJ device 

generates significantly more photocurrent than the PHJ structure, with peak BHJ EQE 

doubling that of the PHJ device for λ > 600 nm. This leads to an increased JSC and 

ultimately ηP in the BHJ device. The photovoltaic performances of these devices are 

summarized in Table 2-3. 

 
Table 2-3.  Photovoltaic performance parameters of CuPc/C60 OPV devices with PHJ 

and BHJ active layer structures under 100 mW/cm2 simulated AM 1.5G 
illumination. 

Active layer structure PHJ BHJ 

JSC (mA/cm2) 4.4 ± 0.1 7.8 ± 0.1 
FF 0.58 0.52 
VOC (V) 0.47 0.50 
ηP (%) 1.2 2.0 
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However, there are also some advantages that the PHJ has over the BHJ device. 

The voltage dependence of photocurrent is lower for the PHJ device under reverse ad 

forward voltage bias. We can therefore conclude that a greater portion of the maximum 

generated photocurrent is collected at short-circuit in the PHJ device, whereas the BHJ 

device is characterized by stronger voltage-dependent photocurrent loss mechanisms. 

This also manifests itself in the reduced FF exhibited by the BHJ device. Recalling (2-8) 

we can infer that since neither ηA nor ηED are expected to show appreciable voltage 

dependencies in this voltage range, the ηCTηCC product is diminished under forward bias 

in the BHJ device. Indeed, detailed analyses have shown that short-circuit charge 

collection efficiency approaches 100% in PHJ devices and the minimal slope present in 

the J-V characteristic can be attributed to photoconductivity in neat layers [66,89,90].  

On the other hand, strong voltage-dependent charge collection is common in 

BHJ devices [62,68,87,91]. This behavior can be approximated as 
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(2-12) 

where dM is the BHJ mixed layer thickness and LC is the charge carrier collection length 

given by 

  ( )     
(     )

   
 

 

(2-13) 

where Vbi is the built-in potential and LC0 = LC (V = 0 V). (2-12) predicts that ηCC will 

decrease with mixed layer thickness. Unlike a PHJ structure, in a mixed BHJ layer 

photogenerated electrons and holes occupy the same area and have a higher 

probability of recombining and diminishing photocurrent production. Under stronger 
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reverse voltage biases where carriers are extracted towards the electrodes, the 

probability of recombination decreases and ηCC increases as predicted by (2-12). 

While the original ηA versus ηED bottleneck was overcome with the discovery and 

optimization of the BHJ structure, a different bottleneck is still present, this time 

featuring a trade-off between ηA and ηCC. As discussed in Section 1.4, charge 

conduction between molecules is highly dependent on intermolecular orientation and 

interactions. When the ordering which is present in a neat film is disrupted by the 

addition of a second phase, interactions between like molecules are reduced and the 

charge carrier mobility [41,61] as well as OPV device performance [62,87] suffer. 

A second trade-off also arises from the nature of the D/A HJ structure. As 

discussed in Section 2.2, broad spectral overlap between OPV device EQE and AM 

1.5G solar irradiance is necessary for efficient photocurrent generation. At present, a 

small minority of materials used in OPV device active layers have strong absorption 

past λ = 800 nm. While the straightforward solution to this challenge is to develop 

narrow band gap materials, another challenge which has slowed the realization of 

higher ηp in OPV devices is the mutual exclusivity of NIR absorption and high VOC. 

Several small molecule-based OPV devices with NIR response have been reported, 

each with VOC < 0.6 V [92–94], relatively low compared with more conventional devices. 

The requirement of a D/A HJ with sufficient offsets between frontier energy levels EHOMO 

and ELUMO places a constraint on the ELUMO of the donor material, ELUMO
D. Specifically, it 

must be nearer to the vacuum level than ELUMO of the acceptor material, ELUMO
A, by an 

amount greater than the donor exciton binding energy. The same is true for the 
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dissociation of excitons generated in the acceptor material, only in this case the EHOMO 

offset must be large enough for favorable dissociation.  

Furthermore, the VOC of OPV devices has been shown to be directly proportional 

to the D/A interface gap, ΔEDA = |EHOMO
D| - |ELUMO

A|  [69,70]. Therefore, a large |EHOMO
D| 

is desirable in order to achieve a device with large VOC. For donor absorption, it follows 

that for a fixed minimum ΔELUMO offset required for efficient exciton dissociation, donor 

materials can be chosen to have a shallow |EHOMO
D|, narrow bandgap, and red-shifted 

absorption or a deep |EHOMO
D|, wide bandgap, and high VOC. This trade-off is 

schematically illustrated in Figure 2-11A).  

 

Figure 2-11.  Schematic of a D/A HJ energy level structure and corresponding OPV 
device characteristics. 

A 

B 

C 
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Since the vast majority of OPV devices rely on strong donor absorption and use 

a fullerene as electron acceptor, this set of design rules severely limits the possible D/A 

combinations with both NIR absorption and high VOC, both of which are critical to 

maximizing ηP. Figure 2-12B) shows the EQE spectra of four devices based on different 

donor materials, and their respective J-V characteristics under simulated solar 

illumination are shown in Figure 2-12C). There is a clear correlation between the onset 

of photocurrent generation, which proceeds in terms of increasing wavelength from 

SubPc to DBP to ZnPc to PbPc, and VOC, which proceeds in the opposite order. As a 

result, all four of these devices achieved similar ηP values between 2.1 and 3.5 %. 

2.4 Bridging the Gap: Routes Toward Enhancement 

Several approaches have been implemented to sidestep the inherent limitations 

to OPV device performance. The hybrid planar-mixed (P-M) HJ structure was first 

introduced by Xue et al. to directly circumvent the ηA/ηCC challenge [91]. In the P-M HJ 

structure, a BHJ layer is sandwiched between neat donor and acceptor layers so that 

light absorption is economically distributed between neat and mixed layers in order to 

balance the critical components of EQE. Taking this concept a step further, graded 

heterojunctions featuring a continually varying D:A ratio throughout the BHJ layer have 

also successfully been used in OPV devices [95,96]. 

Acceptor-rich blends using the strongly absorbing fullerene C70 have also 

resulted in highly efficient devices. Relying on acceptor absorption relaxes the 

constraints of donor selection, and highly transparent donors with deep EHOMO energy 

levels have been used in devices with ηP > 5 % [97,98]. While this strategy has been 

effective thus far, questions regarding the scalability of C70 production remain.  
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The development of new materials and processing methods will always be a 

crucial part of OPV development. The introduction of the squaraine family [99,100] has 

continued this trend, resulting in D/A HJ-based devices with a unique combination of 

NIR absorption and VOC > 0.8 V. Solvent vapor annealing has also emerged as a facile 

method for controlling the properties of donor films in the bulk and at the interfacial level 

[101–103].  

The insertion of interlayers between the substrate and photoactive materials has 

also been demonstrated as an effective way to modify the optoelectronic properties of 

donor and acceptor layers. Organic exciton blocking [21,104] and exciton dissociating 

[105–107] interlayers directly alter excitonic behavior within the donor layer as a way to 

increase the fraction of excitons which dissociate into charge carriers. Blended fullerene 

buffer layers [108,109] inserted between the acceptor and cathode have recently been 

implemented into OPV devices to reduce energetic barriers to charge collection. 

Analysis of various combinations of anode interlayers and donor materials will be the 

focus of Chapters 3-5 in this work. 

The most successful development in circumnavigating the NIR/VOC bottleneck 

has been the tandem device structure. By depositing two full devices sequentially with a 

series connection between them, the constituent materials can be chosen to broaden 

spectral response significantly. Xue et al. [110] pioneered this approach by altering the 

amounts of CuPc and C60 in the two cells to tune the response of the individual cells. A 

number of follow up studies have extended this approach to complimentary donor 

materials in the two subcells [111–113]. Tandem OPVs represent a tremendous 

opportunity to harness the improvements made in single junctions devices into an all-
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encompassing device with greater ultimate efficiency. Tandem cells are investigated in 

Chapter 6. 

2.4.1 Current State of the Art 

Through advances in device engineering, material synthesis, and novel 

processing methods, champion OPV device performance has come a long way since 

the first report of a ηP = 1 % cell. The current record is held by the German company 

Heliatek, who reported a certified ηP = 12.0 % multi-junction device in 2013 [114]. 

Among published reports, You et al. showed an NREL-certified 10.6 % efficient tandem 

cell based on two polymers with absorption well into the NIR [76], also in 2013. Among 

single cells, the highest published polymer-based cell has ηP = 9.2 % with peak EQE of 

0.80 [79]. Xiao et al. recently published an evaporated small molecule-based device 

with P-M HJ structure having an impressive ηP = (8.1 ± 0.4) % [108], and Cnops et al. 

reported an 8.4 % efficient fullerene-free cell in 2014 [115]. Solution-processed small 

molecule-based devices have quickly reached similar levels with a maximum reported 

ηP = 8.9 % [116]. 
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CHAPTER 3 
EFFECTS OF ORGANIC ANODE INTERLAYERS ON DONOR FILM PROPERTIES 

3.1 Introduction  

The optoelectronic properties of organic semiconducting materials are strongly 

dependent on film growth and processing conditions. There is a large amount of 

literature describing studies aimed at investigating the effects of different film and device 

fabrication methods on such properties as bulk film structure, surface morphology, 

optical properties, charge carrier mobility, interface energetics, and more. In the context 

of organic solar cells, the conclusions of these studies are used in order to increase the 

efficiency of various processes necessary for power generation.  

The work described in the following two chapters will contribute to this knowledge 

base, both in terms of film properties and photovoltaic device performance. Specifically, 

the effects of inserting an organic interlayer between the ITO anode and the 

subsequently grown donor material are investigated in detail. The scope of these 

studies is limited to three vacuum-deposited donor molecules, each of which is grown 

on multiple underlying interlayer structures. In Chapter 3, the structural, optical, and 

electronic properties of neat donor films are explored as a function of growth 

underlayers. In the Chapter 4, the same underlayers are investigated in terms of their 

effect on photovoltaic device performance.  

3.2 Donor and Interlayer Materials Selection 

3.2.1 Donor Materials 

The number of donor materials used in OPV devices is vast and continually 

growing. When conducting a study such as this, several factors should be considered 

when choosing a set of donor species in order to ensure generalized conclusions. 



 

74 

These include optical absorption spectra, energy level alignment, crystalline quality, and 

charge carrier mobility. After consideration of these factors, the donors Zinc 

Phthalocyanine (ZnPc), Lead Phthalocyanine (PbPc), and 

Tetraphenyldibenzoperiflanthene (DBP) were chosen for this study. The molecular 

structures of these donor materials are shown in Figure 3-1.  

 

Figure 3-1.  Molecular structures of donor materials used in this study. 

 
The phthalocyanine family of molecules has been studied extensively for 

optoelectronic device applications. In addition to being readily available, they exhibit 

strong optical absorption and sufficient conductivity for use in photovoltaic devices. The 

two features of metal phthalocyanines (MPcs) with the strongest effects on film growth 

are their strongly interacting central metal atoms and relatively planar molecular 

structure. Both of these characteristics lead to strong dependencies of film 

characteristics on process conditions. Strong MPc molecule-substrate interactions 

present in the early stages of film growth have significant consequences on film 

properties such as molecular orientation [34,64,117], refractive index [35], electrical 

conductivity [44], and optical absorption [118]. Lead phthalocyanine, PbPc, has been 

shown to adopt various physical conformations in thin films grown under a range of 

processing conditions. This polymorphism has profound effects on the film 
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optoelectronic properties. Most importantly, the characteristic absorption spectra of 

PbPc films can be tailored by controlling the identity and amount of polymorphs within 

the PbPc film. This is critical to absorbing and converting near-infrared solar radiation to 

electricity. PbPc film properties are investigated in Section 3.3. 

Phthalocyanines with Cu and Zn central metal atoms, CuPc and ZnPc, 

respectively, have been studied for more than three decades and therefore have an 

especially deep knowledge base. ZnPc was chosen as a donor material in this study 

owing to the vast amount of scientific literature describing both its film properties and 

photovoltaic device characteristics. This collection of previous work serves as a platform 

for the results obtained in the studies described herein, both as a comparison for control 

studies and a benchmark for demonstrating the utility of the new approaches used in 

this study. These are described in 3.4. 

Finally, DBP is an attractive material for OSC application because its energy 

level structure lends itself to OPV devices with high open-circuit voltages. As such, it 

has been the subject of several recent advances in OPV devices with higher power 

conversion efficiencies than those achieved by more commonly used small molecule 

donor materials. The effects of interlayer structures on DBP film properties are 

described in Section 3.5 

3.2.2 Interlayer Materials Selection Criteria 

Before describing the effects of interlayer structures on donor film properties and 

OPV device performance, a list of criteria for the selection of anode interlayer (AIL) 

materials should be presented. As discussed in Section 1.5, the donor material is the 

primary absorber in the majority of OPV devices. As such, any additional species added 

to the control device structure should not reduce donor absorption by themselves being 
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strong absorbers. In the ideal case these materials should be transparent, wide-

bandgap semiconductors. Since these materials will be in place prior to donor layer 

deposition, the interlayer/donor heterojunction should not impede hole transport. 

Therefore the EHOMO levels of the interlayer and donor species should be well-aligned. 

As a final criterion, hole transport should not be limited by the bulk conductivity of the 

interlayer film. In summary, interlayer structures should meet the following criteria: 

 low absorption coefficient or be sufficiently thin to minimize absorption 

 form a hole-conducting interface with the donor material 

 hole mobility greater than or equal to the donor material 
 

3.2.3 Pairing Donor and Interlayer Materials 

Historically, the oligoacene family is one of the original classes of small molecule 

organic semiconductors to be studied for practical use. They are characterized by their 

highly ordered, polycrystalline film structures and exceptionally high charge carrier 

mobilities exceeding 1 cm2V-1sec-1. Their applicability to solar cells is however limited by 

characteristic low absorption coefficients, typically an order of magnitude less than 

those observed in more successful OPV materials. These properties make the 

polyacenes excellent candidates for use as AIL species.  

Due to its extensive history in research, the optoelectronic properties of the donor 

ZnPc are well known. It is widely agreed that its EHOMO level is located (5.2 ± 0.1) eV 

below vacuum [25–27], while its field-effect hole mobility has been shown to be ≈ 10-3 

cm2V-1sec-1 [119]. Both of these figures of merit are compatible with Tetracene, the four-

membered oligoacene, which has a comparable EHOMO [18,29] and greater hole mobility 

[39,40] than ZnPc. Similarly, the optoelectronic properties of the donor PbPc and the 

five-ring oligoacene, Pentacene, are compatible with one another: the PbPc EHOMO of 
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(5.1 ± 0.1) eV [24] is in good agreement with that of Pentacene [22,30,31], while the 

highly ordered film structure of Pentacene results in very high hole mobilities > 0.1 

cm2V-1sec-1. The properties of AIL structures on PbPc and ZnPc film properties are 

investigated in Sections 3.3 and 3.4, respectively. 

Two characteristics differentiate DBP from the two MPc materials, thereby 

changing the AIL requirements. First, DBP has a significantly deeper EHOMO of 5.5 eV 

[20,21], therefore requiring an AIL with a deeper EHOMO for proper energy level 

alignment. Second, the four out of plane phenyl groups restrict structural ordering in 

DBP films. The consequences of these two key characteristics are investigated in 

Section 3.5 by using Tetracene and N,N’ –Bis(naphthalene-1-yl)-N,N’ –bis(phenyl)-

benzidine (NPB) as AIL species. The energy levels of AIL and donor species are shown 

in Figure 3-2. 

 

Figure 3-2.  HOMO and LUMO energy levels of materials investigated in this study. 
Numbers are reported in eV relative to vacuum. HOMO values were 
measured by UPS with citations given in text, and LUMO values were inferred 
from thin film absorption onset. 
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3.3 The Effects of a Polycrystalline Pentacene Interlayer on Lead Phthalocyanine 
Film Properties 

Lead Phthalocyanine (PbPc) is an attractive OPV donor material because it has 

an absorption range extending well into the near infrared (NIR), making it ideal for low 

energy photon absorption and photovoltaic response. PbPc films are known to 

crystallize in monoclinic and/or triclinic phases, which have different optoelectronic 

properties [117,118,120]. The structural properties of PbPc films exhibit strong 

dependence on substrate identity [64], substrate temperature [117,120], and film 

thickness [117,118]. These dependencies can be engineered to promote absorption 

well into the near infrared (NIR), which is desirable for low energy photon harvesting. 

With the goal of obtaining relatively thin (< 40 nm) PbPc films with strong red-shifted 

absorption, we use a polycrystalline Pentacene template to guide PbPc growth in order 

to absorb NIR photons. Pentacene and PbPc films were grown at relatively low rates of 

0.2 – 0.3 Å/sec. 

3.3.1 Optical Absorption 

The triclinic phase of the PbPc crystal structure has an absorption peak at λ = 

900 nm, and the amount of triclinic content of PbPc films has been enhanced by 

increasing the substrate temperature [118,120], reducing the deposition rate 

[117,118,120], increasing film thickness [118], or any combination of these methods. To 

simplify the process of obtaining triclinic-rich PbPc films, we keep the substrate at room 

temperature and use a Pentacene interlayer between the ITO substrate and 

subsequently deposited PbPc films. The optical absorption spectra of PbPc films 

deposited on bare ITO and ITO/10 nm Pentacene are shown for a range of PbPc 

thicknesses in Figure 3-3. 
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The absorption spectra of PbPc films grown on ITO, shown in Figure 3-3A), all 

have a major peak at λ = 740 nm, corresponding to absorption of the monoclinic phase, 

and a shoulder extending past 900 nm, corresponding to the triclinic phase. The 

absorption spectrum of the 10 nm-thick PbPc film indicates that the monoclinic crystal 

structure is dominant, with only a small contribution of the 890 nm-centered triclinic 

phase absorption. This shoulder increases in magnitude relative to the monoclinic peak 

as PbPc thickness is increased from 10 to 40 nm, where the peak height of the triclinic 

phase absorption is still less than that of monoclinic phase absorption. These spectra 

indicate that the majority of the first 10 to 20 nm of the PbPc film grown on ITO adopts 

the monoclinic crystal structure. As more PbPc accumulates, a greater portion of the top 

section of the layer aggregates in the triclinic structure, in good agreement with previous 

absorption and x-ray diffraction experiments [118,120]. 

When PbPc is deposited on 10 nm Pentacene-covered ITO, the absorption 

spectra shown in Figure 3-3B) indicate that both the monoclinic and triclinic phases are 

present in comparable amounts for all PbPc thicknesses investigated. For PbPc layers 

grown on Pentacene, the peak corresponding to the triclinic phase is very pronounced 

for just a 10 nm-thick PbPc film: the triclinic phase contribution to the absorption 

spectrum is stronger relative to the monoclinic peak than it is for 40 nm-thick PbPc 

grown on ITO. The relative amount of the triclinic phase again increases faster than the 

monoclinic phase with increasing PbPc thickness. In contrast with films grown on bare 

ITO, triclinic phase absorption accounts for a greater fraction of the total film absorption 

than the monoclinic phase for PbPc layers 20 nm or greater in thickness.  
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Figure 3-3.  Thin film absorption spectra of PbPc films. Films were deposited onto A) 
bare ITO and B) ITO/Pentacene (10 nm). Sketches for the relative amounts of 
monoclinic and triclinic phases are included below their respective absorption 
spectra. 

 
In contrast to the gradient of monoclinic:triclinic ratio with PbPc thickness in PbPc 

films grown on bare ITO, the relative amounts of the two phases in PbPc films grown on 

Pentacene are more homogeneous in the film thickness direction. Pentacene-templated 

PbPc films exhibit strong infrared absorption past λ = 850 nm for thicknesses below 20 

nm. This is promising for OPV devices because donor thicknesses on the order of the 

exciton diffusion length (≈10 nm) are ideal for high charge carrier generation rates and 

carrier transport. These phenomena will be investigated in Chapter 4.  

A B 
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3.3.2 Surface Morphology 

The thin film absorption spectra shown in Figure 3-3 clearly show that the most 

important changes in PbPc properties occur during the first stages of film growth. 

Therefore we study the surface morphology of ultrathin PbPc films. We use Si (100) 

substrates with native oxide SiO2 because this substrate has significantly lower 

roughness than ITO, allowing more careful imaging and analysis of sub-nm PbPc films. 

Figure 3-4 shows the AFM height images of 10 Å-thick PbPc films on bare SiO2. At this 

thickness, the film shows incomplete coverage and an RMS roughness (rRMS) of 2.8 Å. 

Interconnected PbPc grains with a typical size of 20 nm are evenly distributed on the 

surface, suggesting uniform nucleation of PbPc molecules throughout the sampled 

area. 

 

Figure 3-4.  AFM height images of 10 Å-thick PbPc films grown on bare SiO2. 

 

The surface morphologies of ultrathin PbPc films grown on Pentacene-coated 

SiO2 are shown in Figure 3-5. The neat 5 nm-thick Pentacene film, Figure 3-5A), forms 

well-ordered, terraced molecular structures [121] with ledges < 2 nm in height, in 

agreement with the length of a single upright-standing Pentacene molecule [121,122]. 
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When 2 Å PbPc is deposited on Pentacene, Figure 3-5B) shows that the PbPc 

molecules aggregate and form clusters at the terrace ledges. The line scan across this 

film shows that while the terraced Pentacene structure is unchanged with the addition of 

PbPc, 5 to 10 nm-thick PbPc clusters form despite a nominal PbPc thickness of only 2 

Å. These clusters average 50 nm in diameter, significantly larger than those formed on 

the bare SiO2 substrate. As more PbPc molecules are deposited on the surface in 

Figures 3-5C)-E), more clusters form at Pentacene terrace ledges until the ledges are 

fully occupied. These clusters do not increase in size until the Pentacene ledges are 

completely filled, after which the PbPc clusters extend inward toward the centers of the 

larger Pentacene grains [Figure 3-5E)]. 

Comparing the 10 Å-thick PbPc films on bare SiO2 (Figure 3-4) and Pentacene-

coated SiO2 [Figure 3-5D)], rRMS increases by an order of magnitude from 2.8 Å to 33 Å. 

This suggests that the crystalline Pentacene template layer imparts a higher degree of 

crystallinity in the subsequently deposited PbPc layer. Furthermore, the evolution of the 

Pentacene/PbPc surface with increasing PbPc thickness indicates weak interaction 

between Pentacene and PbPc molecules, allowing adsorbed PbPc molecules to diffuse 

across the flat terraces before encountering a high energy ledge. Once here, the PbPc 

molecules are immobilized and form triclinic-rich aggregates, revealed by the absorption 

spectra described in Section 3.3.1. 
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Figure 3-5.  Evolution of surface morphology with PbPc thickness on Pentacene. Films 
have A) 0 Å, B) 2 Å with line profile,C) 5 Å, D) 10 Å, and E) 20 Å-thick PbPc 
layers. 

 
3.4 The Effects of Tetracene Anode Interlayers on Zinc Phthalocyanine Film 

Properties 

In this section, the properties of ZnPc thin films grown on inorganic indium-tin 

oxide (ITO) and silicon dioxide (SiO2) substrates are compared with those of ZnPc films 

grown on Tetracene and poly(dioxythiophene):poly(styrene sulfonate) 

(PEDOT:PSS)/Tetracene anode interlayers (AILs). PEDOT:PSS is a well-known hole 

transport material popularly used as an anode interlayer in polymer-based OPV 

devices. Here it is used to modify the morphology of a subsequently deposited 

Tetracene film in order to create a dual AIL structure for subsequently deposited ZnPc 

layers. Tetracene and ZnPc film growth rates were in the range of 0.5 – 1 Å/sec. 
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3.4.1 Optical Absorption 

ZnPc exhibits strong absorption across a broad spectral range of 600 nm < λ < 

800 nm. The absorption spectrum of three identical 25 nm-thick ZnPc films grown on 

bare ITO, ITO covered with 10 nm Tetracene, and ITO covered with 40 nm 

PEDOT:PSS + 10 nm Tetracene are shown in Figure 3-6A). The total integrated 

absorption is least for the bare ITO substrate, and this figure increases by 6% for 

ITO/Tetracene and by 21% for ITO/PEDOT:PSS/Tetracene AIL structures. Stronger 

absorption in these films signifies an increased extinction coefficient, which is directly 

related to the extent of molecular packing and intermolecular interactions in absorbing 

organic films [34,35]. 

 

Figure 3-6.  Optical absorption spectra of ZnPc films. The data in A) was normalized to 
the low energy peak and re-plotted in B). 

 
The dominant features of the control (bare ITO) film are two peaks centered at λ 

= 640 and 710 nm corresponding to aggregated and dilute ZnPc species, respectively. 

Studies of ZnPc [45]- and CuPc [42]- based blends have demonstrated that 

monomolecular absorption (lower energy) increases with decreasing CuPc or ZnPc 

A B 
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content relative to transitions corresponding to higher order aggregates (higher energy). 

This is more clearly observed in Figure 3-6B), where the absorption spectra have been 

normalized to the low energy peak. The aggregated state absorption peak of ZnPc 

grown on ITO is just 3% greater than that of the monomolecular peak. In ZnPc films 

grown on Tetracene or PEDOT:PSS/Tetracene AIL structures, aggregated state 

absorption reaches 22% and 23% greater, respectively, by this metric.  

In addition to the increased contribution of the intermolecular state to absorption, 

the spectra are also broadened relative to the bare ITO-based film. ZnPc films grown on 

Tetracene-containing AIL structures show a wider shoulder on the high energy side of 

the absorption spectrum, signifying a greater extent of intermolecular interaction and 

aggregation. Furthermore, the separation between monomolecular and higher order 

aggregation peaks increases with the addition of either AIL structure. Fitting these 

spectra with three peaks yields a high energy peak centered at λ = (637 ± 2) nm for all 

three films. The film grown on ITO has a low energy peak center at λ = 710 nm 

compared with λ = 717 nm for ITO/Tetracene and λ = 716 nm for 

ITO/PEDOT:PSS/Tetracene. The increased peak separation is another indication of 

increased intermolecular interaction and ordering in the ZnPc films grown on AIL 

structures relative to the film grown on ITO.  

3.4.2 Bulk Structure: X-ray Diffraction 

The bulk structure of planar phthalocyanine films have been studied extensively 

by x-ray diffraction (XRD). Vacuum-deposited films grown on non-interacting substrates 

including ITO and SiO2 under ambient conditions display prominent features in the 6 < 

2θ < 9 degree range, corresponding to interplanar distances on the order of 10 – 15 Å 

[34,35,61,123,124]. These single peaks correspond to first order diffraction of “edge-on” 
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Pc stacking where the long molecular axis, on average, is aligned normal to the 

substrate surface with molecular π system overlap in the direction perpendicular to the 

substrate normal. Under certain conditions the Pc molecular orientation can be altered 

such that the molecules adopt a “face-on” alignment where intermolecular π system 

interactions dominate in the vertical direction, normal to the substrate plane. These 

motifs are sketched in Figures 3-7A) and B) for edge-on and face-on, respectively. This 

face-on stacking results in a significant reduction in intermolecular spacing in the 

direction normal to the substrate surface, or d-spacing in terms of XRD. Therefore, the 

XRD signal for edge-on molecular orientations is expected to have higher-angle 

characteristic XRD responses [34,35].  

 

Figure 3-7.  Schematics of ZnPc molecular orientations and XRD spectra. A) Edge-on 
and B) face-on ZnPc molecular orientations relative to a flat substrate. C) X-
ray diffraction spectra of 150 nm-thick ZnPc films grown on SiO2 with and 
without AIL structures. 

A 

B 
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The XRD patterns of 150 nm-thick ZnPc films grown on bare SiO2, SiO2/10 nm 

Tetracene, and SiO2/40 nm PEDOT:PSS/10 nm Tetracene are shown in Figure 3-7C). 

The control sample shows the predicted behavior for ZnPc films grown on non-

interacting substrates: a single peak centered at 2θ = 6.9° corresponding to edge on 

growth and an interplanar molecular spacing of 12.7 Å. This peak has been assigned to 

first order (h00) planes of edge on ZnPc film growth [123]. Focusing on the 2θ < 10° 

peak, the feature evolves into a doublet of peaks at 6.9° and 7.3° when Tetracene and 

PEDOT:PSS/Tetracene AIL structures are introduced. The latter of these corresponds 

to (001) reflections of the highly ordered thin Tetracene layer [39]. For the ZnPc film 

grown on PEDOT:PSS/Tetracene, a weak feature is present at 2θ = 13.6° suggesting 

second order (200) triclinic or (400) monoclinic reflections and a sign of increased 

crystallinity in this ZnPc film.  

The most clear effect of the addition of these AIL structures is the additional XRD 

peaks located at 25° < 2θ < 30°. Peaks in this range have been attributed to third or 

higher order (h00) reflections, but the weak nature or complete absence of the second 

order peak in these films suggests that a different growth mode is also present. To 

investigate, the lattice constants of triclinic and monoclinic ZnPc phases were collected 

from the literature [123] and inserted into (3-1)-(3-7) for the triclinic structure and (3-8) 

for the monoclinic structure. 
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Next, (hkl) indices observed previously in flat-lying ZnPc films were inserted into 

the d-spacing equations to generate a list of allowed 2θ estimates for comparison with 

the observed values. A comparison of these data is shown in Table 3-1. From these 

data, the best agreement is obtained with the (0 1  2) and ( 1  1  2) indices of the 

triclinic lattice.  

 
Table 3-1.  Calculated and observed diffraction peak positions for ZnPc films. 

Monoclinic Triclinic Observed 

(hkl) 2θ (hkl) 2θ 2θ 

200 6.72 
100 6.89 6.87, 6.93 

400 13.47 
200 13.81 7.02-7.03 

800 27.13 
400 27.83 26.7 

313 28.19 
0 1  2 26.79 27.8 

312 26.78 
1  1  2 27.69  

113 26.26 
   

114 28.16 
   

These high angle diffraction peaks correspond to interplanar spacings of 3.2 to 

3.3 Å, which is close to the interplanar distance in ZnPc crystals along the molecular π 
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stacking direction. Given the geometry of θ-2θ mode of these XRD measurements, this 

result suggests that the ZnPc films grown on Tetracene and PEDOT:PSS/Tetracene 

adopt both face on and edge on orientations, the latter of which have been attributed to 

improved charge carrier generation [104,125] and transport in organic films and devices 

[35,102]. 

However, a 150 nm-thick ZnPc film is not relevant to OPV devices. In the context 

of this work, ZnPc thicknesses on the order of tens of nanometers are of much greater 

interest. This length scale is close to the characteristic exciton diffusion length of several 

organic semiconductors, including ZnPc [35,55,56,126]. To address this conflict of 

interests the ZnPc film thickness was reduced to 80 nm and 40 nm while an ITO 

substrate was used in place of SiO2 to better simulate ZnPc films used in OPV devices. 

In both cases, the change in ZnPc orientation is preserved. The XRD spectra of 80 nm 

and 40 nm ZnPc films on different underlayers are shown in Figure 3-8. In both 40 and 

80 nm-thick ZnPc films, the peak near 7° corresponding to edge-on ZnPc growth is 

maintained for films with and without AIL structures present. The films grown on 

PEDOT:PSS/Tetracene (blue dotted lines) show an increase in intensity, indicating a 

greater fraction of  ordered upright-standing domains. For the films grown on Tetracene 

(red dash-dot lines), the high angle signal from flat-lying ZnPc aggregates is no longer 

observed under these conditions. This could be due to the increased signal-to-noise 

ratio brought on by the rougher ITO surface, decreased signal from a thinner ZnPc film, 

or the absence of face-on growth altogether. However, face-on growth is still observed 

in 40 and 80 nm-thick ZnPc films grown on PEDOT:PSS/Tetracene.  
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Figure 3-8.  X-ray diffraction spectra of 80 and 40 nm-thick ZnPc films on ITO substrate. 

 
Together, the optical absorption and XRD results give insight into the evolution of 

ZnPc growth modes with underlayer properties. The π systems of ZnPc molecules, 

which extend above and below the flat plane of the molecule depicted in Figure 3-1, do 

not interact strongly with passivated oxide surfaces such as SiO2 and ITO. This results 

in the well-known edge-on growth mode with an absorption spectrum which has 

relatively balanced peak heights, depicted by black squares in Figure 3-6. When grown 

on a substrate pre-coated with an organic AIL structure, the substrate-ZnPc adsorbate 

A B 
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interactions change: the π systems of arriving ZnPc molecules interact with Tetracene π 

systems more strongly than they interact with oxide surfaces. This allows the ZnPc 

molecules to lie flat, as inferred from the optical absorption spectra and from the 

structural data from XRD experiments.  

3.4.3 Surface Topography: Atomic Force Microscopy 

In order to further study the effects of conditions on ZnPc growth, the surfaces of 

various film structures were characterized with atomic force microscopy (AFM). The 

tapping mode AFM micrographs of 25 nm-thick ZnPc films grown on bare ITO, 

ITO/Tetracene, and ITO/PEDOT:PSS/Tetracene are shown in Figure 3-9. For bare ITO, 

the ZnPc film covers the ~μm-sized grains of ITO, forming a continuous film with a 

relatively constant height distribution [Fig. 3-9A)] and root mean square roughness 

(rRMS) of 2.4 nm. In contrast, ZnPc grown on ITO/Tetracene forms a discontinuous 

surface with islands of thicker ZnPc separated by lower-lying ZnPc regions. These form 

a stepwise height distribution, as indicated by the relatively flat regions separated by 20-

30 nm “cliffs” in the line profile shown in Figure 3-9D).The addition of PEDOT:PSS to 

the AIL structure drastically modifies the ZnPc surface: rRMS decreases from 13.6 nm to 

4.3 nm, similar to that of ZnPc grown on bare ITO. The line profile shows that the peaks 

and valleys formed by ITO/Tetracene are replaced by a more gradually sloping terrain 

with the addition of PEDOT:PSS. Finer scans (not shown) reveal individual ZnPc grains 

(35 ± 5) nm in size for all three growth conditions. 
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Figure 3-9.  AFM height images of 25 nm-thick ZnPc films. Films were deposited onto 
A) bare ITO, B) Tetracene, and C) PEDOT:PSS/Tetracene. D) Line scans 
across the surfaces shown. 

 
It is clear from the AFM scans in Figures 3-9B) and C) that the structural 

properties of the underlying Tetracene layer play a crucial role in determining ZnPc 

growth modes and surface morphology. The AFM scans of Tetracene films with 10 nm 

nominal thickness deposited on bare ITO and ITO/PEDOT:PSS are shown in Figure 3-
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10. Here, Tetracene forms a very rough, coarse-grained structure on bare ITO, in 

agreement with previous studies of Tetracene films with similar thickness [39,40]. The 

film has a continuous height distribution with peaks reaching 50 nm above the 

measurement floor and rRMS = 13.0 nm.  

 

Figure 3-10.  AFM height images of 10 nm-thick Tetracene films. Films were grown on 
A) bare ITO and B) ITO/PEDOT:PSS, with line scans in C). 

 
Tetracene grown on PEDOT:PSS-coated ITO contrasts sharply with that grown 

on bare ITO: rRMS decreases to 3.3 nm and the surface area is reduced by a factor of 

3.7. Surface coverage improves dramatically and Tetracene domains are more 

continuous, suggesting a decrease in PEDOT:PSS-Tetracene interaction energy 

relative to bare ITO-Tetracene. These two modes can be characterized as three-
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dimensional growth and two-dimensional growth as the ITO/PEDOT:PSS/Tetracene film 

is relatively uniform in the plane of the image, whereas the ITO/Tetracene film displays 

significant features in all three directions. 

In conclusion, the bulk and surface properties of the ZnPc donor and Tetracene 

AIL layers are each dependent on the layer immediately adjacent. On a weakly 

interacting ITO substrate, Tetracene molecules prefer to self-aggregate and form a 

rough film with peaks and valleys up to 60 nm in height. The π systems present in the 

thiophene and styrene constituents of the PEDOT:PSS surface interact more strongly 

with Tetracene molecules, encouraging more uniform surface coverage and a four-fold 

reduction in rRMS. These differences are then passed on to the nominally 25 nm-thick 

ZnPc layer grown on top: ZnPc domains are discontinuous over a 2 μm length scale 

when grown on ITO/Tetracene, while the surface of ITO/PEDOT:PSS/Tetracene/ZnPc 

is continuous and has roughness similar to that of ZnPc grown on bare ITO.  

3.5 The Effects of PEDOT:PSS/Tetracene and PEDOT:PSS/NPB Interlayer 
Structures on DBP Film Properties 

As mentioned in Section 3.2.1, the semiconductor 

Tetraphenyldibenzoperiflanthene (DBP) is a relatively new donor material with a deeper 

EHOMO than ZnPc and PbPc, leading to some of the highest reported power conversion 

efficiencies in vacuum-deposited planar heterojunction [21] and mixed heterojunction 

[108] small molecule OPV devices. DBP molecules adopt a face-on conformation when 

deposited on oxide surfaces [127], resulting in a very high absorption coefficient and 

efficient charge carrier transport. These characteristics lead to highly efficient OPV 

devices despite a relatively large optical band gap and absorption edge near λ = 650 

nm. In these studies, all films were grown at rates between 0.5 and 1 Å/sec. 
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3.5.1 Optical Absorption 

Unlike the planar phthalocyanines described in Section 3.3 and 3.4, diffraction 

peaks are not observed for DBP films [21,80,128] and very small amounts of DBP 

inclusion in DBP:fullerene blends have been shown to disrupt characteristic fullerene 

crystallinity [129]. Furthermore, the absorption spectra shown in Figure 3-11 show that 

DBP absorption is unaffected by the presence of organic AIL species between DBP and 

bare ITO. The complex absorption spectra characteristic of DBP films is unchanged 

when film growth proceeds on top of ITO, Tetracene, or NPB. Therefore this study will 

not focus on modifying the molecular orientation or intermolecular interactions between 

DBP molecules because the amorphous nature of vacuum-deposited DBP films 

suggests that the out of plane phenyl rings disrupt intermolecular ordering. 

 

Figure 3-11.  Optical absorption of 15 nm-thick DBP films grown on different underlying 
layer structures. 

 
3.5.2 Photoluminescence Quenching 

In addition to modifying the growth dynamics and bulk properties of layers as 

described in Sections 3.3 and 3.4, organic AILs have also been used to modify the 

anode/donor interface in OPV devices in order to provide a second exciton-dissociating 
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heterojunction [80,105–107] or block excitons from quenching at the anode/donor 

interface [21,104,130]. In both cases the AIL structures are chosen such that hole 

transport from the donor to the anode is not impeded. In the former case, the AIL EHOMO 

lies closer to vacuum than that of the donor in order to efficiently dissociate excitons and 

generate additional photocurrent at the AIL/donor interface. In the case of an exciton-

blocking layer, the AIL EHOMO is chosen to lie even with or slightly deeper than the donor 

EHOMO so that excitons diffuse to and from the AIL/donor interface without quenching or 

dissociating there. 

In this study, quenching and blocking interfaces are investigated in terms of 

photoluminescence (PL) behavior of the donor material DBP. For a given illumination 

source and sample orientation, the PL signal is directly proportional to the steady-state 

exciton concentration within the emitting film. Therefore, by comparing the PL spectra of 

DBP films adjacent to different AIL structures it is possible to discern the exciton-

quenching, exciton-dissociating, or exciton-blocking behavior of said structures. 

First, we consider the hole transport material NPB as an AIL species because its 

EHOMO of (5.5 ± 0.1) eV [22,23] is compatible with that of DBP (5.5 eV) [20,21]. For 

comparison, the perfectly quenching acceptor C60 [80] and perfectly blocking wide-

bandgap electron transport material Bathocuproine (BCP) [50,131] are also inserted in 

multiple combinations to compare NPB with known quantities. Schematics of the three 

quenching/blocking combinations are shown in Figure 3-12. In terms of PL signal, we 

expect the DBP film surrounded by two quenching interfaces to exhibit the lowest PL, 

followed by one quenching interface, and two blocking interfaces would have the 

greatest PL.  
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Figure 3-12.  Schematic representations of energy level diagrams of three combinations 
of quenching and blocking DBP interfaces. 

 
The PL spectra of 20 nm-thick DBP films under λ = 530 nm illumination are 

shown in Figure 3-13. In order to maintain high transparency and minimize interference 

effects, an interlayer thickness of 5 nm as used for BCP and C60, while 10 nm NPB was 

used. As expected, the PL signal is least for two quenching interfaces and increases 

when the exciton-blocking BCP replaces the exciton-quenching C60 (red circles and 

black squares, respectively). Interestingly, the PL spectrum of DBP with NPB and C60 

layers adjacent almost perfectly overlays that of ITO/DBP/BCP. This confirms that NPB 

not only blocks excitons generated within the DBP film but also, because ITO and C60 

behave identically as exciton sinks, that NPB blocks excitons with the same efficiency 

as BCP. Integrating the spectra for ITO/DBP/BCP and NPB/DBP/C60 structures yields 

PL ratios of 2.10:1 and 2.15:1, respectively, relative to the case of two quenching 
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interfaces. Finally, the DBP film surrounded by two blocking layers exhibits a five-fold 

enhancement in total PL signal compared with that of ITO/DBP/C60, with an integrated 

PL ratio of 5.17:1. 

 

Figure 3-13.  PL spectra of DBP films surrounded by different interlayer species. 

 
This data can be combined with quantitative optical and steady-state diffusion 

calculations to verify the exciton diffusion length of the DBP film. As described in 

Section 1.4, excitons are chargeless particles which can diffuse through according to 

Fick’s laws of diffusion. As such, their dynamics can be described by the steady-state 

diffusion equation in one dimension, 

  
 

 

   ( )

   
 
 ( )

 
  ( )    

(3-9) 

Here, x is the position within the film, e(x) and G(x) are the exciton concentration 

and exciton generation rate, respectively, as functions of depth within the film, LD is the 

exciton diffusion length, and τ is the exciton lifetime. This equation can be solved by 
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imposing various boundary conditions approximating exciton quenching and blocking 

behavior.  

Taking x = 0 as the anode or AIL/donor interface and x = L as the end of the 

donor layer farthest from the anode, a quenching interface corresponds to e (x = 0 or x 

= L) = 0 whereas a blocking interface corresponds to ∂e/∂x (x = 0 or x = L) = 0. The 

generation rate for an arbitrary λ = 530 nm illumination source was calculated via 

transfer matrix calculations [50,132], leaving the exciton diffusivity D = LD
2/τ as a fitting 

parameter. By integrating the calculated steady-state exciton distributions across the 

DBP thickness and normalizing to the quenching/quenching case, τ can be eliminated, 

leaving LD as the lone fit parameter. 

The results of this treatment are plotted in Figure 3-14. For a 20 nm-think DBP 

film with an LD of 10 nm, for example, the steady-state exciton concentration, whose 

distance profile is shown in Figure 3-14A), falls to zero at the film edges when both 

interfaces at x = 0 and x = L (here, 20 nm) quench excitons. The case of a blocking 

interface at x = 0 is also shown in Figure 3-14A), with the concentration normalized to 

the maximum of the ITO/DBP/C60 case (two quenching interfaces). For the same LD, 

there is a greater total number of excitons within the DBP film at steady-state because 

there is no quenching at one end of the DBP layer. Finally, the NPB/DBP/BCP structure 

(both blocking interfaces) shows the greatest total exciton concentration for the given 

LD, in agreement with PL experimental results. 
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Figure 3-14.  Calculated steady-state exciton concentrations within a DBP film under λ = 
530 nm illumination. A) Normalized concentration distribution for LD = 10 nm. 
B) Total exciton concentration for different LD values, normalized to the case 
of two quenching interfaces and LD = 2 nm. 

 
To extract an estimated LD value, the steady-state exciton equation can be 

solved for a range of reasonable LD values and normalized to a constant concentration. 

In Figure 3-14B), the steady-state exciton distribution is determined for 2 nm ≤ LD ≤ 15 

nm and integrated over the entire DBP thickness (here, 20 nm) before being normalized 

to a common value: the exciton population corresponding to two quenching interfaces 

and LD = 2 nm. As LD increases in the case of quenching only (black squares) and 

blocking plus quenching (red circles), the total exciton count decreases with increasing 

diffusivity. This is expected as a longer LD corresponds to a higher likelihood of an 

exciton migrating to a quenching interface and not being present in the film bulk. For 

simpler comparison with experimental PL data, these values are normalized to the 

quenching only values in Figure 3-15, where the PL ratios are shown as a function of 

LD. 
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Figure 3-15.  Total exciton concentration as a function of LD normalized to the case of 
two quenching interfaces. 

 
Here, the 2.10:1 and 2.15:1 (blocking + quenching):(quenching only) ratios 

obtained with PL experiments correspond to LD = 8 nm, while the 5.17:1 (blocking 

only):(quenching only) ratio corresponds to LD = 10 nm. Therefore we conclude the DBP 

film has an exciton diffusion length LD = (9 ± 1) nm, in excellent agreement with values 

obtained from PL measurements [80] and simulated OPV device behavior [21,127].  

3.6 Summary of AIL/Donor Multilayer Structures 

In summary, we have shown that replacing ITO with an organic interlayer 

dramatically alters the bulk and interfacial properties of subsequently grown donor films. 

AFM images of PbPc showed that molecules aggregate at ledges formed by large 

Pentacene grains. Furthermore, these first stages of film growth are crucial to the 

optical absorption spectra of PbPc films, which feature strong IR transitions at relatively 

thin films thicknesses in the range of 10-20 nm. ZnPc was shown to form a stronger 

aggregated, face on film when deposited on top of Tetracene. By adding a planarizing 
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PEDOT:PSS layer, Tetracene exhibited a more two-dimensional growth mode, which 

then imparted a flatter surface on the subsequently grown ZnPc film. Finally, by 

depositing a transparent, wide band gap material between PEDOT:PSS and DBP, the 

intensity of characteristic DBP emission was enhanced in accordance with calculated 

exciton diffusivities and diffusion lengths. 
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CHAPTER 4 
EFFECTS OF ORGANIC ANODE INTERLAYERS ON PHOTOVOLTAIC DEVICE 

PERFORMANCE 

4.1 Introduction 

After developing an understanding of the effects of different combinations of 

anode interlayer (AIL) and donor materials on donor film properties in Chapter 3, this 

chapter will investigate how those properties affect photovoltaic device performance. As 

discussed in Chapter 1, the power conversion efficiency (ηP) in OPV devices is limited 

by a number of inherent physical properties of the constituent OSC materials. Two of 

the major loss pathways are due to characteristic narrow optical bandgaps and low 

dielectric constants of the major absorbing species. These properties lead to inefficient 

spectral coverage and charge carrier generation, respectively, in OPV devices. In this 

chapter, we show that AIL layers can help mitigate these loss mechanisms by boosting 

low energy photon absorption and increasing carrier generation in OPV devices based 

on different AIL/donor combinations. 

Section 4.2 describes the effect of inserting a Pentacene template layer into a 

PbPc-based OPV device. In Section 4.3, we use a series of device architectures to 

investigate the enhancement mechanisms in ZnPc-based devices with a 

PEDOT:PSS/Tetracene AIL structure. DBP-based devices with PEDOT:PSS/Tetracene 

and PEDOT:PSS/NPB AIL structures are the focus of Section 4.4.  

4.2 Planar Heterojunction PbPc-based OPV Devices with a Pentacene Template 
Layer 

To investigate the effect of a Pentacene interlayer on PbPc device performance, 

planar heterojunction OPV devices with the structure ITO/PbPc (20 nm)/C60 (40 

nm)/BCP (8 nm)/Al (100 nm) were fabricated with and without a 10 nm-thick Pentacene 
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layer between ITO and PbPc layers. In this structure, BCP functions to block exciton 

generated in C60 from nonradiatively quenching at the C60 interface and to protect C60 

from damage and subsequent interdiffusion of Al atoms [50,131]. Pentacene and PbPc 

layers were deposited at 0.2 – 0.3 Å/sec and C60, BCP, and Al were deposited at 1 – 2 

Å/sec. The current density-voltage (J-V) characteristics of these devices are shown in 

Figure 4-1. Table 4-1 summarizes the photovoltaic performance parameters (short-

circuit current density JSC, open-circuit voltage VOC, fill factor FF, and power conversion 

efficiency ηP) of these devices. With the same VOC and a slightly decreased FF, the 

power conversion efficiency increases from ηP = (1.6 ± 0.1) % to (2.2 ± 0.1) % with the 

use of the Pentacene layer, equivalent to a net increase of 38%. The main driver of this 

improvement is the increase in JSC, which is 48% greater in the Pentacene-templated 

device.  

 

Figure 4-1.  Photovoltaic performance characteristics of PbPc-based OPV devices. A) J-
V characteristics and B) short-circuit EQE spectra of PbPc devices grown on 
bare ITO and on Pentacene-covered ITO. 

 
Since the majority of the enhancement in ηP is due to an increase in JSC, we shift 

focus to the short-circuit EQE spectra shown in Figure 4-1B). We see that the 
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Pentacene-templated device has a higher EQE than the non-templated device in the 

entire PbPc absorption region from λ = 550 nm to 1000 nm. Furthermore, this increased 

response is more significant in the longer wavelength portion corresponding to the 

triclinic PbPc phase absorption. On the other hand, there is virtually no difference in the 

C60 absorption region (λ = 400 nm to 550 nm). Note that the addition of the Pentacene 

layer does not increase the series resistance of the device. This is attributed to the high 

hole mobility in Pentacene and the close alignment of the highest occupied molecular 

orbital (HOMO) energies of Pentacene [22,30,31] and PbPc [24]. 

 

Table 4-1.  Photovoltaic performance parameters of PbPc-based OPV devices grown 
on bare ITO and on Pentacene under 100 mW/cm2 simulated AM 1.5G 
illumination. 

AIL JSC (mA/cm2) VOC (V) FF ηP (%) 

 J-V EQE   J-V Corrected 
None 6.0 ± 0.3 5.9 ± 0.3 0.50 0.53 1.6 ± 0.1 1.6 ± 0.1 

Pentacene 9.6 ± 0.5 8.8 ± 0.4 0.50 0.51 2.5 ± 0.1 2.2 ± 0.1 

 

Note that we have adjusted the solar simulator intensity to account for the 

spectral mismatch factor [72] for the device without any template. By integrating the 

EQE spectrum of that device with the standard AM1.5G solar spectrum [3], we obtain a 

calculated JSC in excellent agreement with the measured JSC for that device (see Table 

4-1). However, due to the variation in the EQE spectra among different devices, the 

spectral mismatch factor varies slightly from 0.95 for the device on bare ITO to 1.05 for 

the device with Pentacene interlayer. As the solar simulator intensity was set to be 1 

sun for the non-templated device in our experiments, this intensity is equivalent to 

approximately 1.1 suns for the device with the Pentacene template. This agrees with the 

10% higher calculated JSC than the measured value for the Pentacene-templated 
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device. In the subsequent discussions, we use the calculated JSC along with the 

measured VOC and FF to calculate a corrected power conversion efficiency that more 

accurately reflects the true efficiencies of these devices. 

The higher content of the triclinic phase in the PbPc film grown on top of 

Pentacene, which leads to a stronger absorption in the near infrared, is one of the 

reasons for the enhancement of the EQE [Figure 4-1B)] of the templated device. In 

addition, the internal quantum efficiency (IQE) of the template device is enhanced in the 

entire PbPc absorption spectral region. This could be attributed to the improved 

morphology as we discussed above: the increased crystallinity and possibly a higher 

hole mobility of the PbPc grown on top of Pentacene can improve the charge collection 

efficiency. This is supported by a slight decrease in the saturation parameter S = J(-1 

V)/J(0 V) from 1.21 in the non-templated device to S = 1.18 in the device with 

Pentacene, meaning that a greater fraction of maximum amount of extractable charge 

carriers are collected at short-circuit in the device with the Pentacene template. 

In order to relate OPV device performance to PbPc film properties, the effect of 

PbPc thickness on the device performance was also investigated. The short-circuit EQE 

spectra of these devices are shown in Figure 4-2. The portion of the EQE spectra 

corresponding PbPc absorption (λ > 550 nm) has two major peaks corresponding to 

absorption of the monoclinic (λ ~ 750 nm) and triclinic (λ ~ 900nm) phases. For the 

devices grown on bare ITO [Figure 4-2A)], the device with 10 nm PbPc thickness has 

response dominated by the monoclinic phase. Contribution from the triclinic phase 

increases continuously as the PbPc layer thickness increases. This can be understood 

by reconsidering the PbPc film absorption spectra [Figure 4-2A), inset]. Absorption by 
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the triclinic phase also increases continuously with PbPc thickness, so it follows that 

triclinic phase content is greater in the top sections of the PbPc layer closest to the 

exciton-dissociating PbPc/C60 interface. As a result, the 900 nm peak in spectral 

response increases with PbPc thickness.  

 

Figure 4-2.  Short-circuit EQE spectra of PbPc-based devices with varying PbPc layer 
thickness. Films were grown on A) bare ITO and B) ITO/Pentacene. 

 
The PbPc thickness dependence is different for devices with a Pentacene 

interlayer, whose EQE and absorption spectra are shown in Figure 4-2B). Compared 

with PbPc layers grown on bare ITO, these films have a more constant 

monoclinic:triclinic character as a function of PbPc thickness. The exception to this rule 

occurs between 10 and 20 nm PbPc, where both the EQE and absorption spectra show 

a significant increase in contribution from the triclinic phase. While the 30 nm-thick PbPc 

film absorbs significantly more light, the EQE spectra corresponding to 20 and 30 nm-

thick PbPc layers are virtually identical. The exciton diffusion length in PbPc devices 

has been estimated to be ~5-10 nm [118] therefore, on average, excitons generated 

more than ~10 nm from the PbPc/C60 interface will not generate photocurrent. Since the 

total film absorption is a superposition of the absorption of the entire thickness of the 
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PbPc film, additional absorption by 30 and 40-nm thick PbPc layers does not 

necessarily result in an increase in EQE.  

The photovoltaic performances of these devices are summarized in Figure 4-3. 

With or without a Pentacene template, VOC is nearly constant except for the device with 

10 nm PbPc on Pentacene. In that case, the thin PbPc layer may not be sufficiently 

thick to cover the Pentacene surface to form a continuous layer. In this case the VOC is 

limited by the Pentacene/C60 junction cell, which has a smaller VOC [133]. Overall, 

without the Pentacene template, a maximum ηP was obtained with 30 nm PbPc film, 

whereas a 20 nm thick PbPc leads to the optimum performance of ηP = (2.2 ± 0.1) % for 

devices with Pentacene template.  

The JSC first increases as the thickness of the PbPc film increases to up to 30 

nm. There is a fundamental tradeoff between the increase in optical absorption and 

decrease in the exciton diffusion efficiency due to the short exciton diffusion length 

[50,91]. In general, a further increase in PbPc thickness does not necessarily increase 

the short circuit current, but instead increases the series resistance of the device and 

reduces the fill factor, as shown for both cases. For the devices incorporating the 

Pentacene template, the triclinic phase is homogenously distributed and the NIR 

photons are mostly absorbed in the bottom part of the film where the light first passes 

through, so the short circuit current rolls off right after the peak at 30 nm. On the other 

hand, without the templating layer, the excitons generated by the absorption of the 

triclinic phase are located in the middle and upper part of the film closer to the PbPc/C60 

interface and therefore shifts the peak of short circuit current towards a greater PbPc 

thickness. 
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Figure 4-3.  Comparison of the PbPc layer thickness dependencies of PbPc/C60 solar 
cell performance characteristics for devices with (red) or without (black) a 
Pentacene template layer. 

 
We also notice that the fill factor of the non-templated device decreases more 

slowly with increasing PbPc thickness than the Pentacene-templated device. The semi-

quantitative analysis of the optical absorbance spectra mentioned earlier suggests that 

in the top part of a thicker film, the content of the triclinic phase for the film on the bare 

ITO is higher than it is on the Pentacene template. This can result in a higher hole 

mobility and thus better charge collection efficiency for the non-templated device when 

the donor layer is more than 20 nm thick. 
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4.3 ZnPc-based OPV Devices with a PEDOT:PSS/Tetracene Anode Interlayer 
Structure 

Following the discussion of Tetracene and PEDOT:PSS/Tetracene AIL structures 

on ZnPc film properties in Section 3.4, this section will explore the effects of these AIL 

structures on the performance characteristics of ZnPc-based OPV devices. The 

characteristics of planar heterojunction (PHJ) devices will be presented first in order to 

show that the Tetracene-containing AIL structures function to circumvent the exciton 

diffusion bottleneck by increasing the internal quantum efficiency (IQE) corresponding to 

donor ZnPc absorption without sacrificing charge carrier transport. Next, the 

PEDOT:PSS/Tetracene AIL is inserted in a variety of ZnPc:C60 device architectures to 

reveal the mechanism for this enhancement. 

The ZnPc used in these devices was synthesized in-house by mixing zinc 

chloride with an excess of 1,2-dicyanobenzene. Further details regarding the synthesis 

and characterization of this ZnPc can be found elsewhere [47]. This synthetic route 

yields ZnPc with half the electrically active defect concentration as ZnPc obtained from 

a commercial supplier (Sigma-Aldrich), as well as a small amount of Cl in the resulting 

material (corresponding to half the atomic concentration of Zn), which is not observed in 

the ZnPc obtained from Sigma-Aldrich. Ultimately, OPV devices based on this home-

synthesized have a higher fill factor and VOC than those based on commercially 

obtained ZnPc [47]. 

4.3.1 Planar Heterojunction Devices 

Figure 4-4 shows A) the J-V characteristics under 100 mW/cm2 simulated AM 

1.5G illumination and B) the short-circuit EQE spectra of PHJ OPV devices with 

different AIL structures and a 25 nm-thick ZnPc donor layer. The photovoltaic 
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performance parameters of these devices are summarized in Table 4-2. The most 

immediate difference in device performance is the JSC: the addition of Tetracene has 

little effect on the J-V characteristics while the PEDOT:PSS/Tetracene AIL increases 

JSC by 75%. The FF and VOC are minimally affected. While the JSCs of devices grown on 

bare ITO and ITO/Tetracene are similar (4.8 and 5.2 mA/cm2, respectively) the 

photocurrent corresponding to ZnPc absorption (λ > 550 nm) is significantly greater in 

the Tetracene-templated device: the EQE at λ = 630 nm increases from 0.17 to 0.26, 

and more than doubles to 0.43 in the device with a PEDOT:PSS/Tetracene AIL 

structure.  

 

Figure 4-4.  Photovoltaic performance characteristics of ZnPc-based OPV devices. A) J-
V characteristics and B) short-circuit EQE spectra of PHJ ZnPc devices 
grown on bare ITO (black), 10 nm Tetracene (red) and 
PEDOT:PSS/Tetracene (blue). All devices have C60 (40 nm)/BCP (8 nm)/Al. 

 
Table 4-2.  Photovoltaic performance parameters of PHJ ZnPc devices with various AIL 

structures under 100 mW/cm2 simulated AM 1.5G illumination. 

AIL structure Bare ITO Tetracene PEDOT:PSS/Tetracene 

J
SC
 (mA/cm

2

) 4.8 ± 0.1 5.2 ± 0.2 8.4 ± 0.2 

FF 0.66 0.64 0.63 
V

OC
 (V) 0.62 0.61 0.66 

η
P 
(%) 2.0 ± 0.1 2.0 ± 0.1 3.5 ± 0.2 
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For a more detailed picture of photocurrent generation at short-circuit conditions, 

we separate the EQE into the absorption efficiency, ηA, and the internal quantum 

efficiency, IQE, by measuring the reflectance through the device stack. In this case we 

assume that no light is transmitted through the device and calculate ηA = 1-R, where R 

is the fraction of light reflected. Figure 4-5 shows plots of the ηA and IQE spectra for 

devices grown on bare ITO or AIL-covered ITO. The ηA corresponding to ZnPc 

absorption is most strongly affected by the PEDOT:PSS/Tetracene AIL, in agreement 

with the ZnPc film absorption results from Section 3.4. Integrating ηA for λ > 600 nm 

yields a net 18% increase caused by the PEDOT:PSS/Tetracene AIL structure. While 

the Tetracene-only AIL only increases ηA by 4% over this range, the spectral shape 

qualitatively features a higher absorption contribution from the aggregated ZnPc state, 

also in agreement with film absorption experiments discussed in Section 3.4. While 

significant, the increase in ηA pales in comparison with the increased IQE over the ZnPc 

absorption region: again integrating over the range λ > 600 nm, the ZnPc IQE is 

increased by net 41% and 124% for Tetracene and PEDOT:PSS/Tetracene AIL 

structures, respectively. Combined with small (< 5%) reductions in fill factor it is clear 

that these AIL structures solve the exciton bottleneck challenge, increasing photocurrent 

generation without sacrificing carrier collection efficiency. 
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Figure 4-5.  Two components of EQE spectra as a function of AIL structure. A) Device 

absorption efficiency (ηA) measured as 1-R through the device active area. B) 
Internal quantum efficiency (IQE) calculated as EQE(λ)/ηA(λ). 

 
We can further characterize the enhancement mechanism by considering that 

the IQE is the product of the exciton diffusion (ηED), charge transfer (ηCT), and charge 

collection (ηCC) efficiencies. Among these terms, the ηCTηCC product has been shown to 

have extremely strong control over the fill factor in OPV devices [35,89,91]. In this set of 

devices, the presence of AILs has little effect on the fill factor, so we attribute the 

increased photocurrent generation to more efficient exciton diffusion to a heterojunction. 

4.3.2 Bulk and Planar-Mixed Heterojunction Devices 

To test the hypothesis that enhancement is due to increased ηED, devices with 

different ZnPc:C60 interface structures were fabricated in order to vary the nature of ηED 

behavior. In PHJ devices, ηED is limited because all excitons must migrate to the planar, 

exciton-dissociating ZnPc/C60 interface in order to generate photocurrent. On the other 

extreme, a properly designed co-deposited donor:acceptor bulk heterojunction (BHJ) 

active layer configuration forms a morphology where exciton diffusion to a hetero-

interface is extremely efficient. Exciton diffusion efficiencies approaching 100% have 

been observed in similar blended donor:acceptor layers by photoluminescence 
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quenching experiments [88] and voltage bias-dependent EQE measurements [87]. 

Finally, the PHJ and BHJ devices are also compared with planar-mixed heterojunction 

(P-M HJ) devices where both neat and mixed ZnPc layers are present [91]. Excitons are 

generated in both neat and mixed donor layers in the P-M HJ structure, so exciton 

diffusion efficiency falls somewhere between those of PHJ and BHJ devices.  

The BHJ device active layer structure consisted of ZnPc:C60 (1:1 by weight, 30 

nm)/C60 (30 nm)/BCP (8 nm)/Al. This is not a BHJ in the most strict sense because a 

small portion of the ZnPc molecules do make contact with the neat C60 layer. However 

since the only ZnPc present in the device is deposited in a mixed layer, it will be 

considered a BHJ. The P-M HJ structure consisted of the layer structure ZnPc (20 

nm)/ZnPc:C60(1:1 by weight, 20 nm)/C60 (30 nm)/BCP (8 nm)/Al. The J-V characteristics 

of BHJ and P-M HJ devices are shown in Figures 4-6A) and B), respectively, and the 

photovoltaic performance parameters are summarized in Table 4-3.  

 

Figure 4-6.  J-V characteristics of ZnPc-based OPV devices with a mixed ZnPc:C60 
layer. A) BHJ devices with no neat ZnPc layer and B) P-M HJ devices with 
neat and mixed ZnPc layers. 
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For the BHJ device with no neat ZnPc layer [Figure 4-6A)], the addition of a 

PEDOT:PSS/Tetracene AIL structure degrades device performance, particularly the fill 

factor and VOC. In this structure, Tetracene makes direct contact with C60 at the 

Tetracene/BHJ interface. OPV devices based on Tetracene/C60 heterojunctions have 

been shown to have a lower VOC [134] than the ZnPc/C60 devices in this work. Similar 

devices with two different donor materials present (one neat and one blended with 

acceptor C60) have been shown to operate as two heterojunctions in parallel [105,106], 

with charge transport (manifested in the fill factor) and the VOC limited by the lower-

performing donor/acceptor combination. In our case, this is the Tetracene/C60 junction 

present in the BHJ device with PEDOT:PSS/Tetracene AIL. As a result, the VOC and fill 

factor are reduced from 0.60 V and 0.60 in the ITO/BHJ device to 0.54 V and 0.48, 

respectively, in the AIL/BHJ device. However when the built-in field sweeps charge 

carriers towards the electrodes, the JSC of both BHJ devices differ by only 0.3 mA/cm2, 

just on the edge of experimental error.  

The case of the P-M HJ devices is quite different: while the fill factor and VOC are 

virtually unaffected, the addition of the PEDOT:PSS/Tetracene AIL increases JSC by 

33% relative to the P-M HJ device on bare ITO, compared with a 75% increase 

observed in PHJ devices. This can be explained qualitatively by the contrasting spatial 

distributions of exciton generation: excitons are generated in both neat ZnPc and mixed 

ZnPc:C60 layers in the P-M HJ architecture. This leaves room for improvement in JSC via 

enhanced ηED in the neat ZnPc layer, though not as much room for improvement as in 

the PHJ case where all excitons generated in ZnPc must diffuse through the neat ZnPc 

layer to reach a ZnPc/C60 hetero-interface. 
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Table 4-3.  Photovoltaic performance parameters of BHJ and P-M HJ ZnPc devices 
under 100 mW/cm2 simulated AMA 1.5G illumination. 

 

Device 
structure 

BHJ BHJ P-M HJ P-M HJ 

AIL structure Bare ITO PEDOT:PSS/ 
Tetracene 

Bare ITO PEDOT:PSS/ 
Tetracene 

JSC (mA/cm2) 8.8 ± 0.2 9.1 ± 0.1 8.1 ± 0.3 10.8 ± 0.4 
FF 0.60 0.48 0.58 0.57 

V
OC 

(V) 0.60 0.54 0.63 0.65 

η
P 
(%) 3.2 ± 0.1 2.4 3.0 ± 0.1 4.0 ± 0.2 

 

The short-circuit EQE spectra of these devices, shown in Figure 4-7A), further 

illustrate the dependence of photocurrent enhancement on heterojunction structure. For 

λ > 550 nm, P-M HJ spectral response increases across the entire ZnPc absorption 

region with the addition of the PEDOT:PSS/Tetracene AIL structure. While some of this 

increase can be attributed to increased absorption in the ordered neat ZnPc layer, the 

IQE spectra in Figure 4-7B) show that the ηEDηCTηCC product also increases with the 

addition of the AIL structure. On the other hand, BHJ spectral response corresponding 

to ZnPc absorption is not affected by the insertion of the PEDOT:PSS/Tetracene AIL 

structure. The only difference in the two BHJ spectra occur over a small range from λ = 

450 – 550 nm, corresponding to Tetracene absorption. While the BHJ device grown on 

bare ITO (closed red circles) shows a steep roll-off towards λ = 550 nm consistent with 

the absorption spectra of ZnPc and C60, the increased EQE in the AIL/BHJ device (open 

red circles) in this region confirms photocurrent generation at Tetracene/C60 interfaces 

present at the AIL/BHJ interface in this structure. The IQE spectra of the BHJ devices 

are unaffected by the AIL. 
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Figure 4-7.  IQE spectra of ZnPc-based devices with different active layer structures. A) 
IQE spectra of BHJ and P-M HJ devices. B) Comparison of the AIL-induced 
IQE enhancements of different device structures. 

 
To summarize the effect of the PEDOT:PSS/Tetracene AIL on photocurrent 

generation, the IQE of AIL-containing devices are normalized to those of devices on 

bare ITO and plotted in Figure 4-8 for the device structures considered here. The IQE is 

doubled in the PHJ device structure and gradually increases with increasing 

wavelength, while the BHJ and P-M HJ show IQE ratios which are independent of 

incident wavelength. Since absorption by both neat ZnPc and ZnPc blended with C60 is 

present in the P-M HJ structure, the IQE enhancement falls in between those observed 

in the PHJ and BHJ architectures, as predicted. 

A B 
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Figure 4-8.  Relative IQE enhancement in the ZnPc absorption region for the three 
ZnPc:C60 active layer architectures. 

 
The possible reasons for increased ηED include (1) increased exciton diffusivity 

and exciton diffusion length (LD), (2) exciton blocking at the AIL/Donor interface, and (3) 

exciton dissociation at the AIL/Donor interface. All three have been demonstrated in 

organic films and OPV devices [21,57,99,104–107,125]. Since ZnPc is not an efficient 

emitter, photoluminescence quenching is not a viable experimental option for 

determining whether excitons are blocked or dissociated at the Tetracene/ZnPc 

interface. The nature of the Tetracene/ZnPc heterojunction will be further investigated in 

Chapter 5. 

As a final step, the power conversion efficiency of the P-M HJ device was 

maximized by inserting a cathode interlayer consisting of a 10 nm-thick N,N’-dihexyl-

perylene-3,4,9,10-bis(dicarboximide) (PTCDI) [135] layer between the C60 and BCP 

layers. Cathode buffer layers have been shown to reduce exciton/polaron recombination 

in neat fullerene layers [81] and improve overall charge carrier collection dynamics in 
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OPV devices [108,109]. Here, the optimized P-M HJ device had an active layer 

structure PEDOT:PSS/Tetracene (10 nm)/ZnPc (15 nm)/ZnPc:C60 (2:1 by volume, 20 

nm)/C60 (30 nm)/PTCDI (10 nm)/BCP (14 nm). The peak EQE reached 0.69 at λ = 630 

nm, contributing to a maximum JSC of (13.9 ± 0.3) mA/cm2. Combined with a consistent 

VOC and high fill factor, a ZnPc:C60-record ηP = (5.8 ± 0.3) % was achieved [136]. 

 

Figure 4-9.  Photovoltaic performance characteristics of optimized P-M HJ OPV device. 
A) J-V characteristics and B) short-circuit EQE spectra of optimized P-M HJ 
ZnPc device with PEDOT:PSS/Tetracene AIL structure. 

 
While the ultimate ηP is greatest for the P-M HJ device with a 

PEDOT:PSS/Tetracene AIL structure, comparing the PHJ device with the mixed active 

layer cells on bare ITO confirms the utility of this simple AIL structure. Recalling the 

discussion of the exciton diffusion bottleneck in Section 2.3, the adoption of the BHJ 

structure has been the most successful method for achieving high photocurrent 

generation efficiency. This is confirmed in these ZnPc-based devices: the JSC of the 

control BHJ and P-M HJ devices on bare ITO are more than 70% greater than that of 

the control PHJ device. Here, we have shown that the addition of a simple AIL structure 

A B 



 

120 

to a simple PHJ device generates a similar JSC while maintaining a higher fill factor, 

leading to a greater ηP than the devices with mixed ZnPc:C60 layers. 

4.4 DBP-based OPV Devices with Exciton-Dissociating and Exciton-Blocking 
Anode Interlayers 

The organic donor molecule Tetraphenyldibenzoperiflanthene (DBP) has 

attracted significant research interest in the last few years due to its favorable energy 

levels and strong optical absorption centered in the green-yellow portion of the visible 

solar spectrum [20]. When used in conjunction with a fullerene acceptor, DBP-based 

OPV devices exhibit high quantum efficiencies and VOC > 0.9 V [20,21,98,128,129], 

leading to a reported ηP = (8.1 ± 0.4) % device with fullerene C70 as acceptor [108]. 

In addition to embodying the current state of the art for evaporated organic solar 

cells, DBP is also well-suited to function as a reference material for investigating the 

roles of different anode interlayer (AIL) species. Unlike the anisotropic molecular and 

domain orientations observed in many donor films, DBP films are rather amorphous due 

to the presence of four out-of-plane phenyl rings in the molecular structure (Figure 4-

10). These disrupt the electrostatic interactions between the conjugated π electron 

cores of neighboring molecules, which drive ordering and preferential stacking 

directions in other donor molecule films, such as phthalocyanines [35,61,104]. Whereas 

the effect of AIL structures on ZnPc devices can be assigned to modified ZnPc bulk 

properties in addition to the function of the AIL/donor interface, the addition of AIL 

structures to a DBP-based device will only affect the donor interfacial properties within 

the device stack. Therefore the convoluted effects on the donor film can be 

disentangled, leaving the interfacial structure as the lone variable. 
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As revealed by photoluminescence measurements in Section 3.5, DBP forms 

exciton-quenching and exciton-blocking interfaces with ITO and NPB, respectively. 

Here, we investigate the effects of these materials, as well as the relatively shallow-

EHOMO material Tetracene, as AIL species in DBP-based OPV devices. By combining 

experimental results with optical calculations and photocurrent modeling, the quenching, 

dissociating, and blocking behavior can be directly investigated in OPV device 

architectures. Furthermore, these results can be compared with ZnPc-based OPV 

devices described in Section 4.3 to determine the blocking or dissociatinging nature of 

the Tetracene/ZnPc heterojunction. 

4.4.1 Planar Heterojunction Device Performance 

The J-V characteristics of PHJ DBP-based devices under 100 mW/cm2 simulated 

AM 1.5G illumination are shown in Figure 4-10. All organic layers were deposited 

between 0.5 and 1 Å/sec while Al was deposited between 2 and 3 Å/sec. All devices 

have identical layers of ITO/DBP (17 nm)/C60 (30 nm)/BCP (8 nm)/Al, with PEDOT:PSS 

(40 nm)/Tetracene (10 nm) and PEDOT:PSS (40 nm)/NPB (10 nm) AIL structures 

inserted, as shown schematically in the figure. The control device has a very high fill 

factor of (0.71 ± 0.01) and VOC = 0.91 V, but a relatively low JSC, leading to a modest ηP 

= (3.0 ± 0.1) %, in good agreement with previous reports [20,21,80]. 

The addition of both Tetracene- and NPB-containing AIL structures leads to 

significant increases in JSC: 32% and 40%, respectively. Both AIL structures cause a 

reduced fill factor, however in the case of the PEDOT:PSS/Tetracene AIL this reduction 

is much more significant. The reduced fill factor negates the increase in JSC, leading to a 

decreased ηP = 2.5 %. On the other hand, the device with PEDOT:PSS/NPB AIL 

structure maintains a relatively high fill factor of 0.66 and achieves ηP = (4.1 ± 0.1) %, a 
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37% net enhancement over the control device. The photovoltaic performance 

parameters of these DBP-based devices are summarized in Table 4-4. 

 

Figure 4-10.  J-V characteristics of DBP-based PHJ devices with different AIL structures 
under 100 mW/cm2 simulated AM 1.5G illumination. 

 

Table 4-4.  Photovoltaic performance parameters of DBP (17 nm)/C60(30 nm) devices 
with various AIL structures under 100 mW/cm2 simulated AM 1.5G 
illumination. 

AIL structure Bare ITO PEDOT:PSS/Tetracene PEDOT:PSS/NPB 

JSC (mA/cm2) 4.7 ± 0.1 6.3 ± 0.1 6.6 ± 0.1 

FF 0.71 ± 0.01 0.45 0.66 

VOC(V) 0.91 0.90 ± 0.01 0.94 

ηP (%)  3.0 ± 0.1 2.5 4.1 ± 0.1 

 

To investigate the spectral dependence of photocurrent generation, the short-

circuit EQE spectra of these three devices are plotted in Figure 4-11 alongside the 

absorption spectra of all organic materials present in these devices. All three devices 
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have similar local EQE maxima in the spectral region where C60 is the primary 

absorbing species (λ < 500 nm). While the absorption spectra of acceptor C60 has some 

overlap with the AIL species (Tetracene, in particular), donor DBP is the only material 

which efficiently absorbs light past λ = 550 nm. Not coincidentally this is where the EQE 

behavior diverges: the control device EQE has a local maximum of 0.38 at λ = 615 nm, 

while those of Tetracene- and NPB-containing AIL devices peak at 0.56 (representing 

an increase of 47%) and 0.62 (63% increase), respectively. The peak EQE of 0.62 is 

among the highest reported in PHJ devices based on DBP and C60 [20,21,127,128]. 

 

Figure 4-11.  Short-circuit EQE and absorption coefficient spectra of DBP-based PHJ 
devices and organic semiconductors present in said devices. Excitonic 
behavior near the anode(AIL)/DBP interface is illustrated on the right. 

 

Upon first glance these EQE results are inconsistent with the different 

photocurrent generation mechanisms of quenching, dissociating, and blocking behavior 

at the anode (or AIL)/donor interface. In the case of the exciton-quenching ITO/DBP 
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interface, excitons generated near the interface have a high probability of recombining 

on ITO and not contributing photocurrent. This is illustrated schematically in Figure 4-

11.  

In the exciton-dissociating cascade structure, excitons which would recombine at 

the ITO/DBP interface are instead dissociated into electrons and holes and generate 

additional photocurrent because there is no barrier to electron transport across the 

DBP/C60 interface. Hence, photocurrent is effectively generated at two heterojunctions 

rather than one in the device with the cascade PEDOT:PSS/Tetracene AIL structure. In 

the case of exciton blocking, excitons do not quench or dissociate at the AIL/DBP 

interface but are “reflected” back towards the DBP/C60 interface. In this case the 

reflected excitons must diffuse, on average, a longer distance to reach the exciton-

dissociating DBP/C60 heterojunction in order to generate photocurrent. However the 

equilibrium exciton distribution is affected such that photocurrent generation is 

increased. This will be studied more carefully in Section 4.4.3. As a result, EQE 

corresponding to DBP absorption is expected to be greater in the cascade 

(PEDOT:PSS/Tetracene AIL) device than the blocking (PEDOT:PSS/NPB AIL) device. 

In this initial set of devices this trend does not hold, although both AIL-containing 

devices have greater DBP EQE than the control device on bare ITO. 

Recalling that photocurrent generation is a four step process, the absorption 

efficiency can be measured in order to calculate the internal quantum efficiency (IQE). 

The absorption efficiency and short-circuit IQE spectra of these DBP-based devices are 

shown in Figure 4-12. The absorption efficiency spectra in Figure 4-12A) show 

significant differences in the λ < 550 nm region. Here, additional absorption by the 
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Tetracene layer accounts for the increased absorption efficiency near λ = 500 nm while 

optical effects induced by the addition of the 40 nm-thick PEDOT:PSS between the 

substrate and active layers causes the increased absorption for λ < 500 nm in the 

devices with AIL structures. However, all three absorption spectra converge for λ > 550, 

nm corresponding to exclusive DBP absorption. Peak ηA values differ by only 0.03 

across the three device structures, confirming that the underlying AIL structures do not 

strongly affect the optical properties of the DBP films. 

 

Figure 4-12.  Spectral distributions of A) absorption and B) internal quantum efficiencies 
for DBP-based OPV devices with different AIL structures. 

 
The IQE spectra qualitatively reproduce the trends observed in the EQE spectra, 

so we may conclude that enhanced DBP photon-to-electron conversion is largely driven 

by enhanced exciton-to-electron conversion, similar to the Tetracene/ZnPc devices. The 

reduced IQE at λ < 500 nm in devices with the PEDOT:PSS/Tetracene AIL structure 

confirms that additional absorption by Tetracene does not correspond to efficient 

photocurrent generation. The transparent NPB-containing AIL structure eliminates this 

parasitic absorption, allowing for more absorption by C60 and greater IQE in the blue 
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spectral region. The enhanced IQE corresponding to DBP absorption (λ > 500 nm) 

confirms that the photocurrent generation enhancement is again due to increased 

exciton diffusion efficiency in both AIL-containing structures. More detailed analysis is 

required to fully understand this behavior, specifically addressing the different relative 

enhancements caused by the insertion of the cascade and exciton-blocking AIL 

structures. This will be investigated more carefully in Section 4.4.3 and Chapter 5. 

4.4.2 Comparison of Planar and Bulk Heterojunction Device Characteristics 

As discussed in Section 1.5, blending the donor and acceptor species to form a 

bulk heterojunction (BHJ) is another way to improve photocurrent generation and ηP in 

OPV devices. We have fabricated P-M HJ devices, consisting of mixed DBP:C60 and 

neat C60 active layers, with a range of DBP:C60 ratios in order to increase photocurrent 

generation and to compare the devices with the relatively simple AIL/PHJ structure. The 

J-V characteristics of P-M HJ devices under 100 mW/cm2 simulated AM 1.5G 

illumination with the structure ITO/DBP:C60 (1:8, 1:2, and 1:1 by weight, 40 nm)/C60 (10 

nm)/BCP (8nm)/Al are shown in Figure 4-13, and the device performance 

characteristics are summarized in Table 4-5. The characteristics of the 

PEDOT:PSS/NPB/PHJ device described in Section 4.3.1 are also shown for 

comparison. 

Acceptor-rich DBP:C60 blends were found to have very good charge transport 

properties as evidenced by fill factors approaching 0.6, in agreement with other 

published studies of DBP:fullerene blends [98,129,137]. The optimal balance between 

carrier generation and charge transport occurs at a volume ratio of 1:2 DBP:C60, 

resulting in ηP = (3.6 ± 0.1) %. This is greater than the control PHJ device grown on 

bare ITO but less than that of the PHJ device with a PEDOT:PSS/NPB AIL structure. 
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While the JSC of the optimized P-M HJ device is slightly greater, the greater fill factor 

and VOC suggest that the AIL-containing PHJ device more efficiently circumvents the 

exciton diffusion bottleneck.  

 

Figure 4-13.  J-V characteristics of DBP-based P-M HJ and PHJ devices under 100 
mW/cm2 simulated AM 1.5G illumination. Left: schematic P-M HJ device 
stack. 

 
Table 4-5.  Photovoltaic performance parameters of various DBP-based OPV devices 

under 100 mW/cm2 simulated AM 1.5G illumination. 

Device 
structure 

1:8 P-M HJ 1:2 P-M HJ 1:1 P-M HJ NPB/PHJ 

JSC (mA/cm2) 5.9 ± 0.1 7.1 ± 0.2 7.1 ± 0.1 6.6 ± 0.1 

FF 0.59 ± 0.01 0.58 ± 0.01 0.47 ± 0.01 0.66 

VOC (V) 0.93 0.88 0.87 0.94 

ηP (%) 3.2 ± 0.1 3.6 ± 0.1 2.9 4.1 ± 0.1 
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In the cases of the P-M HJ device structures, significant photocurrent is expected 

to be generated by both donor and acceptor species due to the mixed nature of the 

DBP:C60 layer. Therefore knowledge of the spectral distribution of photocurrent 

generation is necessary in order to focus on DBP-driven behavior. The EQE and IQE 

spectra of P-M HJ and NPB/PHJ devices are shown in Figures 4-14A) and B), 

respectively. The EQE corresponding to DBP absorption increases with DBP content in 

the BHJ layer: peak EQE values at λ > 600 nm increase from 0.25 to 0.50 to 0.60 as the 

DBP:C60 ratio increases from 1:8 to 1:1. This is strongly dependent on the different 

amounts of DBP absorption in these films. Figure 4-14B) shows that the IQE, which 

does not account for the different absorption efficiencies, is relatively constant for all 

three P-M HJ devices with the 1:2 structure having slightly higher peak values. EQE 

corresponding to C60 absorption shows a similar trend, increasing with decreasing DBP 

content in the mixed layer. Extended nonzero IQE past λ = 700 nm in the P-M HJ 

devices is attributed to absorption by the DBP-C60 charge transfer state [137] arising 

from the greater DBP:C60 interface area in the devices with a mixed layer. 

While the optimized P-M HJ device has a greater JSC, the PHJ device with 

PEDOT:PSS/NPB AIL has greater EQE in the spectral region corresponding to DBP 

absorption, with a peak value of 0.62. The reduced EQE and IQE at λ < 500 nm in the 

PHJ device is due to lower C60 IQE, a direct result of the C60 being in a neat layer rather 

than a mixed layer. Now we can conclude that the addition of the PEDOT:PSS/NPB AIL 

structure to the PHJ device improves DBP photocurrent generation efficiency past that 

of an optimized device with a mixed DBP:C60 active layer. The superior electrical 

properties of the neat DBP and C60 layers over the DBP:C60 blend also result in 
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improved fill factor and VOC. Altogether, the exciton-blocking structure functions as a 

robust and effective way to circumvent the exciton diffusion bottleneck, delivering 

greater peak EQE = 0.62 and fill factor = 0.66. However, the differences in photocurrent 

generation mechanisms in the quenching, blocking, and cascade structures remain to 

be more carefully addressed.  

 

Figure 4-14.  Quantum efficiency spectra of DBP:C60 P-M HJ devices with three 
different DBP:C60 blend ratios and a PHJ device with PEDOT:PSS/NPB AIL 
structure. A) EQE and B) IQE calculated as EQE/ηA. 

 
4.4.3 Simulation of Photocurrent Generation at Planar Heterojunction Interfaces 

To quantify the differences in photocurrent generation in PHJ devices with 

different AIL structures, we combine transfer matrix and exciton diffusion calculations to 

better understand the photocurrent generation mechanisms under these different 

scenarios. Specifically, we are interested in the relative contributions to photocurrent 

generation of exciton dissociation and exciton blocking at the AIL/DBP interface. To 

examine the effect of AIL structures on carrier generation, we employ the framework 

developed by Pettersson et al. [132], Peumans et al. [50], and Burkhard et al. [138] for 

light propagation through a multilayer OPV device. Briefly, the reflection, transmission, 
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and absorption of light incident on the device stack are calculated from the complex 

refractive indices of all layers present in order to determine the electric field distribution 

within the structure. Next, the exciton generation rates within the photoactive layers of 

interest are calculated from the electric field modulus, the refractive indices, and the 

absorption coefficients of relevant layers. Once the exciton generation rate profile G(x) 

is determined, we solve the steady-state diffusion equation for excitons, 
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(4-1) 

 
 

where e is the exciton concentration, x is position within the layer, LD is the exciton 

diffusion length, τ is the exciton lifetime, and G is the exciton generation rate. This 

equation is solved for two cases relevant to this investigation. In both cases, the 

DBP/C60 interface is assumed to be perfectly quenching, i.e. the exciton concentration is 

zero at that location. For exciton quenching or dissociating behavior at the anode or 

AIL/DBP interface, the boundary condition e(x = 0) = 0 is enforced. For the case of a 

blocking AIL/DBP interface, we use the boundary condition ∂e/∂x(x = 0) = 0. We define 

x = 0 as the anode (or AIL)/donor interface and xDA as the donor/acceptor interface. 

These boundary conditions are in accordance with photoluminescence quenching 

experiments described in Section 3.5. The general form of the solution to (4-1) is given 

by  

 ( )       (
 

  
)       (
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Once e(x) is obtained under different sets of boundary conditions, the 

photocurrent generated by excitons arriving at an exciton-dissociating interface is 

calculated according to 
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(4-3) 

where JED is the excitonic photocurrent and xdiss  is the position of the exciton-

dissociating interface. For the control device on ITO, we assume a quenching 

anode/donor interface and a 100% efficient donor/acceptor interface so that the 

excitonic photocurrent is calculated by evaluating (4-3) at the DBP/C60 interface. For the 

cascade device with PEDOT:PSS/Tetracene AIL, the equilibrium exciton distribution  

within the DBP layer is expected to be nearly identical to that in the control device. The 

only difference is that photocurrent generated from exciton dissociation at both the 

Tetracene/DBP and DBP/C60 interfaces are summed together, i.e. (4-3) is calculated at 

x = 0 and x = xDA. For the blocking case, the distribution is calculated for one blocking 

and one quenching interface and the photocurrent is taken to be that at the DBP/C60 

interface only.  

Finally, EQE is calculated by normalizing the excitonic photocurrent to the 

incident optical power: 

      

   
 ⁄

 ( )
  
⁄

  
(4-4) 

where q is the elementary charge, S(λ) is the incident optical power, h is Planck’s 

constant, and ν is the photon frequency = c/λ. We note that the EQE calculated in this 

manner only accounts for photocurrent generated by exciton diffusion to an interface, 

hence the ED subscript. Further, in taking this figure as the EQE we assume that the 

ηCTηCC product equals unity. Thus (4-3) and (4-4) function as upper limits to the 

heterojunction photocurrent and EQE, respectively. 



 

132 

The calculated equilibrium exciton distributions within the 17 nm-thick DBP layer 

of a PHJ OPV device with exciton-quenching (or dissociating) and exciton-blocking 

interfaces at the anode (or AIL)/DBP interface are shown in Figure 4-15 for λ = 615 nm 

incident light corresponding to DBP absorption. Optical constants of all active layer 

materials were obtained from the literature [127] and the DBP/C60 interface is assumed 

to be perfectly quenching.  

 

Figure 4-15.  Equilibrium exciton concentration profiles within the DBP layer of a PHJ 
OPV device excited by λ = 615 nm illumination. Device structures have an A) 
exciton-quenching or –dissociating interface or B) exciton-blocking layer at 
the anode interface. 

 
. In the case of a quenching or dissociating AIL/DBP interface in Figure 4-15A), 

the exciton concentration falls to zero at the anode or AIL/DBP interface (x = 0). The 

total exciton population and the slope ∂e/∂x at the DBP/C60 interface both decrease with 

increasing LD because excitons have a higher probability of reaching a quenching or 

dissociating interface in a material with greater exciton diffusivity. This trend also holds 

for a blocking interface as shown in Figure 4-15B) where the concentration is greatest at 

the AIL/donor interface and decays to zero at the dissociating DBP/C60 interface. In both 
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cases, the excitonic photocurrent will nonetheless increase with LD due to the LD
2 term 

in the numerator of (4-3). For a given LD value, both the total exciton concentration and 

the slope of the distribution are greater in the film with a blocking interface because 

excitons reaching the NPB/DBP interface are not removed from the population as they 

are in the case of a blocking or dissociating interface. 

Next, we calculate the excitonic photocurrent and EQE generated in a PHJ DBP-

based OPV device with active layer structure ITO/AIL/DBP (17 nm)/C60 (30 nm)/BCP (8 

nm)/Al (100 nm) by using (4-3) and (4-4) for λ = 615 nm incident light. The calculated 

EQE is plotted in Figure 4-16 as a function of LD for the cases of quenching (bare ITO), 

dissociating (PEDOT:PSS/Tetracene), and blocking (PEDOT:PSS/NPB) interfaces. For 

all three structures, EQE increases with increasing LD as expected. For a given value of 

LD, the calculated EQE is always greatest for the exciton-dissociating device structure, 

followed by the device with a blocking interface, and the EQE of the device with a 

quenching interface is least. For values of LD significantly below the DBP layer 

thickness, the quenching and blocking EQE values are virtually identical. This is 

expected, since excitons generated far from the DBP/C60 interface are unlikely to diffuse 

across the majority of the 17 nm-thick DBP film in either case. When excitons from that 

same section of the DBP film can dissociate at the AIL/DBP interface, the required 

diffusion length is much less. Therefore, the EQE is expected to be greater for low LD 

values in the exciton-dissociating cascade structure. In addition to the calculations, the 

measured short-circuit EQE values for each of the three DBP-based PHJ devices are 

shown as horizontal lines in Figure 4-16. 
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Figure 4-16.  Calculated EQEED as a function of LD in a DBP-based PHJ device with 
various AIL structures under λ = 615 nm incident light. Horizontal lines 
correspond to measured short-circuit EQE values for devices on bare 
ITO(solid, black), PEDOT:PSS/Tetracene (dashed, red), and 
PEDOT:PSS/NPB (dash + dot, blue). 

 
These simulation results present some significant deviations from experiment. 

First, the fabricated devices with an exciton-dissociating Tetracene layer did not show 

greater EQE than the devices with the exciton-blocking NPB layer as predicted by the 

calculations. The second major discrepancy arises from comparison of measured and 

calculated values of EQE and EQEDA, which allows for an estimate of the LD parameter. 

For this purpose, the measured EQE values for all three device structures are shown in 

Figure 4-16 as horizontal lines. This procedure yields LD = 11.5 and 13 nm for the 

devices grown on bare ITO and PEDOT:PSS/NPB, respectively, and LD = 7 nm for the 

device with a PEDOT:PSS/Tetracene AIL structure. Processing conditions have 

previously been demonstrated to have a strong effect on  donor film properties, 



 

135 

including LD  [35,55,99,125]. However, the donor materials exhibiting this behavior also 

have highly anisotropic molecular properties and exhibit preferential arrangements 

within a solid film, in contrast with observations of DBP films. A change in the molecular 

arrangement would be inconsistent with the results described in Section 3.5, where 

interlayers did not affect the optical absorption spectra or the LD values extracted from 

photoluminescence experiments. The characteristics of DBP-based OPV devices with 

different AIL structures will need to be analyzed further in order to accurately determine 

the effects of these structures. 

4.5 Summary 

The variety of AIL and donor materials investigated in the previous two chapters 

present a wide framework for the study of donor film modification and OPV device 

performance. For all three donor materials chosen, the two phthalocyanines PbPc and 

ZnPc as well as the relatively new donor DBP, the ηP of OPV devices is significantly 

improved with the addition of an appropriate AIL structure.  

PbPc molecules arrange in an infrared-absorbing triclinic configuration at the 

very beginning stages of film growth on a substrate pre-coated with a thin Pentacene 

layer. As a result, relatively thin PbPc donor layers absorb strongly past λ > 900 nm and 

PHJ devices have 38% greater ηP than control devices grown on bare ITO substrates.  

ZnPc-based PHJ devices showed significantly increased EQE when a Tetracene 

layer is introduced between the ITO anode and the ZnPc film. When a PEDOT:PSS 

layer is also incorporated to form a dual AIL structure, ηP is increased from (2.0 ± 0.1) to 

(3.5 ± 0.2) % due to the planarizing effect of PEDOT:PSS on the Tetracene film. By 

separating the absorption from the internal quantum efficiency and investigating the 

effects of the dual AIL on different active layer architectures, the enhancement was 
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determined to be due to improved exciton diffusion efficiency. Whether the dual AIL 

functions as an exciton-dissociating or blocking interface is not yet clear. This will be 

analyzed in more detail in the following chapter. Regardless, the P-M HJ structure was 

optimized to achieve ηP = (5.8 ± 0.3) %, the highest reported value for the ZnPc:C60 

materials system. 

Finally, exciton-dissociating and -blocking AIL structures were compared directly 

in DBP-based PHJ OPV devices. Inserting an exciton-dissociating 

PEDOT:PSS/Tetracene AIL structure caused a precipitous reduction in fill factor from 

0.71 to 0.45, negating the increase in JSC and ultimately reducing ηP from (3.0 ± 0.1) to 

2.5 %. The exciton-blocking PEDOT:PSS/NPB AIL structure resulted in a 40% increase 

in JSC while retaining a relatively high fill factor of 0.66, increasing ηP to (4.1 ± 0.1) %. 

Detailed calculations of the excitonic photocurrent for various device architectures 

yielded results which were inconsistent with measured EQE data. These devices will be 

investigated more thoroughly in the next chapter. 

Perhaps the most important conclusion from these device studies is that the 

insertion of a functional AIL structure into the PHJ device stack improves ηP past that of 

devices with mixed donor:acceptor BHJ structures. For devices on bare ITO, the ηP of 

ZnPc- and DBP-based devices is increased when the donor and acceptor species are 

blended together. In these cases balance between increased photocurrent generation 

efficiency and reduced electrical properties of donor:acceptor blends has been 

managed in order to improve device performance. Alternatively, we have shown that 

inserting a functional AIL structure into a PHJ device can increase photocurrent 

generation while maintaining the superior electrical properties of neat donor and 
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acceptor films. As a result the ηP of PHJ devices with AIL structures is greater than 

devices with mixed active layers on ITO, and the exciton diffusion bottleneck is 

managed more effectively. 
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CHAPTER 5 
COMPARISON OF ORGANIC PHOTOVOLTAIC DEVICES WITH EXCITON-
DISSOCIATING AND EXCITON-BLOCKING INTERLAYER STRUCTURES 

5.1 Introduction 

The results presented in Chapter 4 conclude that the insertion of organic 

interlayers between the anode and donor layers can increase photocurrent generation 

and ultimately power conversion efficiency of OPV devices. In the case of the donor 

molecule Tetraphenyldibenzoperiflanthene (DBP), the selection of a proper anode 

interlayer (AIL) material was shown to be crucial: a Tetracene-containing AIL with a 

more shallow EHOMO (a so-called “cascade” device structure) improved photocurrent 

generation (JSC) but reduced the fill factor such that the ηP was decreased below that of 

the control device on bare ITO. On the other hand, the insertion of a wide bandgap NPB 

AIL species with EHOMO well-aligned to that of DBP (“blocking” structure) resulted in 

OPV devices with increased ηP because the increased JSC is not accompanied by a 

severely reduced fill factor.  

The interplay between photocurrent generation and charge carrier transport is a 

complex relationship. By virtue of the different energy level alignments of AIL species 

Tetracene and NPB with donor DBP, this materials system presents a unique 

opportunity to directly investigate the effects of different AIL structures and 

functionalities on OPV device performance under well-controlled conditions. A thorough 

investigation of DBP-based planar heterojunction (PHJ) OPV devices will be presented 

in this chapter. The effects of AIL structures on DBP device performance have been 

studied across a range of DBP thicknesses. By combining experimental measurements 

with excitonic photocurrent calculations, we gain insight into the enhancement 

mechanisms in each structure and reveal the reasons for different behavior. Finally, we 
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compare the characteristics of DBP-based devices with ZnPc-based devices in order to 

determine the nature of the Tetracene/ZnPc heterojunction. 

5.2 Review of Cascade-based OPV Devices 

Cascade-based OPV devices have been the subject of growing research in the 

last decade as a facile method of improving OPV device performance. To put the 

present work in context, a short review of the existing literature will be presented. A 

number of previous studies of the cascade architecture focused on the dynamics of 

exciton dissociation and charge separation at a heterojunction by manipulating the 

excited charge transfer state at the donor/acceptor interface with the insertion a thin (≤ 5 

nm) interlayer between the “primary” donor species and the acceptor. These layers 

were shown to increase charge separation efficiency by reducing polaron-polaron 

coupling after exciton dissociation [139] and increase the VOC by directly replacing the 

species in contact with the acceptor C60 [140–142].  

The goal of the present work is to avoid any modification of the Donor/C60 

interface and instead focus on the function of the AIL/Donor structure. As such, previous 

studies of “intentional” cascade structures with fully continuous constituent layers like 

those in the work of Barito et al. [106], Cnops at el. [105], and Schlenker et al. [107] are 

more appropriate for consideration here. In each of these studies, all cascade-

structured devices exhibit increased photocurrent generation but also have a decreased 

fill factor relative to control devices with a single exciton-dissociating interface. This 

phenomenon was attributed to low electron mobility in the primary-absorbing donor 

species in devices based on the donor boron subphthalocyanine chloride (SubPc) 

[105,106]. 
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As Figure 4-9 clearly shows, the cascade DBP device with 

PEDOT:PSS/Tetracene AIL exhibits a reduced fill factor best described by a sharp 

reduction in photocurrent beginning at V ~ 0.4 V and an S-kink near the VOC. These 

features, in addition to being presented in aforementioned cascade structures [105,106], 

have also been encountered in studies of hole transport layer (HTL)/donor interfaces in 

OPV device architectures [143–145]. Hole injection barriers corresponding to a negative 

EHOMO offset between the HTL and donor materials have only a small effect on the J-V 

characteristic in the V < 0 region, in agreement with the similar reverse bias slopes 

shown in Figure 4-9. In the forward bias regime approaching the built-in potential, a 

significant S-kink has been observed in OPV devices with hole injection barriers. These 

phenomena have been confirmed with drift-diffusion simulations [143,144] as well as 

transient photocurrent behavior [145]. Furthermore, Cheyns et al. have shown that the 

resistance at open-circuit increases with injection barrier height [146]. These results are 

in good agreement with the J-V behavior exhibited by the device with a 

PEDOT:PSS/Tetracene AIL in Figure 4-9. 

Due to the similar voltage-dependent characteristics observed in devices with a 

cascade structure and hole injection barriers at the HTL/Donor interface, we can 

conclude that these effects are inseparable. In the following sections, we will compare 

illumination intensity-, voltage-, and DBP thickness-dependent photocurrent behavior in 

devices with quenching, cascade, and blocking anode/AIL structures to further contrast 

these different device architectures. 

5.3 Illumination Intensity-Dependent Behavior 

Recalling the J-V characteristics of DBP-based PHJ devices in Section 4.4, both 

the control and NPB AIL-containing devices have high fill factors > 0.6 and the 
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photocurrent shows very low slope under reverse voltage bias. The photocurrent 

saturation term S = J(V = -1 V)/JSC is in the range of 1.04-1.05 in both devices, whereas 

S increases to 1.12 for the Tetracene-containing cascade device. This suggests the 

presence of a stronger photocurrent loss mechanism in the cascade device. We can 

hypothesize that this loss mechanism is related to the different functions of the DBP 

layer in the different device structures. 

The devices grown on bare ITO and the PEDOT:PSS/NPB AIL are similar in that 

holes are the only charge carriers present in the DBP layer: excitons are dissociated 

into free carriers at one single location, the DBP/C60 interface. In the cascade structure 

with the PEDOT:PSS/Tetracene AIL, a second charge carrier-generating interface is 

present at the Tetracene/DBP interface. This results in electrons also being present in 

the DBP layer in addition to holes present from exciton dissociation at the DBP/C60 

interface. The presence of both charge carriers within the same physical space makes 

this structure more akin to a bulk heterojunction (BHJ) active layer structure where hole- 

and electron-conducting species are blended together homogeneously. In these 

structures where electrons and holes are not spatially separated as in a planar 

heterojunction device, bimolecular recombination of charge carriers is a dominant 

photocurrent loss mechanism which results in strong voltage-dependent charge 

transport [42] and carrier collection [62,87,91]. 

Devices with bimolecular recombination exhibit a sub-unity power law 

dependence between photocurrent (JSC) and illumination intensity (PO): as the carrier 

generation rate increases with illumination intensity, so does the carrier recombination 

rate. Bimolecular recombination becomes important when the recombination rate 
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increases more rapidly than the generation rate. Quantitatively, JSC can be related to the 

incident optical power intensity P0 by 

      
   (3-1) 

  

where the recombination parameter α describes the recombination rate, with α 

approaching 1 in the ideal case with no recombination. The J-V behavior of DBP-based 

PHJ devices with different AIL structures were measured under simulated AM 1.5G 

illumination across three orders of magnitude in intensity, from PO = 0.25 to 120 

mW/cm2. The JSC values obtained from these measurements are plotted as a function of 

illumination intensity in Figure 5-1A).  

 

Figure 5-1.  Incident power dependence of photocurrent generation for DBP-based 
devices with different AIL structures. All devices had a DBP (12 nm)/C60 (30 
nm) donor/acceptor PHJ structure. A) Logarithmic JSC(PO) and B) semi-
logarithmic R(PO). Best fit lines are solid (ITO), dashed 
(PEDOT:PSS/Tetracene), and dotted (PEDOT:PSS/NPB). 

 
Both devices with a single exciton-dissociating interface have α = 0.99-1.00, 

indicating that bimolecular charge carrier recombination processes are negligible, as 

expected for PHJ device structures. In contrast, the cascade structure has a reduced  α 

A B 



 

143 

= 0.94, indicating that recombination processes become more important as more charge 

carriers are present in the device active layers. This is most clear in the low optical 

power region, where the JSC of the Tetracene-containing device is noticeably greater 

than the NPB-containing device. The JSC values then converge at higher light 

intensities. 

This behavior can also be visualized by normalizing the JSC to the incident power 

PO to give the responsivity R¸ which is plotted as a function of incident power density in 

Figure 5-1B). The most prominent feature of this data set is the significant negative 

slope present in the Tetracene-containing cascade device structure. Considering 

monomolecular and bimolecular recombination mechanisms, we can write the following 

simple expression for the JSC: 

   (  )                  
 , (3-2) 

where kG, kMM, and kBM are the generation, monomolecular recombination, and 

bimolecular recombination rate constants, respectively. We have assumed that the 

carrier generation and monomolecular recombination rates have a first-order 

dependence on incident power in accordance with previous reports and studies. Since 

the bimolecular recombination process requires charge carriers from two discrete 

molecules to recombine and negate one another, this process is second-order in PO. 

After dividing though by PO, we have 

 (  )  (      )                 (3-3) 

where RO describes the rate at which excitons arrive at a dissociating interface and 

accounts for geminate self-recombination processes. On a linear R(PO) plot, RO is the y-

intercept and the bimolecular recombination rate constant kB is given by the slope. 
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Looking back at Figure 5-1B), the cascade device has the greatest RO, followed by the 

blocking device, which are both greater than the control device on ITO.  

The presence of both electrons and holes in the DBP layer of the cascade device 

causes JSC to decrease over three times as rapidly with PO than the blocking device. 

The agreement between the voltage-dependent (S) and carrier concentration-

dependent (kBM) photocurrent loss mechanisms is a strong indication of poor carrier 

collection efficiency ηCC in the cascade structure. Despite exhibiting the greatest 

photocurrent generation rate, the bimolecular loss processes present in the cascade 

structure severely limit the charge transport characteristics, ultimately reducing the fill 

factor and ηP. On the other hand, the unipolar quality of the DBP layer imparted by the 

blocking configuration minimizes voltage- and intensity-dependent losses.  

5.4 Spectrally Resolved, Voltage-Dependent Photocurrent Behavior 

To this point, the spectral and voltage-dependent performance characteristics of 

DBP-based devices with different anode/AIL structures have strongly suggested that 

these AIL structures primarily affect device performance by modifying donor behavior 

only. However, it is impossible to be sure without directly probing the donor layer within 

these OPV device structures. While unlikely, the voltage- and intensity-dependent 

behavior described in Sections 4.4 and 5.3 and assigned to the functionalities of the 

different AIL structures could possibly be affected by the unintentional modification of 

the DBP/C60 interface or neat C60 layer. As such, the behaviors of the various 

photoactive layers and interfaces need to be disentangled.  

 The behavior of the major absorbing layers in these structures can be 

individually assessed by taking advantage of the spectrally separated absorption 

windows of DBP and C60. Towards this end, we have directly measured the 
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photocurrent response to a mechanically chopped monochromatic light source via the 

lock-in technique as described in Chapter 2 and in the work of Myers et al. [68] and 

Pandey et al. [87]. By varying the illumination wavelength and voltage bias, a pseudo-J-

V curve can be constructed for absorption by the individual layers in the device provided 

they have spectrally separated absorption spectra. Referring back to Figure 4-11, we 

can select illumination wavelengths of λ = 450 nm and λ = 615 nm for C60 and DBP 

absorption, respectively. In the case of λ = 450 nm illumination, absorption by Tetracene 

is not expected to be significant as the layer is one third the thickness of C60 and has a 

lower absorption coefficient at that wavelength as well. 

 The voltage-dependent EQE of these devices under λ = 450 nm and 615 nm 

illumination are shown in Figures 5-2 A) and B), respectively. EQE is shown as a 

positive quantity in accordance with the conventional representation of EQE data. For 

both illumination wavelengths, the EQE of devices with a PEDOT:PSS/Tetracene AIL 

(red circles) decays toward zero at a smaller forward bias voltage than devices with 

bare ITO or PEDOT:PSS/NPB AIL. This behavior is consistent regardless of whether 

excitons are generated in the donor or acceptor layer and agrees well with the voltage-

dependence of photocurrent under broadband simulated solar illumination shown in 

Figure 4-10. 
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Figure 5-2.  Voltage-dependent EQE corresponding to light absorption in the acceptor 
and donor layers. A) 450 nm and B) 615 nm incident light corresponding to 
C60 and DBP absorption, respectively. Inset: EQE normalized to short-circuit 
values. 

 
The hole and electron distributions within DBP and C60 layers can be considered 

essentially identical whether excitons dissociate from the DBP side or the C60 side of the 

heterojunction. As such, the voltage-dependent photocurrent behavior under forward 

bias is consistent for exciton generation in DBP and C60 layers, as is more clearly 

illustrated in the normalized EQE(V) curves (Figure 5-2, insets). The photocurrent decay 

at smaller forward voltages characteristic of the cascade device is observed for exciton 

generation in both DBP and C60. In contrast to the PEDOT:PSS/Tetracene-containing 

device, the EQE of the devices on bare ITO or with a PEDOT:PSS/NPB AIL structure 

remain high until a forward bias approaching the VOC is applied. This is consistent with 

the significantly greater fill factors in these devices: 0.66 and 0.71 for the blocking and 

quenching devices versus 0.45 for the cascade device. 

To explain this behavior we must consider the voltage dependence of each of the 

constituent terms of the EQE given by (1-10). Light absorption is not expected to show 

A B 
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any voltage dependence, exciton diffusion is only affected by voltage under a narrow 

range of conditions, and charge transfer is assumed to be identical in these devices due 

to sufficient energy level offsets. This leaves charge collection as the process which is 

most likely to cause the observed EQE voltage dependence. This is also supported by 

the increased bimolecular recombination rate observed only in the cascade structure. 

While not always considered in the context of OPV devices, the diffusion 

component of photocurrent has been shown to play an important role in planar 

heterojunction photovoltaic device behavior [68]. In this discussion we consider only 

those holes and electrons which are only generated at the DBP/C60 interface. Since 

Tetracene has a more shallow-lying EHOMO than DBP, holes are injected into Tetracene 

at a smaller forward voltage than they would otherwise be injected into DBP (assuming 

similar interfacial effects among the AIL species). Once holes are injected from 

ITO/PEDOT:PSS into Tetracene, they will accumulate at the Tetracene/DBP interface 

and reduce the concentration gradient of holes in the direction away from the DBP/C60 

interface. Therefore hole extraction is inhibited by the reduced concentration gradient 

and electrostatic repulsion of accumulated holes in Tetracene. As a result, the 

photocurrent rapidly decreases at a lower forward voltage than the cases of bare ITO 

and PEDOT:PSS/NPB. Owing to its deeper EHOMO, hole injection into NPB does not 

occur until a stronger forward bias is applied relative to Tetracene. Therefore the hole 

concentration gradient and diffusion current away from the DBP/C60 interface is 

maintained at stronger forward biases and photocurrent does not “turn off” until a 

voltage bias closer to the DBP/C60 VOC is reached.  



 

148 

Another key difference from the EQE(V) characteristics is the slope under 

reverse bias. For a more direct view of the voltage-dependence of photocurrent 

generation, the EQE is normalized to the short-circuit value in Figure 5-3. For C60 

absorption [λ = 450 nm, Figure 5-3 A)] there is a linear increase in EQE with reverse 

bias for all devices considered. This finding is consistent with previous studies which 

assigned this behavior to polaron-induced exciton quenching at the C60/BCP interface 

[81] and photoconductivity in neat C60 layers [90,147]. Both of these mechanisms lead 

to a linear increase in photocurrent with reverse voltage bias. The similar ∂(EQE)/∂V 

slopes for all devices under λ = 450 nm illumination in Figure 5-3 A) confirms that the 

“acceptor” end of these devices was not affected by the insertion of the AIL structures. 

 

Figure 5-3.  Voltage-dependent EQE normalized to short-circuit values. EQE 
corresponds to A) 450 nm and B) 615 nm incident light. 

 
On the other hand, the reverse bias voltage dependence of EQE corresponding 

to λ = 615 nm illumination does exhibit a dependence on AIL structures. In Figure 5-4 

B), the EQE corresponding to DBP absorption of the device with a 

PEDOT:PSS/Tetracene AIL surpasses that of the PEDOT:PSS/NPB AIL under strong 

A B 
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reverse bias < -2 V. While the blocking device EQE only increases by 1% relative to its 

short-circuit value, the cascade device EQE increases by 17% under a reverse bias of -

4 V. This suggests that the cascade structure has (1) a greater charge generation rate 

and (2) a stronger voltage-dependent charge collection mechanism than the other 

device structures. Both of these observations agree with the light intensity-dependent 

behavior investigated in Section 5.3. The sharp increase in the EQE of the control ITO-

based device near -3 V is likely due to field-induced exciton separation [50,89,90,147] 

since the applied voltage is dropped across a thinner organic active layer structure 

compared to the devices with additional 50 nm-thick AIL structures, where this sudden 

increase in EQE is not observed.  

While hole injection and diffusion current effects can explain the differences in 

photocurrent behavior under forward bias, and therefore the fill factor, a different 

explanation is required for reverse bias conditions. Here, holes are swept away from the 

DBP/C60 interface (as well as the Tetracene/DBP interface, in the case of the cascade 

structure) and toward the electrodes with no barrier to extraction in any of the device 

architectures considered. Under strong reverse bias conditions, photocurrent losses are 

minimized and the measured response approaches the photocurrent generation rate. 

We turn to thickness-dependent device characteristics to elucidate these phenomena.  

5.5 DBP Thickness Dependence 

In order to further compare the roles of quenching (ITO), exciton-dissociating 

cascade (Tetracene), and exciton-blocking (NPB) AIL structures, PHJ devices were 

fabricated with a range of DBP thicknesses from 12 to 25 nm. The photovoltaic 

performance characteristics of devices with different AIL structures and DBP 

thicknesses are shown in Figure 5-4. The devices grown on bare ITO exhibit a weak 
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dependence on DBP thickness: slight increases in JSC [Figure 5-4 A)] are balanced by 

slight reductions in fill factor [Figure 5-4 B)] with increasing DBP thickness, yielding ηP 

values between 2.8 and 3.0 % [Figure 5-4 D)]. The devices with the exciton-blocking 

PEDOT:PSS/NPB AIL structure exhibited a weak dependence on DBP thickness similar 

to the control ITO devices, with all ηP > 3.5 %. JSC and fill factor values vary little with 

DBP thickness, and all blocking devices exhibit S = J (V = -1 V)/JSC < 1.05.  

On the other hand, the performance of the PEDOT:PSS/Tetracene devices 

exhibits a strong dependence on the DBP layer thickness. The device with the thinnest 

DBP layer achieves the maximum cascade ηP = 3.2 %. When the DBP layer thickness 

is increased, the fill factor diminishes and S increases. Both of these suggest charge 

transport is hampered by the increasing carrier transit distance. In contrast to the results 

reported by Cnops et al. in a study on SubPc-based cascade devices [105], the 

cascade device fill factor and JSC both decrease with increasing DBP thickness. This 

can be explained by a significantly reduced Tetracene thickness in this work, different 

qualities of the Tetracene/DBP junction, or the possibility of reduced electron mobility in 

DBP versus SubPc. The DBP-specific behavior will need to be disentangled from the 

behavior of the entire device to address this behavior. 
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Figure 5-4.  Photovoltaic performance summary of DBP-based devices with different 
anode/AIL structures. All devices has the structure ITO/(AIL)/DBP/C60 (30 
nm)/BCP (8 nm)/Al.  

 
Towards this end, we measure the C60- and DBP-specific photocurrent as a 

function of voltage bias and DBP thickness. The normalized voltage-dependent EQE 

corresponding to λ = 450 nm illumination, i.e. C60 absorption, of devices with different 

AIL structures and DBP layer thicknesses are shown in Figure 5-5. We redefine the 

photocurrent saturation S = EQE(V = -5 V)/EQE(0 V) to simplify the analysis and plot S 

as a function of DBP thickness for the three structures in Figure 5-5 D). For C60 

absorption, S is very consistent for all AIL structures and DBP layer thicknesses. This 
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further affirms the stipulation that the DBP/C60 heterojunction is not affected by the AIL 

structures and is not responsible for the changes in device performance. Therefore, the 

DBP thickness-dependent device performance can be attributed to the DBP layer with 

even greater confidence.  

 

Figure 5-5.  Voltage-dependent EQE corresponding to C60 absorption, normalized to the 
short-circuit value. Devices consisted of ITO/(AIL)/DBP/C60 (30 nm)/BCP (8 
nm)/Al. AIL structures were A) bare ITO, B) PEDOT:PSS/Tetracene, and C) 
PEDOT:PSS/NPB. D) Photocurrent saturation term S as a function of AIL 
structure and DBP thickness. 

 
The thickness dependence of EQE corresponding to DBP absorption is different 

in several ways, as shown in Figure 5-6. First, the absolute voltage dependence is less 

for all devices than in the case of absorption by C60. The maximum DBP S value 
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reaches just 1.32 for the thickest cascade device, which is less than any such value 

corresponding to C60 absorption. S(V) is remarkably low for the quenching and blocking 

devices, with values only exceeding 1.05 for V < -3 V in the device on bare ITO. The 

sudden increase in EQE in Figure 5-6 A), which increases slightly with reducing DBP 

thickness, is attributed to field-induced exciton dissociation [50]. The blocking device 

[Figure 5-6 C)] exhibits excellent charge carrier collection: the short-circuit EQE is more 

than 96% of the maximum value measured under strong reverse bias. The weak 

dependence of DBP EQE on voltage bias can explain the reasonable values of LD 

extracted from excitonic photocurrent calculations in Section 4.4.3: the calculations 

assumed a ηCTηCC product of unity, which is borne out by the relatively constant DBP 

EQE values of the quenching and blocking devices. 

The DBP EQE of cascade devices with a PEDOT:PSS/Tetracene AIL structure 

show different voltage dependences for different DBP thicknesses. Here, S(-5 V) 

increases from 1.10 to 1.32 as the DBP layer thicknesses increases from 12 to 25 nm. 

We can rationalize this by considering the distance electrons and holes must travel 

before escaping the ambipolar DBP layer: for a thicker DBP layer, electrons and holes 

generated at the Tetracene/DBP and DBP/C60 interfaces, respectively, must travel a 

greater distance before reaching a location without oppositely charged carriers. For a 

constant carrier mobility and voltage bias, this means that carriers in thicker DBP layers 

will have a lower drift velocity ν = (V/d)∙μ and greater transit time within the DBP layer. 

This results in an increased probability of electron-hole recombination before the 

carriers escape a thicker DBP layer. As a result, the reverse bias EQE is more sensitive 
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to voltage bias in devices with thicker DBP layers. This behavior agrees well with the 

reductions in JSC and fill factor with increasing DBP thickness in the cascade devices. 

 

Figure 5-6.  Voltage-dependent EQE corresponding to DBP absorption, normalized to 
the short-circuit value. Devices consisted of ITO/(AIL)/DBP/C60 (30 nm)/BCP 
(8 nm)/Al. AIL structures were A) bare ITO, B) PEDOT:PSS/Tetracene, and 
C) PEDOT:PSS/NPB. D) Photocurrent saturation term S as a function of AIL 
structure and DBP thickness. 

 
Another conclusion from Figure 5-6 B) also stems from the strong reverse 

voltage dependence of EQE observed across all DBP thicknesses. The lack of EQE 

saturation near zero applied voltage bias means that the measured short-circuit EQE 

does not correspond to perfectly efficient charge collection. For the cascade device with 

a 17 nm-thick DBP layer, for instance, the maximum EQE is in reality at least 19% 

greater than the short-circuit value used to extract an LD estimate in Section 4.4.3. The 
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values extracted for quenching and blocking devices were in good agreement with one 

another (11.5 and 13 nm, respectively) while a relatively small value of 7 nm was 

determined for the DBP layer within the cascade structure. Since the calculated EQE 

values were based on the assumption of 100% charge collection, the reverse bias EQE 

corresponding to nearly perfect charge collection is much more relevant and should 

improve the LD estimate. 

5.6 Excitonic Photocurrent Calculations of DBP-based Devices with Exciton-
Quenching, -Blocking, and -Dissociating AIL Structures 

To further verify the different magnitudes of charge carrier generation and 

recombination, the excitonic photocurrent calculations described in Section 4.4.3 were 

applied to these devices with different DBP layer thicknesses. The exciton generation 

rates within the multilayer device stack structures were calculated by using the transfer 

matrix method [50,132,138]. The diffusion equations were then solved for exciton 

concentrations approaching zero at the anode(or AIL)/DBP interface in the case of 

quenching or dissociating and ∂e/∂x = 0 at the NPB/DBP interface for perfect exciton 

blocking behavior. The EQE was calculated from (4-3) and (4-4) over a range of LD 

values, again assuming that all carriers generated at heterojunction interfaces 

contribute photocurrent. Therefore the calculated EQE values represent upper limits to 

the EQE. The results of this treatment are plotted in Figure 5-7 for the cases of bare 

ITO, PEDOT:PSS/Tetracene, and PEDOT:PSS/NPB AIL structures. The experimentally 

measured maximum EQE value for each device structure is shown as a color-coded 

solid horizontal line, and dotted drop-downs represent the intersection of the calculated 

and measured values. 



 

156 

 

Figure 5-7.  Calculated maximum EQE corresponding to λ = 615 nm illumination as a 
function of exciton diffusion length LD for quenching, dissociating, and 
blocking anode/DBP interfaces across a range of DBP layer thicknesses. 
Measured EQE values are represented as solid horizontal lines, and dotted 
vertical lines show the intersection of calculated and measured values. 

 
From the plots, the extracted LD values are consistent across all AIL structures 

and DBP layer thicknesses. The calculations and measurements yield LD values of 

(12.5 ± 1.5) nm for the devices on bare ITO, (11.4 ± 1.0) nm for the cascade structure, 

and (13.7 ± 2.2) nm for the blocking AIL. These values are slightly higher than those 

obtained from the photoluminescence measurements discussed in Section 3.5 and 

other values reported in literature [21,80,127]. However the differences are relatively 
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small (< 5 nm) and are self-consistent across the different device structures, so the 

conclusion of similar LD for DBP films grown on different underlayers is valid. 

The calculated EQE of the device with the exciton blocking AIL structure is less 

than the cascade device for a given LD and DBP thickness, yet is still significantly 

increased relative to the quenching device on bare ITO. A more direct view of this 

enhancement was shown in Figure 4-16 with the EQE values of quenching and blocking 

boundary conditions plotted on the same axes. The trends observed there are 

consistent for the other three DBP thicknesses as well. However, the calculated EQE 

enhancement decreases with increasing DBP thickness. As the DBP layer thickness 

surpasses the DBP LD of 10-15 nm, excitons generated farthest from the dissociating 

DBP/C60 interface become increasingly unlikely to reach the interface and contribute 

photocurrent before self-recombining. Since all thicknesses studied were equal to or 

greater than the LD of DBP, exciton diffusion efficiency (ηED) is expected to decrease 

with increasing DBP thickness. The EQE is then balanced by the greater absorption 

efficiency (ηA) in thicker DBP films, resulting in similar maximum measured EQE values 

for DBP thicknesses ranging from 12 to 21 nm. 

These calculations also validate the stipulation that photocurrent generation 

corresponding to DBP absorption increases in order of ITO < NPB < Tetracene as a 

direct consequence of exciton quenching, blocking, and dissociating behavior at the 

anode(AIL)/DBP interface. For all DBP thicknesses considered here, peak measured 

and calculated EQE values are greatest for the cascade structure because it is the only 

structure with two exciton-dissociating interfaces. This conclusion nicely ties together 

the intensity-dependent J-V measurements and voltage-dependent EQE measurements 
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presented in Sections 5.3 and 5.4, respectively. The increased photocurrent generation 

rate under broadband solar illumination can now be directly assigned to the DBP layer 

within the cascade structure. This increase is met with a more rapid decrease of 

photocurrent with forward voltage bias in the cascade structure, ultimately resulting in a 

relatively low fill factor which limits ηP of the cascade devices. 

5.7 Comparison of AIL/DBP Structures with Tetracene/ZnPc Devices 

Now that the different behaviors of cascade and exciton blocking AIL structures 

have been clearly differentiated with DBP-based OPV devices, we can revisit the ZnPc-

based devices with a PEDOT:PSS/Tetracene AIL structure discussed in Section 4.3 in 

order to clarify the nature of the Tetracene/ZnPc heterojunction. Both Tetracene and 

ZnPc have similar reported EHOMO values, so the exciton-dissociating or blocking nature 

of the heterojunction is not clear. Further muddying the picture is the fact that the EHOMO 

of the partially chlorinated ZnPc used in the present work [47] has not been measured in 

the solid state. Nevertheless, the characteristics of DBP-based devices with confirmed 

cascade and blocking structures can be used to clarify the picture by comparison with 

ZnPc-based devices. All results of ZnPc-based devices in this section correspond to a 

PHJ structure consisting of ZnPc (20 nm)/C60 (40 nm)/BCP(8 nm)/Al unless otherwise 

noted, while the AIL structure is PEDOT:PSS (40 nm)/Tetracene (10 nm). 

First, we have measured the J-V characteristics of PHJ ZnPc devices on bare 

ITO and with a PEDOT:PSS/Tetracene AIL structure under a broad range of illumination 

intensities in Figure 5-8. The JSC values of these devices are plotted as a function of 

incident power PO in Figure 5-8 A). These data reveal that the recombination parameter 

α is 1.00 for the control device on ITO, signifying minimal photocurrent losses due to 

bimolecular recombination. However α is reduced to (0.96 ± 0.01) in the device with a 
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PEDOT:PSS/Tetracene AIL. This is similar to the cascade DBP device, which also had 

α < 1. The responsivity of the PEDOT:PSS/Tetracene device R = JSC/PO also decreases 

with increasing carrier generation rate in Figure 5-8 B), while the device on bare ITO 

exhibits constant R across all illumination intensities studied. These results suggest that 

the Tetracene/ZnPc interface is a cascade type, generating additional photocurrent by 

dissociating excitons at a second location in addition to the ZnPc/C60 heterojunction. 

 

Figure 5-8.  Illumination intensity-dependent photovoltaic performance parameters of 
ZnPc-based PHJ devices grown on bare ITO and 
ITO/PEDOT:PSS/Tetracene AIL structure. A) JSC and B) R = JSC/PO of these 
devices across three orders of magnitude light intensity. Best fit lines are solid 
(Bare ITO) and dotted (PEDOT:PSS/Tetracene). 

 
The voltage-dependent EQE corresponding to absorption by donor ZnPc (λ = 

630 nm) was also measured and is plotted alongside that of various DBP-based PHJ 

devices (λ = 615 nm) in Figure 5-9. It is immediately clear that it will be difficult to draw 

conclusions from the raw data shown in Figure 5-9 A) because the ranges of EQE 

values are different for the two donor materials. The control DBP device exhibits 

significantly greater EQE than the ZnPc device, making it difficult to define a common 

baseline for comparison. The same can be said for devices with different AIL structures. 
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For this reason we have subtracted the short-circuit EQE (V = 0) from the reverse bias 

EQE(V) in Figure 5-9 B), leaving the “excess” EQE under reverse bias. Subtracting 

rather than normalizing to the short-circuit values prevents over- and under-

representation of reverse bias slope in samples with a smaller and larger EQE(V =0), 

respectively. 

 

Figure 5-9.  Voltage-dependent EQE corresponding to donor absorption for DBP- and 
ZnPc-based PHJ devices under λ = 615 and 630 nm illumination, 
respectively. A) Raw EQE data and B) EQE with short-circuit values 
subtracted revealing the “excess” reverse bias EQE. 

 
The excess EQE of the ZnPc device with PEDOT:PSS/Tetracene AIL structure 

diverges from that of the control ZnPc device at very small reverse bias voltages and 

has a greater negative slope than the control ZnPc device. Compared with the DBP 

devices, this behavior is analogous to the cascade structure. Whereas the excess EQE 

of the DBP-based blocking device followed that of the control device very closely for 

small reverse voltages, the cascade device showed greater excess EQE under all 

reverse bias conditions. The similarities between the EQE(V) behaviors of the confirmed 

DBP-based cascade structure and the PEDOT:PSS/Tetracene/ZnPc device further 
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suggest that the Tetracene/ZnPc heterojunction has an EHOMO offset which dissociates 

excitons, thereby forming a cascade structure. 

It should be noted that while the magnitude of the excess EQE is less in the 

ZnPc-based cascade device than the DBP-based cascade structure, this does not 

change our conclusion. This difference can be explained by material-dependent 

bimolecular recombination mechanisms present only in an ambipolar donor layer. The 

phenomena is also supported by the different values of the recombination parameter α, 

calculated as (0.94 ± 0.01) for the Tetracene/DBP/C60 device and (0.96 ± 0.01) for the 

Tetracene/ZnPc/C60 device. The lower degree of bimolecular recombination in the 

ZnPc-based device agrees with the lower observed excess EQE. Recombination of 

electrons and holes within the donor layers most likely occurs at trapping centers 

energetically positioned within the band gap [148–150]. One can imagine these trap 

sites have different energetic positions, capture cross sections, and concentrations in 

the two different donor materials used in this study, thereby affecting, among other 

parameters, the voltage-dependent EQE characteristics. The likelihood of Tetracene 

forming an exciton blocking interface with ZnPc is low because both holes and electrons 

are required within the ZnPc layer for these traps to have this effect. 

As a final confirmation step, ZnPc-based PHJ devices with ZnPc layer 

thicknesses spanning 8 nm to 51 nm were fabricated and characterized. For 

comparison, the maximum EQE of these devices were calculated using (4-3) and (4-4) 

and ZnPc optical constants from the literature [35]. Figure 5-10 summarizes the 

experimental and calculation results for various ZnPc PHJ device structures. All devices 

had identical C60 (40 nm)/BCP (8 nm)/Al layer structures. The measured EQE 
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corresponding to exclusive ZnPc absorption, λ = 630 nm, is shown in Figure 5-11 A). 

We have chosen short-circuit values for devices on bare ITO and values measured 

under a -5 V voltage bias for the devices with a PEDOT:PSS/Tetracene AIL due to the 

significant reverse bias slope, making the reverse bias value a more accurate 

representation of the maximum EQE.  

Rather than increase initially with ZnPc thickness and decrease once the layer 

thickness exceeds the exciton diffusion length (LD), estimated to be in the 5 - 10 nm 

range in ZnPc [126,151–153], the EQE of both sets of devices saturates past a 

thickness of 20 nm. For a constant LD, the predicted EQE values for the quenching case 

decrease once the layer thickness exceeds a critical value after which increased light 

absorption does not increase photocurrent generation [Figure 5-10 B)]. In order for the 

observed EQE to match the calculated values, LD must increase slightly with ZnPc 

thickness, from 6 nm to 13 nm when the ZnPc layer thickness is increased from 8 to 51 

nm. Such a thickness-dependent LD is possible in ordered film growth of planar 

phthalocyanines and has been observed in previous film and device studies. Vasseur et 

al. reported an increased LD from 5.5 nm to 12 nm when the Lead Phthalocyanine donor 

layer thickness was increased from 20 to 40 or 60 nm. Rand et al. used 

photoluminescence quenching to measure ZnPc LD values of 15 nm and 25 nm for 150 

nm-thick ZnPc films with different molecular orientations. Taken together with multiple 

reports of ZnPc LD values in the 5 – 10 nm range extracted from devices with 20 – 40 

nm-thick ZnPc layers [126,151–153], we conclude that the thickness-dependent ZnPc 

LD obtained by combining these experimental measurements with theoretical 

calculations is physically feasible.  
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Figure 5-10.  EQE corresponding to λ = 630 nm illumination for PHJ ZnPc-based 
devices with different ZnPc layer thicknesses and AIL structures. A) 
Measured values under short-circuit conditions and -5 V reverse bias for 
devices on bare ITO and PEDOT:PSS/Tetracene, respectively. B) – D) 
Calculated maximum EQE = ηAηED for boundary conditions approximating 
exciton dissociating, cascade, and blocking behavior at the AIL/ZnPc 
interface. Different color lines correspond to different assumed LD values, and 
black crossed squares correspond to the measured values for devices on 
bare ITO B) and PEDOT:PSS/Tetracene AIL (C,D). 

 

By comparing the EQE values calculated under dissociating and blocking 

boundary conditions with PEDOT:PSS/Tetracene/ZnPc device results, Figures 5-10 C) 

and D), the blocking case can be eliminated as a possibility. In order for the EQE of 

devices with 40 and 51 nm-thick ZnPc layers to achieve the measured values under 
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exciton blocking conditions, LD would have to be approximately 25 nm and 35 nm, 

respectively. These are outside of reasonable limits and we thus conclude that the 

dissociating cascade structure is formed. 

One key difference between the DBP- and ZnPc-based cascade devices remains 

to be addressed. While both control devices grown on bare ITO had high fill factors 

(0.71 ± 0.01 and 0.66 for DBP and ZnPc, respectively), the DBP-based cascade device 

exhibited a significantly reduced fill factor of 0.45 while the ZnPc-based cascade device 

retained a high fill factor of 0.63. This can be explained by considering the energy level 

alignments and forward bias photocurrent behavior in these devices, shown in Figure 5-

12. Whereas the reverse bias characteristics of the DBP- and ZnPc-based cascade 

devices were similar because hole transport towards the ITO anode is unimpeded, the 

forward bias behavior is very sensitive to the magnitude of the hole injection barrier 

present at the Tetracene/Donor interface. The EHOMO of DBP is 5.5 eV below vacuum 

[20,21] and that of the chlorinated ZnPc used in this study, which has only been 

measured in solution [47], is likely more shallow in the solid state than that of DBP. This 

stipulation is based on ZnPc devices with C60 exhibiting a lower the lower VOC, which is 

strongly dependent on the donor EHOMO [66,69,70,146]. Therefore the hole injection 

barrier ΔEHOMO between identical Tetracene layers and the two donor materials will be 

less in the ZnPc-based cascade device.  

The effect of these different EHOMO offsets is apparent in the normalized forward 

bias EQE(V) characteristics shown in Figure 5-11. For donor DBP, the insertion of a 

Tetracene layer results in a photocurrent decay at lower forward bias than the device 

without Tetracene. This ultimately leads to reduced ηP by way of a significant reduction 
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in fill factor. On the other hand, EQE of the ZnPc-based cascade device drops at only a 

slightly lower voltage bias (< 0.1 V) than the ZnPc device on bare ITO. Rather than the 

precipitous drop observed in DBP devices, the fill factor only decreases by 5 % in the 

ZnPc cascade device as a result of the lower ΔEHOMO offset. 

 

Figure 5-11.  EQE(V) normalized to short-circuit values for PHJ devices. DBP-(blue) 
and ZnPc-(red) based PHJ devices with (closed shapes) and without (open 
shapes) a PEDOT:PSS/Tetracene AIL structure. 

 
5.8 Summary of Cascade and Blocking Structures 

In conclusion, the illumination intensity- and voltage-dependent loss mechanisms 

prohibit cascade-based devices with donor DBP from improving over control devices on 

bare ITO. Spectrally resolved, voltage-dependent photocurrent measurements showed 

an increasing voltage dependent EQE with increasing DBP thickness, indicating 

inefficient charge carrier extraction within the DBP layer. On the other hand, DBP 

devices with an NPB exciton blocking layer maintained photocurrent under forward bias 

approaching the VOC, high fill factor, and peak ηP = (4.1 ± 0.1) %. Excitonic photocurrent 

calculations confirmed the increased photocurrent generation in both cascade and 
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exciton blocking structures. These conclusions were then used to diagnose 

Tetracene/ZnPc heterojunction in associated OPV devices to conclude that the 

Tetracene/ZnPc/C60 device is a cascade structure. However, the forward voltage 

characteristics of the ZnPc-based devices are not as penal because the EHOMO offset 

between Tetracene and ZnPc is more readily overcome.  

From these studies it is clear that the electrical behavior of the AIL/Donor 

interface is highly material-dependent and is likely to vary for other AIL/Donor material 

combinations. However, we can make some conclusive remarks regarding whether a 

cascade or blocking structure is best for a given donor material. A subtle but important 

difference between devices based on donors DBP and ZnPc is the different amounts of 

EQE enhancement induced by blocking and cascade structures. For a DBP-based 

device with a 12 nm-thick DBP layer (Figure 5-7), the difference between the EQE of 

the blocking (0.61) and cascade (0.72) structures is small. On the other hand, for a 

ZnPc-based device with a 25 nm-thick ZnPc layer (Figure 5-10) the calculated EQE of 

the device with an exciton blocking AIL (0.26) is only slightly more than half that of a 

device with a cascade structure (0.46). Both of these layers absorb ≈ 85% of incident 

light. 

The difference between these two donor materials is more clearly illustrated in 

Figure 5-12. Here, we have calculated the heterojunction(s) EQE corresponding to 

donor absorption for quenching, blocking and cascade structures as a function of LD for 

PHJ devices. For DBP-based devices, the EQE of the blocking device approaches that 

of the cascade device as LD increases to 20 nm. In the case of ZnPc absorption, the 

EQE of the blocking device is significantly less than that of a cascade device for the 
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entire range of LD values considered. For a reasonable LD value of 10 nm for both donor 

materials, the EQE of a DBP-based blocking device will be increased by 68% relative to 

a control device on ITO while the same LD in a ZnPc-based blocking device only results 

in a 37% enhancement.   

 

Figure 5-12.  EQE corresponding to donor absorption for devices with blocking and 
cascade AIL structures. Excitonic EQE for A) DBP- and B) ZnPc-based PHJ 
devices. C), D) EQE of devices with AIL structures normalized to those of 
devices on bare ITO. 

 
The critical difference in these donor materials and devices is the relative 

mismatch between LD and the absorption length, LA = 1/α where α is the peak 

absorption coefficient. While both donor materials have similar LD values, the peak DBP 
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α is two to three times that of ZnPc. Therefore LA is two to three times less and closer 

matched to LD. In terms of OPV devices, this translates to a 25 nm-thick ZnPc layer of a 

PHJ device absorbing the same fraction of incident light as a 12 nm-thick DBP layer in a 

similar device structure. Excitons in ZnPc are not likely to travel the entire 25 nm film 

thickness before recombining, so the blocking interface is minimally helpful. In this case 

the cascade architecture removes this constraint by dissociating excitons at the 

AIL/Donor interface. 

For films with similar LD values such as ZnPc and DBP, the photocurrent and 

EQE generated by a thinner layer will be increased more by a blocking layer than that of 

a thicker film. So we conclude that donor materials with greater absorption coefficients 

are more likely to be compatible with exciton blocking AIL structures, while cascade AIL 

structures are more appropriate for donor materials which require thicker films for 

efficient light absorption. In this case the critical parameter is the ratio between LD and 

the critical absorption length LA = 1/α. For DBP, LA/LD ≈ 3 and the blocking structure 

delivered more than 50% increased EQE. For ZnPc, LA/LD ≈ 7 and a cascade AIL 

structure was needed to reach similar levels of EQE enhancement. In addition to 

assessing the electrical effects of the AIL/Donor interface, these bulk properties of the 

selected donor material can also provide insight into choosing an appropriate AIL 

structure and functionality. 
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CHAPTER 6 
TANDEM SMALL MOLECULE ORGANIC PHOTOVOLTAIC CELLS FOR BROAD 

SPECTRAL RESPONSE AND HIGH OPEN-CIRCUIT VOLTAGE 

6.1 Introduction 

The incorporation of anode interlayers in OPV devices in Chapters 4 and 5 

successfully mitigated the exciton diffusion bottleneck by increasing exciton diffusion 

efficiency (ηED) and internal quantum efficiency (IQE) without compromising charge 

transport properties of the donor materials. However the resulting devices still exhibited 

rather narrow spectral absorption, only harnessing a fraction of the broad solar 

illumination spectrum. In this chapter we investigate the combination of multiple donor 

materials with complimentary absorption profiles in a single tandem device.  

This chapter will be organized as follows. First, tandem cells will be introduced in 

terms of their potential, basics of operation, and strategies for maximizing their 

effectiveness. Next, candidate donor materials will be identified and incorporated into 

preliminary tandem devices. Methods for directly probing the individual subcells within a 

tandem device will then be described, and these methods will then be used to optimize 

tandem device performance.  

6.2 Tandem Device Fundamentals 

OPV devices based on a single donor/acceptor (D/A) heterojunction (HJ) suffer 

from narrow optical absorption bandwidths and a trade-off between low energy photon 

absorption and open-circuit voltage (VOC). The reason for this first limitation is that most 

OPV cells employ a fullerene acceptor with relatively poor absorption in the visible 

range. Therefore the optical properties of OPV devices are strongly determined by the 

properties of the donor material. As we demonstrated in Chapter 5, incorporating 

multiple donors in a single cell (i.e. the cascade structure) often deteriorates the 
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electronic performance by introducing a second heterojunction between the two 

electrodes. While most donor layers can be thick enough to absorb > 90% of incident 

light within their spectral absorption range, performance is often limited by the 

narrowness of the absorption bandwidth. The absorption spectra of several donor 

materials are shown in Figure 6-1A). Furthermore, as described in Section 2.3, the 

required energy level offsets of the highest occupied molecular orbital (HOMO) and 

lowest unoccupied molecular orbital (LUMO) at the D/A HJ necessitates that the 

absorption edge and maximum VOC are inversely proportional. This trade-off is 

illustrated in Figure 6-1B). 

 

Figure 6-1.  Trade-offs in OPV devices. A) Donor absorption spectra are narrow relative 
to AM 1.5G solar illumination. B) Exciton dissociation-required energy level 
offsets bring about a compromise between JSC (by way of NIR absorption) 
and VOC. 

 
One way to circumnavigate these limitations is to connect two D/A HJ-based 

cells in series with a third electrode to form a multijunction tandem device [46,50,154]. 

By connecting two D/A HJ cells in series, the VOC of the tandem should approach the 

sums of the VOCs of the individual cells. The serial connection can be made by 

sandwiching a charge recombination zone (CRZ) between the two subcells. A CRZ 
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should consist of electron-conducting and hole-conducting layers which accept 

electrons from one subcell and holes from the other. Therefore holes (electrons) from 

one subcell will recombine with electrons (holes) from the other subcell in the CRZ, 

while the opposite carriers will be collected at the electrodes. In Figure 6-2, two identical 

CuPc (15 nm)/C60 (30 nm) devices are connected in series by a CRZ consisting of 

PTCBI (5 nm)/Ag (0.5 nm)/MoOx (5 nm). The VOC of the single D/A HJ device and 

tandem device are 0.48 V and 0.96 V, respectively, indicating that this CRZ structure 

effectively recombines holes and electrons. However, the JSC decreases from 3.5 to 2.0 

mA/cm2 and ηP is only improved from 1.0 % to 1.2 %. 

 

Figure 6-2.  J-V characteristics of a single device and a tandem device with CuPc (15 
nm)/C60 (30 nm) active layer structures. 

 
 This significant reduction in JSC highlights the major challenge of tandem cell 

development: photocurrent generation efficiency must be maintained in the tandem 

configuration or else the increased VOC will be negated by a reduced JSC. To achieve 

this goal, subcells can be designed with different donor materials in order to harness 

photons from different regions of the solar spectrum. This strategy has been used to 
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demonstrate broad spectral response of two donor materials and high VOC resulting 

from the series connection between the two individual subcells [102,111,112]. In 

addition to materials selection, device structures can be engineered to maximize 

photocurrent generation. Since the thicknesses of the active layers in OPV devices are 

less than visible photon wavelengths, optical interference between incident photons and 

photons reflected by the metal cathode and back through the active layers is an 

important consideration. Two waves will interfere constructively if they are in phase with 

one another, i.e. their wave fronts are displaced by an integer number of wavelengths: 

   
  

 
 

 

(6-1) 

Here ΔΦ is the difference in wave front, m is any integer, λ is the wavelength of 

light, and n is the refractive index of the organic layers. Considering the 180 degree 

phase shift between incident and reflected waves and the difference in path length 2d 

where d is the distance from the reflective cathode, (6-1) can be expressed as 
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(6-2) 

Therefore, in order to maximize the photocurrent generation by a material 

absorbing at wavelength λ, the layer should beplaced approximately xE,max = λ/4n away 

from the cathode in order to maximize the optical electric field and exciton generation. 

An extreme example of this is illustrated in Figure 6-3. Here, we compare the A) J-V 

characteristics and B) short-circuit EQE spectra of two PbPc-based devices with PbPc 

(20 nm)/C60 (10 nm)/ETL/Al, where ETL denotes electron transport layer. The ETL of 

the control device is a 10 nm-thick BPhen layer, while the second device has an optical 

spacer consisting of 10 nm BPhen/50 nm Cs2CO3-doped BPhen (1:20 by volume).  
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Figure 6-3.  PbPc/C60 device performance with (red circles) and without (blue squares) 
a 50 nm-thick transparent spacer layer. 

 
With the addition of the spacer, the JSC increases by more than 50% while fill 

factor and VOC are unaffected. The increased photocurrent is due to improved 

contributed from PbPc as evidenced by the enhanced EQE for λ > 650 nm. This result 

illustrates why, in the tandem configuration, the short wavelength absorbing subcell is 

the back cell closer to the reflective cathode and long wavelength absorbing subcell is 

the front cell. Similar transparent, conductive spacer layers have also been used to 

improve tandem device performance [155,156] but will not be used for tandem device 

incorporation in this work. 

6.3 Donor Materials Selection and Preliminary Tandem Devices 

With the goal of pairing two donor materials with complimentary photovoltaic 

properties in a tandem device in order to capture both IR absorption and high VOC, we 

investigate the donor molecules Boron Subphthalocyanine chloride (SubPc), Indium 

Phthalocyanine chloride (InPc), and Lead Phthalocyanine (PbPc). InPc and PbPc are 

chosen for low energy photon harvesting. InPc film growth can be engineered to 

maximize absorption near λ = 800 nm [103], while PbPc was shown to absorb past λ = 
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900 nm when grown on a Pentacene template in Chapters 3 and 4. For blue and green 

absorption, we choose the donor SubPc. SubPc is an attractive OPV material due to its 

deep HOMO energy, which results in OPV devices having a very high VOC > 1 V when 

used with acceptor C60 [48,95,130]. 

In addition to spectral absorption, the complementary nature of donors PbPc and 

SubPc extends to the characteristics of their respective OPV devices. The J-V 

characteristics of devices based on these three donor materials under 100 mW/cm2 

simulated AM 1.5G illumination are shown in Figure 6-4A). In these devices, InPc and 

PbPc were grown on CuI and Pentacene template layers, respectively, and the donor 

layers were 12 nm and 20 nm thick, respectively, while the rest of the PHJ structure 

consisted of C60 (10 nm)/BPhen (10 nm)/BPhen:Cs2CO3 (1:20 by volume, 50 nm)/Al. 

The Cs2CO3-doped BPhen layer functioned as a transparent electron transport layer 

(ETL) to better approximate the position of the donor layers in the tandem configuration. 

A planar-mixed (P-M) HJ structure is used in SubPc-based devices in order to increase 

photocurrent generation while maintaining a relatively high fill factor (FF) [91], with an 

optimized structure of ITO/MoOX (10 nm)/SubPc (5 nm)/SubPc:C60 (1:4 by volume, 30 

nm)/C60 (15 nm)/BPhen (10 nm)/Al. 
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Figure 6-4.  PV performance of single-donor devices. A) J-V characteristics and B) 
short-circuit EQE spectra. 

 
Individually, these devices illustrate the drawbacks of devices based on a single 

D/A HJ. The templated PbPc/C60 planar heterojunction (PHJ) device has significant NIR 

response and a relatively high JSC, but ηP is limited by a low VOC. Conversely, the 

SubPc:C60 PMHJ device has a high VOC but ηP is limited by narrow spectral response 

and, consequently, a relatively low JSC. However, these characteristics present an 

opportunity to combine the complementary properties of these two donor materials in a 

tandem device having both NIR response and high VOC [157–159]. The photovoltaic 

performance of these devices is summarized in Table 6-1. 

 
Table 6-1.  Photovoltaic performance parameters of single D/A HJ devices with different 

donor species under 100 mW/cm2 simulated AM 1.5G illumination. 

Donor material Pentacene/PbPc CuI/InPc SubPc P-M HJ 

JSC (mA/cm2) 7.7 ± 0.5 5.1 ± 0.1 6.1 ± 0.1 

FF 0.51 0.46 0.54 ± 0.02 

VOC (V) 0.51 0.73 1.07 ± 0.01 

ηP (%) 2.0 ± 0.1 1.7 3.5 ± 0.2 

A B 
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6.3.1 Initial Tandem Device Structure 

For tandem OPV devices fabricated in this study, the long wavelength-absorbing 

device is used as the front subcell, closer to the ITO anode, and the SubPc device is 

used as the back subcell, closer to the reflective Al cathode. This places the subcells 

closer to their respective first exciton generation maxima, approximated by xG,MAX (λ) ≈ 

(2m+1)λ/4n, where xG,MAX  is the distance from the cathode corresponding to maximum 

exciton generation, m is any integer (here, m = 0 for the first maximum), λ is the 

wavelength considered, and n is the refractive index of the photoactive layers. We use a 

Bathophenanthroline (BPhen, 10 nm)/Ag (0.5 nm)/MoOX (10 nm) trilayer as a CRZ for 

efficient recombination of electrons and holes generated in the front and back subcells, 

respectively. The J-V characteristics of the initial PbPc/SubPc tandem device are shown 

in Fig. 6-5A) beside a schematic tandem stack in Fig. 6-5B). By visual comparison it is 

immediately evident that the tandem device JSC of (4.3 ±0.1) mA/cm2 is significantly 

lower than that of either the PbPc or SubPc single device. This results in ηP = (3.3 ± 0.2) 

%, which is less than that of the optimized SubPc:C60 PMHJ single device. 

Photocurrent generation in a series-connected tandem stack is limited by the 

subcell which generates the least photocurrent, according to JT(V) = JF(V) = JB(V), 

where the subscripts denote the tandem cell, front subcell, and back subcell. It is clear 

that at least one of the subcells in the tandem stack is generating significantly less 

photocurrent than its respective single device near short-circuit conditions. However, 

from this data alone it is speculative to distinguish between the possible reasons for 

reduced photocurrent generation in the tandem device: one current-limiting subcell, 

insufficient photocurrent in both subcells, an inefficient CRZ, etc. A more detailed 
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analysis is required in order to (1) determine the underlying cause of reduced 

photocurrent generation and (2) increase tandem cell efficiency. 

 

Figure 6-5.  Photovoltaic response and layer structures of OPV devices. A) J-V 
characteristics of single D/A HJ and tandem devices under 100 mW/cm2 
simulated AM 1.5G illumination. B) Schematic deve architecture of tandem 
device based on the optimized single D/A HJ device structures. 

6.4 Individual Subcell Characterization 

We use selective optical biasing to directly measure the EQE spectra of 

individual subcells in the tandem structure [160]. While optical simulations of tandem 

structures [110,111,159] and the addition of transparent spacer layers to single devices 

[112] can also be used to elucidate subcell behavior within the tandem stack, we believe 

the procedure described herein provides additional complementary information and is a 

more direct method of tandem subcell investigation. In order to measure the subcell 

spectral response in a series-connected tandem, the subcell under test must be current-

limiting throughout the entire wavelength range considered (i.e. the bias illumination 

must be more intense than the monochromatic probe illumination). We use high power 

A B 



 

178 

LEDs with emission centered at 590 nm and 850 nm to ensure this is the case. The 590 

nm LED is used to selectively excite the SubPc subcell, while the 850 nm LED excites 

the PbPc or InPc subcell. The spectra PbPc and SubPc device EQE is shown alongside 

the bias LED spectra in Figure 6-6. 

 

Figure 6-6.  Spectra of device EQE and LED bias spectra for individual subcell 
characterization. 

 
While the SubPc device/subcell only responds to the 590 nm LED, the PbPc/InPc 

device/subcell has nonzero spectral response under both bias illumination conditions. In 

the case of the 590 nm bias LED, the SubPc device generates a factor of 5-10 greater 

photocurrent than the PbPc device and ensures that the PbPc subcell is current-limiting 

for 590 nm optical biasing. We are able to achieve comparable photocurrent under 

narrow bandwidth illumination to that which is generated under 100 mW/cm2 simulated 

broadband AM 1.5G illumination. This is demonstrated in Figure 6-7.  
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Figure 6-7.  J-V characteristics of OPV devices under various illumination sources. 
PbPc devices (red curves) and SubPc devices (blue curves) under simulated 
AM 1.5G illumination (closed shapes) and bias LED illumination (open 
shapes). 

 
When the 850 nm bias LED is used, only the PbPc subcell responds and the 

SubPc subcell is current-limiting during the spectral EQE measurement. Due to the 

voltage dependence of exciton dissociation and charge collection efficiencies [89], a 

corrective forward voltage bias is applied in order to reach short-circuit conditions and 

avoid overestimation of EQE in the subcell under test [160]. We confirm this with 

voltage-dependent photocurrent measurements of a SubPc device and subcell in Figure 

6-8A). Since the CRZ structure is working properly as evidenced by the voltage addition 

in the tandem device, we expect the EQE of the SubPc subcell to have very similar 

voltage-dependence to the SubPc standalone device. When no voltage correction is 

used, the SubPc EQE does not fall to zero until a forward bias > 1.5 V is applied. 

Therefore a corrective voltage must be applied to achieve short-circuit conditions in the 

subcell of interest when the opposite subcell is optically biased by the DC LED 



 

180 

illumination. The magnitude of the voltage bias is the VOC of the biased subcell under 

LED illumination. Not accounting for this subtlety results in overestimation of subcell 

EQE, as depicted in Figure 6-8B). 

 

Figure 6-8.  Illustration of the need for voltage bias in tandem subcell EQE 
measurements. A) Voltage-dependent EQE under 590 nm illumination for a 
SubPc device (black curve) and subcell (red curves). B) EQE spectra under 
no additional bias (closed circles) and a corrective forward voltage bias (open 
circles). 

 
The short-circuit EQE spectra of SubPc and PbPc subcells and single D/A HJ 

devices are shown in Figure 6-9. By comparison with the EQE spectra of single devices, 

which have identical photoactive layer structures, it is clear that both subcells have 

significantly decreased EQE in the tandem configuration. Integration of the front and 

back subcell EQE spectra with the AM 1.5G spectrum gives JSCs of 4.2 and 4.3 

mA/cm2, respectively. These represent reductions in short-circuit photocurrent 

generation of 49% and 31% in the PbPc and SubPc subcells, respectively, when 

compared to the single devices. Therefore we conclude that photocurrent generation in 
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the individual subcells is almost perfectly balanced at the two subcells’ respective short-

circuit conditions. 

 

Figure 6-9.  Short-circuit EQE spectra of single devices (closed shapes) and tandem 
device subcells (open shapes). 

 
The reduced JSC of the tandem cell relative to the single D/A HJ PbPc- and 

SubPc-based devices cannot be assigned to a single subcell: photocurrent generation 

must be increased in both front and back subcells in order to increase the ηP of the 

tandem device above the best-performing single device. We also note that the FF of the 

tandem device falls between those of the single PbPc and SubPc devices, as expected 

in a tandem device with balanced photocurrent generation [161]. While subcell EQE 

measurements allow us to conclude that photocurrent generation must be increased in 

both subcells in order to increase ηP of the tandem device, these results alone do not 

offer a route toward enhancement. 
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For a better understanding of tandem device behavior we perform transfer matrix 

calculations to generate the optical electric field and exciton generation profiles within 

the photoactive layers of the device structures used in this work [50,132,138]. Optical 

constants were obtained from literature [48,118]. Figure 6-7 plots the optical electric 

field as a function of position within the stack for wavelengths corresponding to 

characteristic SubPc, PbPc, and C60 absorption in both tandem and single device 

structures. From the plot, the optical field intensities for wavelengths corresponding to 

SubPc and C60 absorption, 590 nm and 450 nm, respectively, are significantly reduced 

in the tandem configuration compared to the single D/A HJ SubPc device. This 

qualitatively agrees with the observed reduction in spectral response corresponding to 

SubPc:C60 absorption when moving from the single D/A HJ to the tandem structure.  

Furthermore, the exciton-dissociating PbPc/C60 interface is located some 30 nm 

away from the 850 nm optical field maximum in the tandem configuration. According to 

the xG,MAX (λ) = λ/4n guideline, this interface is even farther from exciton generation 

maxima corresponding to shorter red and IR wavelengths where PbPc also absorbs 

strongly [Fig. 1C)]. From subcell measurements and simulation results, it is clear that 

the initial tandem device structure is not optimized for maximum photocurrent 

generation in either subcell. 
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Figure 6-10.  Position dependence of the optical electric field intensity calculated by the 
transfer matrix method within a single D/A HJ SubPc device (filled shapes) 
and a tandem device (open shapes). Here, x = 0 corresponds to the 
BPhen/cathode interface. 

 
6.5 Tandem Device Optimization 

The optical field profile in Figure 6-10 suggests that reducing the front cell C60 

thickness will increase PbPc response by shifting the exciton-dissociating PbPc/C60 

interface closer to the λ = 850 nm optical field maximum. In addition, the SubPc:C60 

layer of the back subcell is 80% C60 by volume and therefore heavily reliant on C60 

absorption for photocurrent production. Since incident light must first pass through the 

front cell C60 layer, reducing the front cell C60 thickness will reduce ‘parasitic’ absorption 

and increase back cell absorption of both C60 and SubPc. Therefore, reducing the 

thickness of the front cell C60 layer should serve two purposes, both of which can 

increase tandem device efficiency: (1) shift the PbPc/C60 interface to a region of higher 
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optical electric field intensity corresponding to PbPc absorption, and (2) increase 

absorption and photocurrent generation in the SubPc:C60 subcell.  

The latter part of this hypothesis is further supported by the exciton generation 

rate profiles for the mixed SubPc:C60  layer calculated under AM 1.5G illumination for 

various layer structures, plotted in Figure 6-11. By comparing the single SubPc:C60 

PMHJ device (blue line) to the initial tandem configuration with 40 nm front cell C60 

thickness (filled blue squares) we note a significant decrease in the exciton generation 

rate.  

 
Figure 6-11.  Exciton generation rate within the mixed SubPc:C60 layer of a SubPc 

device (solid line) and tandem devices with varying front cell C60 layer 
thickness (lines broken by shapes) . 

 
Assuming that the SubPc single device and subcell have the same internal 

quantum efficiency (IQE), this corresponds to a 26% reduction in photocurrent 

contribution from the SubPc:C60 layer. This is in good agreement with the results from 

Section 6.4, where a 31% reduction in JSC was observed between the SubPc device 
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and subcell. These calculations also predict an increase in photocurrent generation in 

the SubPc:C60 layer when the front subcell C60 layer thickness is halved from 40 nm to 

20 nm, and again from 20 nm to 10 nm. Again assuming the same IQE for SubPc:C60 

subcells, this corresponds to a 15% increase in  photocurrent generation within the 

SubPc:C60 layer in the optimized tandem device structure. 

The experimental short-circuit EQE spectra of the front and back subcells of 

tandem devices with different front cell C60 thicknesses are shown in Figure 6-12. The 

IR response of the front subcell increases with decreasing C60 thickness and eventually 

exceeds that of the single D/A HJ PbPc device. In the case of 10 nm front subcell C60 

thickness, integration of the EQE and AM1.5G solar irradiance spectra yields a JSC of 

6.5 mA/cm2, which is greater than that of the single D/A HJ SubPc device. Furthermore 

as the C60 layer thickness is reduced and the PbPc/C60 interface is shifted closer to the 

cathode in the tandem stack, EQE corresponding to monoclinic PbPc phase absorption 

(λ = 740 nm) increases relative to triclinic phase absorption (λ = 890 nm). This trend 

experimentally confirms the effect of optical spacing in the tandem device, as blue-

shifted PbPc absorption and EQE should increase as the PbPc/C60 interface is shifted 

nearer the cathode, as predicted by xG,MAX (λ) = λ/4n.  

Back subcell response increases with decreasing front cell C60 thickness as well, 

to the extent that subcell EQE corresponding to peak SubPc absorption (λ = 590 nm) 

matches that of the single D/A HJ SubPc device, as shown in Figure 6-12B). Integration 

of the highest-performing SubPc subcell EQE and AM1.5G solar irradiance spectra 

yields JSC = 5.3 mA/cm2, showing that the SubPc subcell is current-limiting under short-

circuit conditions. Despite an acceptor thickness of just 10 nm, the broad absorption 
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spectrum of the Pentacene-templated PbPc front subcell ensures sufficient photocurrent 

generation to match that of the SubPc subcell.  

 

Figure 6-12.  Short-circuit EQE spectra of A) PbPc and B) SubPc single D/A HJ devices 
(black lines) and tandem subcells (lines broken by shapes) with varying front 
cell C60 layer thickness. In both subcells, spectral response increases with 
decreasing front subcell C60 thickness. 

 
The J-V characteristics of tandem devices with varying front cell C60 layer 

thicknesses are shown in Figure 6-13A), while the performance characteristics are listed 

in Table 6-2. The ηP of the PbPc/SubPc tandem device reaches a maximum of (4.5 ± 

0.2) %, representing a 36% increase over the initial tandem device. The VOC of the 

optimized tandem device reaches >97% of the sum of the individual cell VOCs as a 

result of increased photocurrent generation. While the JSC and VOC of tandem devices 

follow the predicted trend with decreasing front cell C60 thickness, the evolution of FF is 

more subtle. Tandem device FF falls between those of the single D/A HJ PbPc and 

SubPc cells in the initial tandem cell with 40 nm front cell C60. When the front cell C60 

layer thickness is reduced to 20 or 10 nm the tandem device FF increases to 0.54-0.55, 

in good agreement with that of the SubPc:C60 PMHJ device. Following the layer 
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structure optimization with PbPc, we have also substituted InPc as the front cell donor 

material. While the InPc/SubPc tandem device achieves a higher VOC of 1.78 V, the low 

EQE and poor charge transport characteristics of the InPc subcell limit the JSC and FF 

this tandem. 

 

Figure 6-13.  J-V characteristics of tandem cells with varying front cell C60 layer 
thickness. 

 
Subcell-specific EQE measurements also help explain the tandem cell FF 

behavior. As described in Section 6.4.2, subcell photocurrent is balanced in the initial 

tandem structure and FF falls between those of the individual PbPc and SubPc devices. 

When the front cell C60 thickness is reduced to 20 nm and 10 nm, the SubPc subcell 

becomes current-limiting. Integration of the EQE and AM 1.5G solar spectra give JSCs of 

5.0 and 5.3 mA/cm2 in the SubPc subcells, compared with 5.9 and 6.5 mA/cm2 in the 

PbPc subcells in tandem devices with 20 and 10 nm front cell C60 thickness, 

respectively. In the case of one current-limiting subcell, the FF of the tandem device is 

expected to be determined by that subcell [161]. Indeed, the tandem device FF agrees 
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with that of the single D/A HJ SubPc device in tandem devices with 20 and 10 nm front 

cell C60 layer thickness. 

Table 6-2.  Photovoltaic performance parameters of tandem devices under 100 mW/cm2 
simulated AM 1.5G illumination. 

Front subcell 
PbPc 

InPc 
40 nm C60 20 nm C60 10 nm C60 

JSC (mA/cm2) 4.3 ± 0.1 5.1 ± 0.1 5.5 ± 0.1 4.3 ± 0.1 

FF 0.52 ± 0.01 0.55 ± 0.01 0.54 0.45 

VOC (V) 1.47 ± 0.01 1.50 ± 0.02 1.53 1.78 

ηP (%) 3.3 ± 0.2 4.2 ± 0.2 4.5 ± 0.2 3.4 ± 0.1 

 

6.6 Conclusions 

In summary, two donor materials with complementary photovoltaic device 

properties have been incorporated in a tandem cell. Simply placing a CRZ structure 

between the optimized single D/A HJ devices resulted in a decrease in ηP relative to the 

highest efficiency single device. Through a combination of subcell-specific EQE 

measurements and optical simulations, we were able to determine the reason for 

insufficient photocurrent generation and construct a route toward improving tandem cell 

performance. By using these methods to modify the device structure, a tandem device 

with EQE > 30 % over the range 400 nm > λ > 900 nm, VOC > 1.50 V, and ηP = (4.5 ± 

0.2) % was achieved. 

  



 

189 

CHAPTER 7 
CONCLUSIONS AND OUTLOOK 

7.1 Conclusions 

In summary, the work presented in this dissertation has investigated strategies 

for avoiding characteristic trade-offs in OPV devices. In Chapter 3, the insertion of 

different organic anode interlayer (AIL) structures was observed to directly modify the 

properties of several OPV donor materials. The absorption spectra of neat PbPc films 

were shown to exhibit a pronounced peak well into the near infrared (NIR) when grown 

of a Pentacene template layer. While NIR absorption of PbPc films grown on ITO 

increases with PbPc thickness, PbPc films grown on Pentacene exhibit higher triclinic 

content at film thicknesses near the PbPc LD, making the templated PbPc 

advantageous for OPV device incorporation. Similarly, the absorption spectra of ZnPc 

films grown on a PEDOT:PSS/Tetracene AIL structure revealed characteristic shifts 

corresponding to stronger intermolecular aggregation than films grown on bare ITO. 

XRD analysis confirmed a change in the crystal structure within polycrystalline domains 

from primarily edge on ZnPc conformations to a combination of edge on and face on 

molecular orientations. AFM topography showed that the insertion of a PEDOT:PSS 

layer planarizes the Tetracene layer, which in turn results in a more continuous ZnPc 

film surface. Finally, the amorphous donor material DBP was grown on AIL structures 

containing hole transporting material NPB, which was confirmed to function as an 

exciton-blocking layer. From these three donor materials, we conclude that AIL 

structures can successfully modify the optical and electronic properties of bulk donor 

materials and AIL/donor interfaces, both of which are critical to OPV device 

performance. 
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In Chapter 4, these AIL/donor materials systems were analyzed in the context of 

OPV device performance. The addition of a Pentacene layer to PbPc-based planar 

heterojunction (PHJ) devices improved the power conversion efficiency (ηP) from 1.5 % 

to 2.2 %, driven mostly by increased photocurrent generation in the NIR spectral region. 

The ηP of ZnPc-based PHJ devices increased from 2.0 % to 3.5 % with the addition of a 

bilayer PEDOT:PSS/Tetracene AIL structure. By comparing the effect of the AIL 

structure on PHJ, BHJ, and P-M HJ devices we concluded that the increased ηP was a 

direct result of increased exciton diffusion efficiency (ηED) caused by A) improved 

crystallinity of ZnPc films and orientation of ZnPc molecules and B) excitonic effects at 

the Tetracene/ZnPc interface. By optimizing the device architecture to maximize the 

combination of enhanced photocurrent in a neat ZnPc layer and high intrinsic 

photocurrent generation in a mixed ZnPc:C60 BHJ layer, a maximum ηP = (5.8 ± 0.3) % 

was achieved.  

For devices based on the donor DBP, bilayer PEDOT:PSS/Tetracene and 

PEDOT:PSS/NPB AIL structures showed different effects of photovoltaic performance. 

While both structures increased photocurrent generation, the voltage-dependent 

photocurrent behavior showed a strong dependence on AIL structure. In the case of the 

Tetracene/DBP cascade structure, this caused a reduced fill factor (FF) which negated 

the increase in short-circuit current density (JSC). The device with an exciton-blocking 

PEDOT:PSS/NPB AIL maintained a relatively high FF, resulting in a 31% increase in ηP 

over the control device. Through careful analysis of the illumination intensity-dependent 

photocurrent behavior and the voltage dependence of spectrally resolved photocurrent, 

we concluded in Chapter 5 that the critical difference between cascade and blocking 
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structures is the simultaneous presence of electrons and holes in the neat DBP layer of 

the cascade structure. We were then able to compare these characteristics to 

Tetracene-templated ZnPc devices to determine that the Tetracene/ZnPc heterojunction 

forms a cascade structure. 

By combining the results from thin film and OPV device studies in Chapters 3 

and 4, respectively, we conclude that the introduction of AIL structures is a reliable and 

facile method to modify both bulk and interfacial donor properties for improved OPV 

device performance. For donors which can aggregate in polycrystalline phases such as 

PbPc and ZnPc, growth on polycrystalline organic AIL structures promotes bulk ordering 

more so than growth on weakly-interacting oxide surfaces. For donors which form 

amorphous thin films, AIL structures can also improve OPV device performance by 

modifying the critical anode/donor or AIL/donor interface. By introducing an additional 

exciton-dissociating interface or eliminating exciton recombination at the edge of the 

donor film in the cases of exciton-dissociating and exciton-blocking interfaces, 

respectively, photocurrent generation corresponding to donor absorption is enhanced by 

up to 76%. These AIL structures therefore mitigate the “exciton bottleneck” 

characteristic of OPV devices: improved bulk donor film properties and AIL/donor 

interfaces allows more excitons to contribute photocurrent for a given donor film 

thickness without sacrificing electrical properties. As a result, the JSC of OPV devices is 

increased with minimal effect on the fill factor and improve the maximum generated 

power to a greater extent than was observed for devices with conventional 

donor:acceptor blend structures. 
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In Chapter 6, tandem devices based on complimentary donor materials were 

fabricated in order to mitigate a second major drawback of OPV devices: the mutual 

exclusion of low energy photon harvesting and high voltage output. Single-donor 

devices based on PbPc, InPc, and SubPc exhibited characteristics typical of OPV 

devices. We demonstrated that combining these donors in a series-connected tandem 

OPV cell harnesses the complementary properties of these donors in a single OPV 

device: spectral response past λ = 1 μm was achieved in a device with VOC > 1.5 V. 

However, device engineering is also required in order to maximize tandem 

device performance. Sandwiching two optimized D/A HJ devices together initially 

resulted in a decrease in ηP relative to the best-performing single device. By combining 

optical electric field modeling with subcell-specific photocurrent measurements we were 

able to determine an optimal layer structure for maximum photocurrent generation, 

culminating with a maximum ηP = (4.5 ± 0.2) %. In addition to the device performance, 

the direct measurement of subcell behavior in the tandem stack architecture reveals 

critical information about subcell performance which is ignored in most of the tandem 

OPV literature. 

7.2 Future Work and Outlook 

Not long ago, the scientific community was skeptical that OPV devices would 

ever reach ηP = 10 %. With recent reports from private and public studies surpassing 

this goal within the last year, it seems that such skepticism can be disregarded and 15 

% is the next reasonable goal at the laboratory scale.  

Towards this end, an exciting new trend in OPV research has been the 

development of non-fullerene acceptor materials [18,82,115]. Despite being the 

acceptor material of choice in the vast majority of OPV devices, fullerenes have inferior 
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optical properties compared with most donor materials. Relying on a single strong 

absorber, typically the donor material, puts significant strain on the single photoactive 

layer and plays in to the weakness of the D/A HJ structure. An 8.4 % efficient device 

with phthalocyanine-based acceptor layers was recently demonstrated by Cnops et al. 

[115]. With this impressive result as an early bench mark for non-fullerene acceptor-

based devices, the outlook for this approach is promising.  

A crucial next step for OPV research will be increased transparency with regard 

to the materials processing and characterization methods used in academic 

laboratories. There is currently a relatively wide spread in the reported ηP values of 

devices based on the same active layer materials, structures, and processing steps. 

Luber and Buriak present an excellent analysis of the variability in relatively simple 

P3HT:PCBM-based polymer OPV devices [162], but the same is true for other polymer- 

and small molecule-based devices. Accelerated progress will be possible if the 

academic community can do a better job of sharing detailed purification techniques, 

processing steps, and characterization procedures. OPVs are not likely to enter the 

global energy discussion because of the results obtained in one academic laboratory. 

Despite success in academia, commercial and practical implementation of OPV 

technology has been limited. To move this technology towards consumers, more effort 

must be spent on the more practical aspects of development such as device lifetime, 

stability, and scale-up. More investigations of OPV device stability are appearing in the 

literature including the key work by Peters et al. [163] demonstrating operating lifetimes 

approaching ten years. With the end goal being a panel with a lifetime on the order of 

20 years, cell degradation, aging, and mitigation should be the focus of future research. 
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Many characteristics of the research presented in this dissertation are not 

compatible with the purported processing strengths of OPV technology: the ITO 

substrates rely on scarce indium, devices and films were fabricated under high vacuum 

conditions, and source material usage was very inefficient, to name a few. While the 

fundamental nature of these studies required careful control of experimental conditions 

as well as film and device structures, these studies did not embody the strengths of high 

throughput, abundant source materials, and large flexible geometries which motivate 

the study of OPV technology. 

Toward this end, it is helpful to imagine the characteristics of the first 

commercially successful OPV module [164]. Now that OPV technology has matured in 

terms of performance, a shift of focus to large scale processing, environmentally friendly 

and abundant materials, and ambient conditions is appropriate. There is a lot of room 

for research in these areas and progress in these practical fields will be necessary for 

commercial OPV implementation. 

The interlayers and tandem structures developed in this dissertation, as well as 

the large amount of similar work in this field, are useful for designing highly efficient 

structures. In the future, this sort of work can be used to determine target active layer 

structures to be processed at larger scales. OPV technology can only succeed if the 

balance between these approaches is shifted towards the production end. While the 

materials and device engineering aspects have served many past graduate students 

well, future work should be more focused on practical considerations and development. 
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