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Abstract 

 Organic photovoltaic cells (OPVs) are emerging field of research in renewable energy. 

The development of OPVs in recent years has made this technology viable for many niche 

applications. In order to realize widespread application however, the power conversion 

efficiency (P) requires further improvement. 

The P of an OPV depends on the short-circuit current density (JSC), open-circuit 

voltage (VOC) and fill factor (FF). For state-of-the-art devices, JSC is mostly optimized with 

the application of novel low-bandgap materials and a bulk heterojunction device 

architecture (internal quantum efficiency approaching 100%). The remaining limiting 

factors are the low VOC and FF. This work focuses on overcoming these bottlenecks for 

improved P.  

Temperature dependent measurements of device performance are used to examine both 

charge transfer and exciton ionization process in OPVs. The results permit an improved 

understanding of the intrinsic limit for VOC in various device architectures and provide 

insight on device operation. Efforts have also been directed at engineering device 

architecture for optimized FF, realizing a very high P of 8% for vapor deposited small 

molecule OPVs. With collaborators, new molecules with tailored desired energy levels are 

being designed for further improvements in P. A new type of hybrid organic-inorganic 

perovskite material is also included in this study. By addressing processing issues and 

anomalous hysteresis effects, a very high P of 19.1% is achieved. Moving forward, topics 

including engineering film crystallinity, exploring tandem architectures and understanding 

degradation mechanisms will further push OPVs toward broad commercialization.  
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1. Introduction to Photovoltaic Cells 

The intrinsically limited supply of fossil fuels poses a potential threat to economic 

growth and regional stability. Consequently, it is essential to broaden the portfolio of 

energy sources to include additional emphasis on renewable energy.  

Mainstream renewable energy technologies include: wind power, hydropower, 

biomass, geo-thermal and photovoltaic. Aside from geo-thermal, all other mentioned 

technologies directly or indirectly harvest energy from the sun. The sun provides 89 

petawatts of power to the Earth’s surface every day, capturing 0.02% of it would be 

sufficient to provide energy for the entire world.1  

The most direct way of harvesting solar energy is to convert sunlight into electricity, 

the most convenient form of energy, using the photovoltaic effect. Currently, crystalline Si 

photovoltaic cells are the most widely adopted first-generation photovoltaic technology, 

with a power conversion efficiency (P) of ~20%.2 Unfortunately, this technology is limited 

in its application due to high costs of fabrication and deployment.  

There has been a continuous effort to improve over the conventional crystalline-Si 

photovoltaic cell since its first discovery in 1954.3 One approach is to develop multi-

junction photovoltaic cells and solar concentrators to enhance P.4-5 According to the 

Shockley-Queisser limit, the maximum efficiency achievable for a single junction 

photovoltaic cell with an ideal band gap energy (1.34 eV) is 34 %. By using a multi-

junction architecture, the efficiency limit can be increased to 84 % under highly 

concentrated sunlight.6-7 In practice, the record efficiency for a multi-junction photovoltaic 
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cell with concentrator is 46 %, much improved over the conventional crystalline Si based 

photovoltaic cells.2 However, the cost of these highly efficient multi-junction photovoltaic 

cells can be significantly higher than conventional crystalline Si based technology and the 

application is much limited to aerospace.  

The other approach is to focus on lowering the manufacturing and deployment cost of 

photovoltaic cells by adopting second-generation thin-film photovoltaic technologies. 

These new technologies employ improved light-absorbers like cadmium telluride (CdTe), 

copper indium gallium diselenide (CIGS) and amorphous silicon.8-11 One of the advantages 

of thin-film photovoltaic technology is that the cell thickness can vary from tens of 

nanometers to a few micrometers, much thinner than the conventional crystalline Si 

photovoltaic cells. This allows the thin-film photovoltaic cells to be made lower in weight 

 

Figure 1.1 Best research-cell efficiencies over the last 40 years. Data compiled by the 

National Renewable Energy Laboratory.2 
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and on flexible substrates. More interestingly, thin-film photovoltaic cells can also be 

manufactured into different form factors and used as semi-transparent films that can be 

integrated with windows.8, 11 

However, the toxicity, stability and use of rare elements limits the market share of 

second-generation thin-film photovoltaic cells.10-11 Both academia and industry have been 

investing heavily in ongoing research of third-generation photovoltaic cells including small 

molecule or polymer based organic semiconductors, copper zinc tin sulfide, quantum dots 

and hybrid organic-inorganic organometal-halide perovskite materials to further reduce the 

cost of manufacturing and enhance the power conversion efficiency in order to compete 

with conventional crystalline Si photovoltaic cells.7, 12-13 

Among third-generation photovoltaic technologies, organic photovoltaic cells (OPVs) 

are compatible with high-throughput roll-to-roll manufacturing and are most cost-effective 

for photovoltaic applications.14-17 Beyond this, the tunable optical properties of organic 

molecules (by changing functional group or molecular weight) offers great versatility for 

niche applications where only light within a selective wavelength range need be 

absorbed.18-21 
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1.1 Progress to date 

While photoconversion in organic semiconductors has been a topic of study for more 

than 50 years, the P has long been below 1 % in prototype OPVs using a metal-

semiconductor-metal configuration.22-23 It was not until pioneering work by Tang on thin 

film, planar heterojunction (PHJ) OPVs that efficient photoconversion became possible.24 

A PHJ OPV consists of a bilayer between electron donating and accepting materials, where 

an energy-level offset at the donor-acceptor (D-A) interface provides the driving force for 

exciton dissociation by charge transfer. In such a structure, performance is limited by the 

area of dissociating D-A interface.25-26 Consequently, large improvements in device 

performance were realized with the advent of bulk heterojunction (BHJ) OPVs where the 

D-A materials are blended to increase the area of the dissociating interface.27-28 To further 

improve the power conversion efficiency, effort has been made on engineering the vertical 

composition gradient, phase separation and crystallinity of the active layer, and energy 

level alignment at electrode-active layer.17, 29-32 State of the art single-junction OPVs have 

now achieved P of 9~10 % using a variety of materials systems.33-38 Another focus to 

further improve P is to develop tandem or multi-junction device architectures, where two 

sub-cells with compensating absorption in the solar spectrum are stacked and connected in 

series.39-50 Recently, researchers reported a 12.1 % power conversion efficiency in a small 

molecule triple-junction OPV.51 In industry, Heliatek has also demonstrated a similar 

device performance and the commercialization of OPV technology is ongoing.52  
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1.2 Overview of this thesis 

The primary focus of this thesis is to understand various efficiency limiting factors in 

OPVs and apply theoretical understanding to guide new materials design and device 

optimization. The most significant remaining bottleneck to further improve device 

efficiency is the low open-circuit voltage (VOC) compared to the exciton energy upon 

photoexcitation. The loss of exciton energy is >50% even in most efficient devices while 

the loss mechanism is not well understood.53-56 This work approaches the bottleneck by 

carefully examining the intrinsic limit of maximum VOC for different type of 

photoconversion process. A deeper understanding of device operation helps guide device 

architecture engineering without sacrificing VOC.  

This thesis also explores newly designed molecules with desired properties and 

experiments with a new type of hybrid organic-inorganic perovskite material, in order to 

improve the P even further. 
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2. Organic Semiconductors 

2.1 Introduction 

Chapter 1 introduced the concept of OPVs as a promising third-generation thin-film 

photovoltaic technology. This chapter will investigate the physics, characterization and 

processing of organic semiconductors, which are the building blocks for OPVs. 

Organic semiconductors are conjugated small molecules or polymers that comprise of 

primarily carbon. Due to their structural versatility and unique optical and electronic 

properties, organic semiconductors are being studied not only for photovoltaic applications, 

but also for light-emitting devices and transistors.57-58 The weak intermolecular bonding of 

organic semiconductors permits thin films to be compatible with flexible substrates that 

enable high throughput processing. To date, there have already been various successful 

demonstrations of functional devices fabricated with organic semiconductors on flexible 

substrates as shown in Figure 2.1. 

 

Figure 2.1 Examples of electronic devices employing organic semiconductors. 
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2.2 Electronic States in Organic Semiconductors 

The atoms in organic molecules are held together by covalent bonds. Take carbon for 

example, its ground state electronic configuration is 1s22s22p2
. There are two paired s 

electrons and two unpaired p electrons in the outer electronic level. When forming bonds 

with other atoms, one possible electronic configuration for the carbon atom can be realized 

by mixing the 2s orbital and three 2p orbitals to form a hybridized sp3 orbital, which has a 

set of four degenerated orbitals. The four orbitals form a tetrahedral with the core at the 

center.59 One example of sp3 hybridization is methane (CH4) as shown in Figure 2.2a. 

The s, px and pz orbitals can also be combined and form triply degenerate sp2 orbitals. 

The sp2 orbitals take on a planar trigonal geometry and adjacent orbitals are separated by 

120º. The remaining pz orbital is perpendicular to the hybridization plane of the sp2 orbital. 

One example is ethylene (H2C=CH2) as shown in Figure 2.2b. The remaining pz orbitals 

from each of the carbon atom will overlap and form the π-bond. The π-bond creates 

delocalized electron density above and below the sp2 hybridization plane.59 By connecting 

three CH=CH segments to form a ring, the molecular structure of benzene is realized. The 

benzene molecule is a good demonstration of highly delocalized π bonding formed by a 

ring of six carbon atoms, with highly localized sp2 orbitals between carbon and hydrogen 

atoms residing in the plane, as shown in Figure 2.2c and d. For some organic molecules, 

there exists a certain degree of intermolecular π orbital overlap that allows electrons to 

transfer from one molecule to the other. These organic molecules are termed organic 

semiconductors. 
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2.2.1 Molecular Orbital Theory 

As we have discussed, there will be a variety of atomic orbitals formed in an organic 

molecule. Typically, the superposition of all atomic orbitals is approximated as the 

molecular orbital. The ground state can be generated by adding electron pairs to only the 

lowest energy molecular orbitals and the excited state can be generated by adding electrons 

to the unoccupied molecular orbitals.59 The highest occupied molecular orbital (HOMO) is 

analogous to the valence band and the lowest unoccupied molecular orbital (LUMO) is 

analogous to the conduction band in inorganic semiconductors. 

 
 

Figure 2.2 Orbital hybridization for methane, ethylene and benzene molecules. 
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2.2.2 Formation of Excited States 

Upon photoexcitation or electrical excitation, electrons in the HOMO energy level can 

be promoted to the LUMO energy level and form an excited state. The principles of 

quantum mechanics dictate that the excited state can be categorized either as a singlet state 

and triplet state. The difference between them is lies in their degeneracy and the value of 

the spin angular momentum S. All four possible combinations of spin for two unpaired 

electrons numbered 1 and 2 are plotted in Figure 2.3, with α and β representing the spin 

vector for each electron. For the singlet state, two unpaired electrons are exactly out of 

phase and S equals zero. For the triplet state, two unpaired electrons are in phase, and S 

equals one.60 

The singlet state has a degeneracy of one as there is only one combination that leads 

to a total exciton spin of 0. The triplet state has a degeneracy of three as the spin projection 

quantum number (Ms) can take on a value of -1, 0 or 1. For practical purposes, the ground 

 
Figure 2.3 Electron spin angular momentum configuration for unpaired electrons in the 

excited state. 
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state will always be singlet as the relaxation of electronic structure configuration requires 

the outer shell orbital be filled, excluding unpaired electrons. The singlet and triplet state 

have different spin angular momentum and cannot interconvert spontaneously, as all 

photophysics processes require conservation of electron spin momentum. This is especially 

important in the operation of organic optoelectronic devices. For most organic 

semiconductors, photoexcitation leads exclusively to the creation of singlet states as the 

photon cannot supply momentum to flip the spin of an electron. However, under electrical 

excitation, both singlet and triplet excited states are formed as the electrons do not originate 

from a previously paired ground state. According to the rules of quantum mechanics, the 

electrically excited state has a 25% probability of being singlet and 75% probability of 

being triplet.59-61 For a triplet state, it is quantum mechanically forbidden to relax back to 

the ground state as the ground state is a singlet and would require a change in the spin 

angular momentum. This selection rule has a significant impact on the design of light-

emitting devices, where 75% of the excitons formed are triplet in nature and cannot 

radiatively relax to ground state and emit light, limiting device efficiency. As discussed 

previously, all interconversion processes between electronic states require the conservation 

of momentum. In the case of heavy atoms (large atomic number Z), the orbital angular 

momentum is significant and can interact with the spin angular momentum. This 

phenomenon is termed spin-orbit coupling. In this case, the intersystem crossing between 

single state and triplet state and the radiative decay of triplet state can be allowed.59-60 
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2.2.3 Energy Levels and Interconversion of Electronic States 

Previously, we have discussed the ground and excited state of organic semiconductors 

and identified the nature of singlet and triplet excited states. Here, we describe the energy 

landscape and interconversion between these states. 

The Jablonski diagram shown in Figure 2.4 is a convenient way to visualize the various 

photophysical processes in organic semiconductors. The diagram comprises the ground 

state (S0), excited singlet (S1, S2) and triplet (T1, T2) states. The vibronic states are 

represented by the lines spaced closely to each other and is related to the quantum harmonic 

oscillators of the nuclei motion. Note that the triplet energy is lower than the singlet energy 

as the Pauli exclusion principle will instruct electrons with parallel spin to avoid each other 

and minimize electron-electron repulsions, thus lowering the energy of triplet state relative 

to singlet state.60 

 
Figure 2.4 Example Jablonski diagram depicting the interconversion between electronic 

states in organic semiconductors. 
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Franck-Condon Principle 

The possible interconversion processes include: 1. Absorption. Electrons in the lowest 

vibronic state of S0 is promoted to S1 or S2 via photoexcitation and create excitons. The 

excitons created in organic semiconductors are localized on one molecule and have a 

binding energy between 0.1~1 eV.25 2. Internal conversion: electrons relax from S2 to the 

lowest vibronic state of S1. 3. Fluorescence: electrons radiatively relax from the lowest 

vibronic state of S1 to S0. 4. Intersystem crossing: electrons convert form excited singlet 

states to triplet states. 5. Phosphorescence: electrons relax from the lowest vibronic state 

of T1 to S0.  

The absorption and fluorescence processes are commonly studied for organic 

compounds. Due to the existence of vibronic states, the absorption and fluorescence spectra 

will have many vibronic features. Note that fluorescence originates from the lowest energy 

vibronic state, as the internal conversion process is much faster compared to competing 

processes. This is known as Kasha’s rule. The relative intensity of each vibronic feature 

will follow the Franck-Condon principle.60  

Figure 2.5 demonstrates a visualization of the Franck-Condon principle for radiative 

transitions (absorption and fluorescence) between the ground and excited states in a 

diatomic molecule. The potential curves for the nuclear motion in the ground and excited 

states are labeled as Ψand Ψrespectively and each vibronic state is numbered. Electronic 

transitions are much faster than the vibronic motion of the nuclei, so that only vertical 

transitions are permitted between Ψand Ψ, as described by the Franck-Condon principle. 
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For the example shown in Figure 2.5, the equilibrium nuclear distance is longer in the 

excited state than in the ground state. As such, the 0-2 and 2-0 transitions will be intense 

while other transitions will be relatively weak, dictated by the magnitude of positive 

overlap between the vibrational wavefunctions of the two vibronic states. The absorption 

and photoluminescence spectra for the diatomic molecule are shown in Figure 2.5. The 

energy shift between the absorption and photoluminescence transitions is termed the 

Franck-Condon shift. Commonly, the photoluminescence spectrum is a mirrored image of 

the absorption spectrum at lower photon energy. 

In a more realistic scenario, the 0-0 transition of photoexcitation and relaxation will be 

offset by the Stokes energy shift. The Stokes shift is due to the relaxation of the excited 

state when the molecule undergoes an internal conformational change. Part of the exciton 

energy is emitted as heat.59, 62 

 
Figure 2.5 Molecular energy diagram for a diatomic molecule undergoing electronic state 

interconversion between S0 and S1. The Franck-Condon principle determines the intensity 

of these transitions. 
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2.2.4 Characterization of Electronic States 

The ground state HOMO energy level and excited state LUMO energy level dictate 

the optical and electrical properties of organic semiconductors. It is thus critical to measure 

these energy levels with great accuracy. The most widely adopted approach to probe 

molecular orbital energy levels is photoemission spectroscopy. 

Photoemission Spectroscopy 

The HOMO energy level can be measured using photoemission spectroscopy (PES). 

For this technique, ultra-violet light is used to excite the electrons in the HOMO energy 

level to an energy above the vacuum level (Evac), with the kinetic energy of the excited 

electron being recorded. The initial energy of the electron relative to Evac can be calculated 

by subtracting the kinetic energy of the electron from the incident photon energy. One 

benefit of PES is that the Fermi-energy of an organic semiconductor thin film can be 

determined simultaneously from the secondary cut-off of the PES spectrum.29, 63-64 This 

information can help illustrate the energy level alignment at hetero-interfaces which are 

common in organic electronics.65  

In order to characterize the LUMO energy level, inverse photoemission spectroscopy 

(IPES) is commonly used. A group of electrons with known kinetic energy populates the 

LUMO energy level of the material of interest and the emitted photon energy is recorded. 

By subtracting the kinetic energy from the photon energy, the relative energy of electron in 

the LUMO energy level can be obtained.66 
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The resolution of PES is typically ~0.2 eV and the resolution for IPES is ~0.4 eV.66 

The IPES measurement has especially low resolution particularly due to the low cross 

sections of the inverse photoemission process. To improve resolution, alternative methods 

are used to determine the LUMO energy level. One approach is to correlate the HOMO 

energy level and the LUMO energy level through the bandgap energy. The bandgap energy 

can be determined form the shake-up satellite features of the soft X-ray photoemission 

spectroscopy.67-68 In this technique, core electrons instead of valence electrons are excited. 

The shake-up satellite features are associated with the kinetic energy loss due to 

simultaneously excited HOMO-LUMO transitions. Commonly, the separation in energy 

between the shake-up satellite feature and the main line corresponds to the energy 

difference between HOMO and LUMO energy levels. In conjunction with the HOMO 

energy determined via PES technique, the absolute value of the LUMO energy level can 

be calculated. 

 

Figure 2.6 Working principle of (a) photoemission sepctroscopy (PES) and (b) inverse 

photoemission spectroscopy (IPES). 
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Another drawback of photoemission spectroscopy is the requirement on high-vacuum 

environment and advanced equipment for analyzing the photon and electron energy, thus 

limiting its availability. A much more convenient method is to extract optical band gap 

energy (Eg,opt) from the low-energy onset of the absorption spectrum. The LUMO energy 

level can then be approximated as the HOMO energy level (EHOMO) with the addition of 

Eg,opt and exciton binding energy (Eb) as shown in equation 2.1. For this approach, the 

uncertainty mainly arises from the exciton binding energy. 

boptgHOMOLUMO EEEE  ,             Equation 2.1 

Cyclic Voltammetry 

As stated, photoemission has limited availability and resolution. Alternatively, cyclic 

voltammetry (CV) can also be used to characterize the HOMO-LUMO energy levels. CV 

is a type of potentiodynamic electrochemical measurement, during which a cyclic bias is 

applied to the working electrode and the current passing through the working electrode is 

recorded. A peak in the current indicates an oxidation or reduction event which is due to 

removing one electron from the HOMO energy level or adding one electron to the LUMO 

energy level.66, 69 Typically, a standard material (e.g. ferrocene) with known HOMO and 

LUMO energy levels is mixed together with the sample material during testing in order to 

extract the exact values of the HOMO and LUMO energy levels. However, CV 

measurements requires all materials to be dissolved in solution. The measured values of 

energy levels will correspond to isolated or solvated molecules and cannot accurately 

reflect the impact of aggregation in the form of solid-state-thin-film that most organic 
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electronics are. Despite the limitations, CV measurements provide a fast and convenient 

way to help predict and compare HOMO and LUMO energy levels in organic 

semiconductors. 

2.2.5 Excitonic Transfer in Organic Semiconductors 

As described previously, the photoexcitation process in organic semiconductors will 

create tightly bound electron-hole pairs termed excitons. The exciton is able to migrate 

from one molecule via one of three mechanisms, namely, cascade energy transfer, Förster 

energy transfer and Dexter transfer.59-60  

Cascade Energy Transfer 

Cascade energy transfer, or trivial energy transfer is a radiative process that includes 

the emission and reabsorption of a photon. The excited state on one molecule will relax to 

the ground state and the emitted photon will be absorbed by an adjacent another molecule 

that is in its ground state. This is a long range (10~100 nm) energy transfer process between 

two molecules and requires good overlap between the photoluminescence spectrum of the 

excited molecule and the absorption spectrum of the ground state molecule.59 The 

photoluminescence efficiency of the excited molecule can also impact the efficiency of 

cascade energy transfer process as it requires the emission of a real photon. 

Förster Energy Transfer 

The Förster energy transfer process is similar to the cascade energy transfer process as 

it also requires overlap between the photoluminescence spectrum of the excited molecule 

and the absorption spectrum of the ground state molecule, and a high photoluminescence 

efficiency for the excited state. However, no real photon is emitted and the Förster energy 
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transfer process is categorized as non-radiative. The interaction between the excited state 

molecule and the ground state molecule is not through light, but through the electric field 

perturbation caused by the dipole oscillation of the excited molecule.59-60 Figure 2.7 

demonstrates the scenario where an exciton is formed on molecule A and treated as an 

oscillating dipole. The oscillation of the dipole will create a perturbation in the electric 

field that surrounds it. A ground-state molecule B senses the perturbation in electric field 

and the Förster energy transfer is accomplished by the relaxation of molecule A back to 

ground state and the excitation of molecule B to excited state. There is no physical 

exchange of electrons during the process as electron 1 and 2 still reside on the same 

molecule after the energy transfer event. The rate of Förster energy transfer can be 

described by the equation below:70 
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               Equation 2.2 

where kF is rate of Förster energy transfer, d is the distance between the excited molecule 

and the ground state molecule,  is the exciton lifetime and R0 is the characteristic Förster 

radius for given pair of excited and ground states. R0 can be expressed as:70 
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where ηPL is the photoluminescence efficiency of the excited state, κ is the dipole 

orientation factor, λ is the wavelength, n is the refractive index, F is the normalized 

fluorescence spectrum of the excited state molecule A and σB is the absorption cross-

section of the ground state molecule B. Even though Förster energy transfer is a non-
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radiative process, it is still dependent on the PL of the excited state and the spectra overlap 

between the excited state and the ground state. This is due to the requirement of a resonant 

density of states and the ability to emit light (PL≠0) for efficient coupling between excited 

and ground state. The length scale of Förster energy transfer is 1~10 nm, much shorter than 

that of cascade energy transfer.26, 59 

Dexter Energy Transfer 

Dexter energy transfer is a process which involves the physical transfer of electrons 

between adjacent molecules, as depicted in Figure 2.8. The Dexter energy transfer requires 

an overlap between the electronic orbitals of the donor molecule and the acceptor molecule 

and is thus limited between nearest neighbors. The rate of Dexter energy transfer can be 

written as:59 
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          Equation 2.4 

kD is the rate of Dexter energy transfer, h is the Planck constant bDA is the exchange energy 

 

Figure 2.7 Demosntration of the Förster energy transfer process between two molecules. 

The coupling between two molecules is through the electric field and no physical exchange 

of electrons occurs during the process. 
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interaction between two molecules, ED is the normalized photoluminescence spectrum of 

the excited molecule and EA is the normalized absorption spectrum of the ground state 

molecule. bDA is related to the overlap of electronic orbitals between two molecules and 

will thus fall exponentially with molecular spacing d. With this, the expression for Dexter 

energy transfer can be re-written as:60 
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         Equation 2.5 

where K is a prefactor related to the specific orbital interaction between the molecules of 

interest, d is the spacing between two molecules and L is a characteristic length scale at 

which the energy transfer rate equals to other energy loss processes. The Dexter energy 

transfer process does not require the excited molecule be capable of light emission, it is 

thus most prominent for triplet excited states. 

Even though the Dexter energy transfer process does not require the emission of a “real” 

 

Figure 2.8 Demonstration of Dexter energy transfer between two molecules. Physical 

exchange of electrons is required in this process. 
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or “imaginary” photon, kD still depends on the overlap between the absorption and emission 

spectra of the molecules of interest. This is due to the transfer of electrons between HOMO 

and LUMO level requires a resonance of density of states in energy. 

2.2.6 Exciton Diffusion 

Exciton diffusion is critical for the operation of organic photovoltaic cells as it help 

determine the fraction of excitons that can be converted into charge carriers. The exciton 

diffusion process can be thought of as multiple energy transfer events with the detailed 

mechanism depending on the nature of the exciton (singlet vs. triplet). From the perspective 

of device optimization, a longer exciton diffusion length is beneficial for improving P in 

OPVs. A more detailed discussion on the role exciton diffusion length in photoconversion 

is provided in Chapter 3. 
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2.3 Charge Transport in Organic Semiconductors 

In order for charge transport to occur, overlap of electron wavefunctions between the 

two sites is required. There are two extreme types of charge transport phenomenon: band-

like transport and hopping transport, depending on the degree of wavefunction overlap. 

2.3.1 Band-like Transport 

Band-like transport is first developed to describe the charge transport phenomenon in 

crystalline inorganic semiconductors. Inorganic semiconductors commonly have a well-

defined crystal structure and periodic electronic potential. This leads to a broad energy 

band in which carriers have small effective mass. In this scenario, charge carriers travel as 

a highly delocalized plane wave in a broad carrier band with a mean free path expanding 

over several times the molecular separation. Band-like transport can also be observed in a 

few crystalline organic semiconductors like acenes.71-72 

2.3.2 Hopping Transport 

Most organic semiconductors have weak Van der Waals type intermolecular 

interactions and are amorphous or polycrystalline in nature, complicating the observation 

of band-like transport. The charge transport mechanism in disordered organic 

semiconductors is described by a hopping mechanism. The probability of hopping from 

site i to site j can be described by the Mott’s variable range hopping model:73 
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where a is a measure of the effective wavefunction overlap between two sites, Rij is the 

hopping distance, kB is the Boltzmann constant, T is the temperature and Eij is the energy 

difference between two sites.  

As shown in Equation 2.6, the hopping probability strongly depends on the hopping 

distance and wavefunction overlap. Most organic semiconductor molecules are highly 

anisotropic in structure, thus carrier hopping from one molecule to the next will be strongly 

impacted by the relative orientation and alignment of the two molecules. Specifically, the 

overlap between charge transport relevant HOMO and LUMO energy levels ( and * 

orbitals) needs to be optimized for enhanced charge carrier mobility. There have been a 

number of approaches to evaluate the  orbital overlap in literature and one effective 

approach is to evaluate the transfer integrals between two molecules using density 

functional theory. Experimentally, direct control of the  orbital overlap can be achieved 

by engineering the steric effect of functional group on the molecular back-bone. For 

example, tetracene single crystals have a hole mobility of <1 cm2V-1s-1 while rubrene is a 

remarkable improvement from tetracene, achieving mobility of 20 cm2V-1s-1.74-77 Even 

though the pendant phenyl groups in rubrene do not contribute to -conjugation, they help 

the tetracene backbone to stack in a way to maximize the transfer integral. 

Note that the hopping probability also depends on the energy difference between two 

sites. This is another limiting factor of carrier mobility in organic semiconductors. The 

amorphous nature of organic semiconductor thin films leads to a large degree of electronic 

disorder.78 As shown in Figure 2.9, a large degree of disorder will lead to a broadened 
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density of states (DOS) profile. Mott’s variable range hopping model suggests that hopping 

towards a close lower-energy-state will be favored over hopping to a distant higher-energy-

state. As a result, the charge carriers will typically hop between available lower energy 

states as depicted in Figure 2.9. Disordered materials thus have a lower mobility compared 

to crystalline materials due to a higher probability of trapping charge carriers in the lower 

energy tail states of the DOS. In some cases, the disorder in electronic structure can be 

aggravated by the dipole moment within the molecule, as it further disrupts the electronic 

environment, creating more trap states that impair charge transport.78-79 

Efforts towards enhancing the charge carrier mobility in organic semiconductors are 

twofold: engineering thin film crystallinity to reduce disorder and aligning the - stacking 

direction with the flow of charge carriers. Experimentally, they can be realized through 

solvent or thermal annealing of the organic thin film and engineering molecular sterics. 

  

 

Figure 2.9 Electrons hopping through a series of dicrete energy states in disordered 

organic semiconductors. 
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2.4 Processing of Organic Semiconductors 

Organic electronic devices typically exists as a stack of thin films with thicknesses in 

the range of ~10-1000 nm. The ability to form uniform and pinhole-free thin films with 

well-defined interfaces is critical to realizing high performance devices via high-

throughput roll-to-roll manufacturing.  Depending on the molecular weight of the chosen 

active materials, different processing techniques are required for optimized film formation. 

Generally, the processing techniques of organic semiconductors can be divided into two 

categories: solution processing and vapor processing. 

2.4.1 Solution Processing 

Solution processing is a very desirable processing technique for organic 

semiconductors. Many existing techniques like doctor blade coating and slot die coating 

may also be applied for the roll-to-roll fabrication of organic electronic devices. Currently, 

spin-coating is the most widely adopted solution processing technique on lab scale. 

Compared to other printing techniques, spin-coating requires very little active material to 

create a uniform thin film across the substrate. This is beneficial on lab scale as the 

synthesis of organic semiconductors are typically in small quantities. During spin-coating, 

a small amount of solution is dispensed on a static or rotating substrate. The substrate 

rotates at a speed of 500-6000 rpm until the liquid film is set.80 Films with mixed 

composition can also be obtained by premixing the solution containing different molecules. 

Commonly, polymeric organic semiconductors are more suitable for the spin-coating 

technique compared to most small molecule organic semiconductors due to higher viscosity.  
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In order to overcome this bottleneck, alky chains are commonly added to the end group of 

small molecule organic semiconductors to help increase the viscosity of solution for better 

film formation.38 Aside from the viscosity of solution, spin speed, ventilation of the film 

during spin-coating, wettability of the substrate and the choice of solvent will also impact 

the film quality greatly.80 The major limitation of spin-coating technique is the challenge 

of selecting orthogonal solvents to avoid intermixing of sequentially deposited layers.  

2.4.2 Vapor Deposition 

Another widely used processing technique for organic semiconductors is vapor 

deposition. During the vapor deposition process, organic materials are heated (~150 ºC for 

lighter molecules and up to 400 ºC for molecules with larger molecular weight) in a vacuum 

chamber with a pressure <10-6 Torr as shown in Figure 2.10. Most small molecule organic 

semiconductor will undergo solid-vapor phase transition and sublime under these 

conditions. The necessity of high vacuum is twofold: first of all, a high vacuum 

environment can help reduce the degradation of organic semiconductor materials at the 

deposition temperature. Secondly, a high vacuum environment increases the mean free path 

of organic molecules in vapor phase. This technique is only viable for small molecule 

organic semiconductors as the cohesive energy of polymers is typically larger than the 

covalent bond energy. Polymers will decompose into oligomers before sublimation. 

 The most significant advantage of the vapor deposition process is the capability of 

controlling compositional profile throughout the film thickness. For a common vapor 

deposition chamber, multiple sources with different materials can be operated at the same 

time. The instantaneous film composition can be tuned by monitoring and controlling the 
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sublimation rate of each component individually, with the help of multiple quartz crystal 

microbalances (QCMs). 

2.4.3 Purification of Organic Semiconductors 

Organic semiconductor materials used for research purposes are typically purchased 

from chemical suppliers or synthesized by individual chemists. Multi-step chemical 

reaction is commonly required to synthesize the target molecule. The yield of target product 

may be low and the desired species is often mixed with a number of impurities. These 

impurities include unreacted starting material, molecules formed by side reaction or 

decomposition and solvents used in the process. The purity of synthesized organic 

semiconductor material is often <95% and there is significant amount of impurities mixed 

with the desired molecule.81 The existence of impurities can cause degradation or 

decomposition of the desired molecule during storage and shorten the lifetime of the 

 

Figure 2.10 Vapor deposition process in a large vacuum chamber with two sources 

operating simultaneously. 
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fabricated device.81 More importantly, impurities can quench excitons or trap charges even 

at very low concentration, which will significantly impact the photoconversion process and 

charge transport behavior in organic electronic devices.82-83 It is thus necessary to purify 

the materials before use. Typical purification methods include liquid-phase 

chromatography and vapor-phase sublimation. For polymer materials, only liquid-phase 

chromatography is viable as polymers will decompose before sublimation. Small 

molecules, on the other hand, are more convenient to purify as they are compatible with 

both techniques. 

Liquid-phase Chromatography 

In the simplest incarnation of liquid-phase chromatography, a mixture of materials (i.e. 

the synthesized products from a multi-step low-yield reaction) are dissolved in solvent and 

passed through a column filled with absorbent material. Based on the relative polarity 

difference between the absorbent material and each of the component in the mixture, 

separation between different components can be realized as the mixture flows through the 

column. As each component is eluted at different time, target molecules can be collected 

separately from the impurities. To purify polymers, a special type of column packed with 

porous absorbent is used to separate products by molecular weight. 

Vapor-phase Sublimation 

Another method for purifying small molecule organic semiconductors is vapor phase 

sublimation. The most widely used technique of vapor-phase sublimation is called 

temperature gradient train sublimation.84 

In a train sublimation, a boat filled with unpurified material is loaded into the closed 
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end of a tube as shown in Figure 2.11. The other end of the tube is connected to a vacuum 

pump. When the pressure reaches <10-6 Torr, a temperature gradient is applied along the 

tube. Typically, the temperature is ~300ºC (high enough to allow sublimation of target 

molecule) at the location of the unpurified material and gradually decreases along the tube, 

with the other end of the tube at room temperature. Based on the molecular weight, 

different components will deposit at different positions along the tube where the 

temperatures are different. Thus, a geometrical separation of target molecule from 

impurities can be realized. Heavy impurities will deposit closer to or remain in the boat 

while light impurities will deposit further down the tube. The middle section is where the 

desired molecule will deposit as shown in Figure 2.11. 

A better separation between desired molecule and impurities can be achieved by 

carefully tuning the temperature gradient applied to the purification tube. To achieve a 

desirable purity, multiple train sublimation process can be used sequentially.85 

In practice, liquid-phase chromatography is applied as the first purification step and 

vapor-phase sublimation is applied consecutively to further improve the purity of organic 

semiconductors as it can help eliminate solvent residues.

 

Figure 2.11 Schematic of a temperature gradient train sublimation system in operation. 
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3. Working Principles of Organic Photovoltaic Cells 

3.1 Introduction 

In its simplest incarnation, OPVs comprise an active layer of organic semiconductor 

sandwiched between two electrodes. The organic active layer absorbs light and the 

electrodes collect photogenerated charge carriers. For optimized absorption of sunlight, 

organic semiconductors of choice typically have a bandgap energy of 1~2 eV. More 

detailed photoconversion process will be discussed based on device architectures. 

3.2 Schottky Junction Cells 

The photovoltaic effect was first demonstrated in many organic dyes in the 1960s. The 

first device architecture used for OPV comprised of a single layer of organic active material 

sandwiched between two electrodes as shown in Figure 3.1. However, the P for this type 

of architecture was <<1%. The major limiting factor of efficiency is the inability to 

dissociate tightly bind excitons with built-in electric field. Recently, Zhang et al. 

demonstrated that by using C60 as the active material and employing a high work function 

 

Figure 3.1 Schematic of a Shottcky OPV comprising an organic active layer sandwiched 

between two electrodes. The generation of photocurrent is driven by the built-in electic 

field. 
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anode, the efficiency of Schottky OPVs can be increased up to ~0.5%. However, the 

oversimplified Schottky OPV remains an inefficient route to harvest solar energy. 

3.3 Heterojunction Cells 

In 1986, Tang introduced a bilayer device architecture which consisted of a 

heterojunction between two materials referred to as the electron donor and electron 

acceptor. This architecture is known as a planar heterojunction (PHJ) OPV (Figure 3.2). 

The electron donor has shallower HOMO and LUMO energy levels compared to those of 

the acceptor. Due to this favorable energy offset at the donor-acceptor (D-A) interface, the 

dissociation of excitons now becomes exothermic and more efficient.25, 86 

The choice of electrode is also important for improving device performance. Indium-

tin-oxide (ITO) is the most widely used anode material for its high electrical conductivity, 

good transparency in the solar spectrum and ideal work function for hole collection (4.8~5 

eV).87 However, due to the growing scarcity of indium, there has been effort to replace ITO 

with materials like aluminum-zinc-oxide (AZO), F:SnO2 (FTO) or silver nanowires that 

 

Figure 3.2 Schematic of a planar heterojunction OPV with a bilayer structure of donor and 

acceptor. The dissociation of excitons is facilitated by the energy level offset at the donor-

acceptor interface. 
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have comparable transparency and conductivity.20-21, 88-89  The cathode typically consists 

of metals like Al and Ag. In situations where a lower work function cathode is desired, a 

thin layer of Ca or Mg is deposited first on the organic layer and then capped with Al or 

Ag.90 

3.4 Device Operation 

When light is incident on a PHJ OPV, molecular excited states known as excitons are 

created in donor or acceptor layer. The exciton is essentially a tightly bound electron-hole 

pair which diffuses towards the D-A interface. At this D-A interface, the energy offset is 

larger than the exciton binding energy, allowing the exciton to be dissociated by a charge 

transfer process, forming a charge transfer state with a hole in the donor material and an 

electron in the acceptor material. The charge transfer state is dissociated by the built-in 

electric field, and the now separated charge carriers are collected at their respective 

electrodes. Typically, the choice of acceptor is limited to several fullerene (C60, C70) or 

perylene derivatives. For the donor materials, molecules like phthalocyanine derivatives, 

thiophene oligomers, merocyanines and acenes have been widely studied. As shown in 

 

Figure 3.3 The four steps of photoconversion in an OPV: 1. Light absorption (A), 2. 

exciton diffusion (Diff), 3. charge trasfer (CT) and 4. charge collection (CC). 
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Figure 3.3, A wide-bandgap exciton blocking layer is often inserted between the organic 

active material and the metal cathode to prevent damage to the organic material during 

metal deposition and exciton quenching at the metal-organic interface.91 

3.5 Advanced Device Architectures 

As previously discussed, excitons must diffuse towards the D-A interface in order to 

be efficiently dissociated into charge carriers. However, the diffusion length of exciton (LD) 

in OPVs is ~10 nm, much shorter than the optical absorption length (~100 nm).25-26 Thus, 

the bottleneck of photoconversion in a PHJ OPV is the exciton diffusion process. Advanced 

device architectures are being developed to help address the exciton diffusion bottleneck. 

Bulk Heterojunction Cells 

Instead of adopting the PHJ architecture, the organic active layer can also be 

fabricated by co-depositing the donor and acceptor material or casting a solution of 

premixed donor and acceptor material. This is known as a bulk heterojunction (BHJ) 

architecture where the D-A interface area is significantly increased.27-28, 92-93 With the use 

of this architecture, ~100% of the excitons generated can be dissociated into charge carriers 

and contribute to photocurrent.94 In most cases, a certain degree of phase separation is 

required to maintain a continuous pathway for charge carriers to reach their respective 

electrodes as shown in Figure 3.4a, which can be achieved by using a thermal or solvent 

annealing process.95-96 The BHJ is currently the most widely adopted OPV device 

architecture. 
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Planar-mixed Heterojunction Cells 

By moving from a PHJ architecture to a BHJ architecture, there no longer exists an 

energy barrier to prevent electron leakage to the anode or hole leakage to the cathode when 

device is under forward bias. The lack of rectification will cause a reduction in device 

operating voltage.163, 208 To address this problem, planar layers can be added to form a 

planar-mixed heterojunction (PMHJ) architecture where neat layers of donor and acceptor 

material are placed at the two sides of the mixed layer, as shown in Figure 3.4b. The 

existence of additional planar layers can help improve the rectification, contribute to 

photocurrent and collect charges from the mixed active layer.97 

Ordered Bulk Heterojunction Cells 

Ideally, to balance the need for large D-A interface area and continuous charge carrier 

pathway, an ordered bi-continuous interpenetrating morphology is preferred. The desired 

features will have a width of ~10 nm to facilitate exciton diffusion and a height of ~100 

nm to absorbed most of the light, as shown in Figure 3.4c. The ordered bulk heterojunction 

architecture can be realized by engineering the spontaneous phase separation of block 

copolymers or by growing ordered structure of the donor material and infiltrating with the 

acceptor material.98-100 

Tandem Cells 

The Shockley-Queisser limit dictates that multi-junction tandem architectures can 

achieve higher P than single-junction architectures due to a more efficient harvesting of 

photon energy.6 Tandem OPVs are fabricated by stacking sub-cells that contain material 

with different bandgap energy. This helps realizing compensating absorption of the solar 
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spectrum as shown in Figure 3.4d. 

The facile formation of interfaces via vapor-deposition allows the tandem architecture 

to be fabricated conveniently using small molecule materials. Electrically, the sub-cells can 

either be connected in series or in parallel.89, 101-102 When the sub-cells are connected in 

series, the photocurrent flow through each of the cell needs to be matched or additional 

recombination loss of photogenerated charge carriers will occur. It is thus necessary to 

engineer the light field intensity in each of the sub-cell for balanced photocurrent. When 

the sub-cells are connected in parallel, the current matching criterion need not be satisfied. 

However, the tandem OPV will operate at an intermediate voltage between that of each 

individual sub-cell. Thus, there will be additional loss of photon energy if the sub-cells 

have drastically different output voltage. 

 

Figure 3.4 Device architectures for (a) phase separated BHJ OPVs, (b) planar mixed 

heterojunction OPVs, (c) ordered BHJ OPVs and (d) tandem OPVs. 
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3.6 Device Characterization 

3.6.1 Power Conversion Efficiency (P) 

The most important figure of merit for OPVs is the P. Typically, OPVs are tested 

under AM 1.5G simulated solar illumination (100 mW/cm2) in ambient environment. 

Figure 3.5 demonstrates typical current density-voltage characteristics of an OPV under 

illumination. The P depends on short-circuit current (JSC), open-circuit voltage (VOC) and 

fill factor (FF) as shown in Equation 3.1. The FF is defined as the ratio between the 

maximum power obtained from the cell and the theoretical maximum power attainable 

(JSC×VOC) by Equation 3.2. The FF reflects the loss of charge carriers during the charge 

collection process in an OPV. Improved charge collection leads to higher FF and vice versa. 
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Figure 3.5 An example current density-voltage characteristics plot for an OPV under 

illumination. Critical parameters are denoted in the plot. 
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               Equation 3.2 

 For state of the art single-junction OPVs, JSC typically takes a value of 12~16 

mA/cm2, VOC ranges between 0.8~1 V and FF is typically >0.65. To date, P >9% has 

been demonstrated using multiple platforms.33, 39, 41-42, 47-48, 51 

3.6.2 External Quantum Efficiency (EQE) 

The generation of charge carriers involves four steps, each with its own efficiency , 

absorption of incident light to create an exciton (A), exciton diffusion to D-A interface 

(Diff), charge transfer at D-A interface (CT), and subsequently charge collection at the 

300 400 500 600 700 800 900 1000
0.0

0.2

0.4

0.6

0.8

1.0

 
EQE

E
x
te

rn
a
l 
Q

u
a
n
tu

m
 E

ff
ic

ie
n
c
y

Wavelength (nm)

AM 1.5G

A
b
s
o
rp

ti
o
n
 a

n
d
 S

o
la

r 
s
p
e
c
tr

u
m

 (
a
.u

.)

SubPc

C
60

 
Figure 3.6 Plot of the AM 1.5G solar spectrum. Also shown are the absorption spectra of 

C60 and boron subphthalocyanine chloride (SubPc) together with an example EQE 

spectrum for an OPV fabricated with SubPc and C60. 
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respective electrode (CC). The EQE is given by:  

CCCTDiffAEQE               Equation 3.3 

The EQE is a measurement of the OPV spectral response and is defined as the 

percentage of incident photons converted into charge carriers collected at the electrodes as 

shown in Figure 3.6. Experimentally, the device is illuminated with monochromatic light 

and the output photocurrent is measured using a lock-in technique to reject the interference 

from the dark current. The EQE is calculated by normalizing the photocurrent to the 

incident optical power at each wavelength. It can also be integrated with the solar spectrum 

to calculate JSC: 
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             Equation 3.4 

where  is the wavelength,  h is the Planck’s constant, c is the speed of light, q is the 

elementary charge and P is the solar spectrum.  

3.6.3 Charge Collection Efficiency 

The charge collection efficiency (CC) is used to characterize the loss of charges 

during transport. It is defined as the ratio between charge carriers collected at the electrode 

and the total number of photogenerated charge carriers in the device. By rearranging 

Equation 3.3, CC is given by: 

CTDiffA

EQE

CC



               Equation 3.5 

In BHJ OPVs, both Diff and CT can be approximated as unity, thus CC can be 
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approximated as: 

 
A

EQE

CC



                Equation 3.6 

TheCC is strongly dependent on the bias voltage. When the device is biased with a 

large negative voltage, photogenerated charge carriers will be quickly extracted out of the 

organic active layer before recombination and the CC will approach unity. This will lead 

to a saturation of EQE at reverse bias, and the saturation value can be approximated as the 

A. This allows CC to be solved using Equation 3.6 at given bias.103-104 Experimentally, the 

CC is <0.7 at the maximum power output point even in most efficient devices and is thus 

a major efficiency limiting factor.103 The limited CC is due to both geminate and non-

geminate recombination losses of charge carriers, and the detailed mechanism will be 

discussed later in Section 3.7.3.105 

3.6.4 Impedance Spectroscopy 

Impedance spectroscopy is another useful technique used to characterize not only the 

dynamic charge generation-recombination process but also equilibrium electrostatic 

interaction in OPVs.106-111 For a typical impedance spectroscopy measurement, a small 

magnitude of AC voltage signal (~ 20 mV) is applied to the OPV on top of a constant DC 

bias voltage and the phase and magnitude of the resulting current is recorded to calculate 

the complex impedance. By sweeping the frequency of the applied AC voltage signal, the 

dependence of complex impedance on frequency can be obtained. Commonly, a detailed 

equivalent circuit model consisting of multiple capacitors and resistors is needed to analyze 
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the impedance spectroscopy data. The capacitance extracted from the model can be used 

to estimate the built-in potential of the Schottky junction by using the Mott-Schottky 

analysis given by: 

C-2=(2/qN)(Vbi-V),             Equation 3.7 

where C is the capacitance, q is the elementary charge,  is the permittivity of the organic 

layer, N is the effective doping density, Vbi is the built-in potential and V is the applied 

voltage. The impedance spectroscopy can also shed light on charge carrier transport and 

recombination rate constant by extracting RC products from the equivalent circuit model. 

This technique has proven its usefulness in understanding the charge extraction mechanism 

in OPVs.107 

3.7 Modeling Device Photocurrent 

3.7.1 Optical Modeling 

OPVs commonly utilize a reflective metal electrode and a semitransparent oxide 

electrode. When light is incident through the transparent oxide electrode side, the reflected 

light will interfere with incident light and create a standing wave with nodes and anti-nodes. 

The spacing between nodes and anti-nodes is typically 100~200 nm, comparable to the 

active layer thickness of OPVs.25, 112 It is thus important to model the light field in OPVs 

and carefully position the absorptive material in the light field to maximize photon 

absorption. 

The most widely used method for modeling the light field is the transfer matrix model 

developed by Pettersson et al.112 For a stack of isotropic and homogenous thin films with 
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parallel plane interfaces, its interaction with light can be described using a series of 22 

matrices termed the system transfer matrix (S). The system transfer matrix is built upon the 

refractive index and extinction coefficient of each layer in the stratified structure to account 

for both the reflection at the interface and transmission within each layer. The incident light 

and the transmission light at the two boundaries of the stratified structure is then given by: 
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The superscript denotes the propagation direction of the light and the subscript 

denotes the index of the layer. With the input of proper boundary conditions, the light 

intensity profile at given position in the stratified structure can be solved by adjusting the 

system transfer matrix. By multiplying the light field intensity with the solar spectrum and 

the extinction coefficient of the organic active layer, the exciton generation profile and 

eventually the JSC can be calculated with great accuracy.  

 
Figure 3.7 A general multi-layer structure containing m layers between semi-infinite 

ambient and substrate. Each layer has a thickness d and a complex index of refraction 

(n+ik). The optical electric field in layer j is characterized by two components, Ej
+ and Ej

-, 

propagating in opposite directions. 
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3.7.2 Electrical Modeling 

Shockley Equation 

The Shockley equation was initially developed to model the current density-voltage 

characteristics in inorganic homojunction diodes and has now become a widely adopted 

approach to model the device operation of OPV. The equation is given by: 113 
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where Rs and Rp are the series and shunt resistance respectively, n is the ideality factor, J 

is the total current density, Js is the reverse saturation current density and Jph is the 

photocurrent density. By rearranging Equation 3.9, VOC can be approximated as: 
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Js is thermally activated and obeys Equation 3.11:114 
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              Equation 3.11 

 In this model, Js is related to the generation of electron hole pairs at D-A interface with 

an activation energy equals to the effective bandgap (Eeff). J0 is a temperature independent 

prefactor. Combining Equation 3.10 and 3.11, the expression of VOC can be re-written as: 
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As shown in Equation 3.12, the magnitude of VOC depends on both temperature and 

illumination intensity. In order to compare VOC across different material systems, a 
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common reference point is needed. This common reference point is often taken as the Eeff 

in Equation 3.12 and can be extracted from the temperature dependence of VOC.115-117 An 

in-depth discussion of the physical meaning of Eeff will be provided in Chapter 4. 

Geminate and Non-geminate recombination 

The charge carriers generated by exciton dissociation will either be collected at the 

electrode or recombine in the organic active layer. The ratio between charge carriers 

collected and the total number of generated charge carriers is termed CC, as described in 

Section 3.6.3. There are two possible mechanisms describing the recombination process of 

photogenerated charge carriers: geminate recombination (charges generated from the same 

exciton dissociation event) and non-geminate recombination (charges generated by 

different exciton dissociation events).105, 118-119 

When the OPV is under reverse bias, the charge extraction is fast so that charge carriers 

generated by exciton dissociation have a low probability of recombining. Instead, charges 

generated by the same exciton dissociation event will be in close proximity and 

Coulombically bind to form a charge transfer (CT) state. In this scenario, the geminate 

recombination process is dominant.86, 120-122 The geminate recombination mechanism can 

be described by Onsager-Braun theory where the dissociation rate of the charge transfer 

state is given as:123 
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where the parameter kdiss is the polaron dissociation rate constant, <μ> and <ε> are the 

effective mobility and dielectric constant across the D-A interface respectively, EB is the 
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CT state binding energy, J1 is the first order Bessel function, F is the electric field, a is the 

initial separation of the polaron-pair. 

Under positive bias, the extraction of charge carriers is less efficient, leading to a build-

up of charge carriers and increased non-geminate recombination.124-128 The rate of non-

geminate recombination is usually described as a Langevin type process given by:59, 78 

np
q

R



               Equation 3.14 

where R is the rate of recombination, q is the elementary charge,  is the mobility,  is the 

dielectric constant and n, p are the electron and hole concentration respectively. An accurate 

model of non-geminate recombination also requires in-depth knowledge of active layer 

morphology and charge transport pathways.119 

3.8 Outline of Thesis 

The photon-to-electron conversion process in OPVs can be made very efficient to 

maximize the current output of the cell. However, P also depends on the VOC. VOC is a 

key figure of merit that is ultimately proportional to the overall power conversion efficiency. 

However, the theoretical limit and loss mechanism of VOC are not well understood. These 

unsolved puzzles hold the key to a more thorough understanding of VOC in OPVs and will 

help eliminate the final bottleneck for high efficiency in order to enable widespread 

application of this technology. Chapters 4 and 5 will discuss the upper limit of VOC and its 

relationship to the charge transfer state energy and the work function of anode interlayer. 

Chapter 6 will describe the impact of a high work function anode on the photoconversion 

process in fullerene-rich bulk heterojunction OPVs. With a deeper understanding of device 
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operation, efforts on simplifying device architecture for improved charge collection 

without impairing VOC will be described in Chapter 7. In order to further improve P, new 

molecules with engineered energy levels and a novel hybrid organic-inorganic perovskite 

based absorber have also been included in this thesis. These results are discussed in Chapter 

8 and 9. Finally, Chapter 10 discusses the conclusions of this thesis and future research 

directions to realize more efficient energy harvesting from organic photovoltaic cells.
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4. D-A Interfaces and Open-circuit Voltage 

4.1 Background 

Organic photovoltaic cells (OPVs) frequently adopt an electron donor-acceptor (D-A) 

heterojunction architecture to facilitate efficient exciton dissociation.24-25 The performance 

of conventional planar heterojunction (PHJ) OPVs is ultimately limited by the ability of 

the exciton to migrate to the dissociating D-A interface as shown in Figure 4.1a. By mixing 

the donor and acceptor materials to create a mixed cell termed bulk heterojunction (BHJ) 

OPV, ~100% of the excitons can be dissociated into charge carriers as shown in Figure 

4.1b. 

 

Figure 4.1 Device architectures and photoconversion processes in (a) PHJ and (b) BHJ. 
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In others words, the photon-to-charge conversion process can be made very efficient 

to maximize the current output of the cell.94, 129-132 However, the power conversion 

efficiency (P) also depends on the voltage supplied by the cell, much like the behavior of 

a conventional battery. The open-circuit voltage (VOC) is a key figure of merit that is 

ultimately proportional to the overallP. Currently, VOC is the major source of inefficiency 

in converting optical power to electrical power using OPVs. A typical photon has an 

effective voltage of 2 V, while the OPV generally outputs only a maximum voltage of 1 V 

upon conversion. This inefficiency in energy harvesting is the last remaining bottleneck to 

high efficiency in OPVs, and remains an area of intense research, both in understanding 

the relevant loss mechanisms and in engineering materials and device architectures to 

maximize VOC. 

4.2 Energetic Landscape at the D-A interface 

While driving exciton dissociation by charge transfer, the required energy offset at the 

D-A interface leads to an inherent energy loss during photoconversion. For the electron 

transfer process between a donor molecule and an acceptor molecule, the energy level 

diagram of the initial and the final state can be described by Figure 4.2. The magnitude of 

this energy offset directly impact the charge transfer rate as described by the Marcus 

theory:133 
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kCT is the charge transfer rate, h is the Planck’s constant, kB is the Boltzmann constant, T 
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is the temperature, is the molecular reorganization energy, H is the electronic coupling 

matrix element and G is the Gibbs free energy change after charge transfer. The G at a 

D-A interface is essentially the highest occupied molecular orbital (HOMO) or lowest 

unoccupied molecular orbital (LUMO) energy offset (HOMO or LUMO) between the 

donor and acceptor molecules. The lifetime of singlet excitons in most organic 

semiconductors is on the order of 10-9 s, which would require a kCT of >1010 s-1 for efficient 

exciton dissociation. Thus, a HOMO or LUMO of > 0.4 eV is necessary.117  

As a consequence, the D-A heterojunction architecture typically operates with a lower 

VOC than devices that instead rely on bulk exciton ionization, as is the case in Schottky 

OPVs.134-138 It is thus critical to better understand the theoretical maximum achievable VOC 

for a particular D-A junction, and develop techniques to drive the observed VOC closer to 

this ideal value. Previous research has demonstrated that the maximum achievable VOC in 

 

Figure 4.2 Energy diagram for an electron transfer process with the reorganization energy 

, change in Gibbs free energy G and the electronic coupling matrix H labeled. The x-

axis indicates the motion of all atomic nuclei (nuclear coordinate). 
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a D-A heterojunction OPV can be determined at low temperature and is related to the 

difference between the HOMO and LUMO energy levels of the donor and acceptor 

materials, respectively, termed the interface energy level offset (EDA).115-117 While these 

quantities are related, the observed maximum VOC is smaller than EDA and an exact 

correlation requires the inclusion of an empirical energy offset term.117  

One possible source for this additional energy loss is the need to overcome the binding 

energy of the charge transfer (CT) state that forms after exciton dissociation.139 The 

Coulombic attraction between the oppositely charged carriers serves as a barrier for further 

charge separation and reduces the CT state energy (ECT) relative to EDA. Recently, it has 

been demonstrated that in polymer-fullerene based OPVs, a direct correlation can be made 

between ECT, as determined by fitting the sub-bandgap feature in ηEQE spectra, and the 

extrapolated VOC at 0 K, termed V0.115  

In this chapter, small molecule based OPVs are examined as model systems to 

establish a relationship between CT state emission energy as measured from 

electroluminescence and the extracted maximum achievable VOC (or V0) for multiple D-A 

pairings. The CT state emission energy is chosen over the absorption energy from ηEQE for 

two reasons. First, the thermalization of the CT state is rapid so that the VOC is likely 

impacted by the relaxed CT state.131 Second, the broad CT state absorption feature will 

partially overlap with fullerene absorption features for D-A pairings with a large EDA. This 

makes it difficult to separate the measurement of ECT from photocurrent generated by the 

fullerene in the ηEQE spectra. In addition to correlating ECT and V0, we also demonstrate 

that the ECT for a given D-A pairing can be tuned using dielectric spacer layers. 
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Figure 4.3 shows the energy landscape that excitons experience at the D-A interface 

prior to dissociation into separated charge carriers. The first step is charge transfer, during 

which the electron (hole) is transferred to the acceptor (donor), sacrificing part of the 

original exciton energy. The partially separated exciton now forms an intermediate state, 

namely the CT state. The CT state experiences rapid thermalization, leading to an 

additional loss of energy. The relaxed CT state is Coulombically bound, frustrating further 

separation.140 The final dissociation of the CT state into separated charge carriers is based 

on an electric-field-assisted process that is well-described by the Onsager-Braun theory.123 

Within the entire photoconversion process, the CT state is the lowest energy state and thus 

should determine the theoretical maximum achievable VOC of the OPV. 

Experimentally, the theoretical maximum achievable VOC is typically estimated from 

the temperature dependence of VOC, which can be described by equation 3.12.53, 117 In the 

 

Figure 4.3 (a) The conversion of an exciton into separated charge carriers at a D-A 

interface. (b) Energy landscape for the process depicted in (a). 
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case of a D-A heterojunction, Eeff equals the CT state energy.115 In reality, the VOC is also 

limited by the quasi-Fermi level offset at a finite illumination intensity, and the observed 

VOC will often deviate from the dependence of Equation 4.2 and plateau at low temperature. 

53, 117, 141 Thus, the extrapolated VOC at 0 K, i.e. V0, is often chosen to approximate the 

theoretical maximum achievable VOC and Eeff.53, 115, 142  

4.3 Experimental Methods 

A variety of different donor materials including copper phthalocyanine (CuPc), 2-[7-

(4-N,N-diphenylaminophenylen-1-yl)-2,1,3-benzothiadiazol-4-yl]methylene 

malononitrile (DPDCPB), chloroaluminum phthalocyanine (ClAlPc), pentacene,  2-[7-

(4-N,N-ditolylaminophenylen-1-yl)-2,1,3-benzothiadiazol-4-yl]methylene malononitrile 

(DTDCPB) and boron subphthalocyanine chloride (SubPc) with various HOMO energy 

levels are included in the study. C60 is chosen as the common acceptor material. Their 

molecular structures are shown in Figure 4.4. 

 

Figure 4.4 Molecular structures of materials used in this study. 
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BHJ OPVs having the structure: ITO/MoOx 10 nm/mixed active layer 60 nm/BCP 10 

nm/Al 100 nm were fabricated on pre-patterned indium-tin-oxide (ITO)-coated glass 

substrates having a sheet resistance of ~8-12 Ω/□, using the materials mentioned above. 

Substrates were cleaned in tergitol solution and in organic solvents and treated in UV-ozone 

ambient for 10 minutes prior to thin film deposition. All layers were deposited by high 

vacuum thermal evaporation at a base pressure of <8×10-7 Torr. For all devices, a 10-nm-

thick interlayer of MoOx was deposited at 0.05 nm/s on the ITO anode.137 In bulk BHJ 

devices, mixed organic active layers were prepared via co-deposition at a total rate of 0.2 

nm/s at room temperature. The inclusion of an interlayer of MoOx ensures that the VOC is 

not limited by the energy levels of the electrodes.97, 104, 137, 143 A detailed discussion on the 

impact of MoOx layer to the OPV operation will be provided in Chapter 5. A uniformly 

mixed active layer with a D:A volume ratio of 1:1 is chosen to maximize the D-A interface 

area and minimize the impact of exciton bulk-ionization as described in previous 

literature.138, 144 All OPVs were capped with a 10-nm-thick exciton blocking layer of 

bathocuproine (BCP).91 Device active areas are defined by the overlap between a 100-nm-

thick Al cathode layer and a pre-patterned ITO anode, giving a device active area of 9 mm2.  

4.4 Correlating Open-circuit Voltage to D-A Interface Energetics 

4.4.1 Temperature Dependence of Open-circuit Voltage and Interface Energy Offset 

 All temperature dependent device parameters were measured under AM1.5G 

simulated solar illumination (100 mW/cm2) using an Oriel Xe solar simulator in a Janis 

cryogenic probe station with liquid nitrogen cooling. Device temperature was monitored 
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using a Si thermometer. Current density-voltage characteristics were measured using a 

Keithley 2400 source meter. All devices exhibit a monotonic increase in VOC with 

decreasing temperature, as shown in Figure 4.5. The temperature dependence of VOC for 

the D-A pairing of pentacene-C60 is re-plotted from Ref. 117.117 The value of V0 for each 

D-A pairing is obtained by linearly extrapolating the temperature dependence of VOC to 0 

K. Literature values of the energy levels for materials used in this study are listed in Table 

4.1 for the calculation of EDA. The literature values for the various HOMO energy levels 

are determined via photoelectron emission spectroscopy and the literature values for the 

various LUMO energy levels are determined via soft X-ray spectroscopy, inverse 

photoelectron emission spectroscopy or cyclic voltammetry.66-67, 97  

A comparison between V0 and EDA for each D-A pairing is shown in Figure 4.6 and a 

linear relationship is found between the two parameters. However, similar to previous 

1.0

1.2

0.8

1.0

1.2

1.0

1.2

0.4

0.6

0.8

100 200 300

1.0

1.2

100 200 300
0.4

0.6

0.8

V
O

C
 (

V
)

 

SubPc

V
O

C
 (

V
)

 

ClAlPc

 

DPDCPB

 

Pentacene

 

DTDCPB

Temperature (K)

 

CuPc

Temperature (K)
 

Figure 4.5 Temperature dependence of VOC for BHJ OPVs (D:A ratio=1:1) based on 

different donor materials and C60. The temperature dependence of VOC for the D-A 

pairing of pentacene-C60 is re-plotted from Ref. 117. 
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studies, the observed linear relationship does not pass through the origin.53, 117  

Table 4.1 Energy levels of materials studied 

Material HOMO (eV) LUMO (eV) EDA
* (eV) Reference 

SubPc 5.6 3.2 1.9 67 

DPDCPB 5.5 3.4 1.8 97 

DTDCPB 5.4 3.4 1.7 97 

ClAlPc 5.3 3.4 1.6 67 

Pentacene 5.2 3 1.5 66 

CuPc 5.0 3.3 1.3 67-68 

C60 6.2 3.7 - 66 

*Energy level offset between the HOMO level of donor material and the LUMO level of 

C60. 
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Figure 4.6 The correlation between the linearly extrapolated VOC at 0 K (V0) and EDA. 

The solid line is fit to the data and the dash line represents perfect correlation. 
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4.4.2 Charge Transfer State Energy 

This lack of agreement highlights the fact that EDA does not simply equal ECT, due 

chiefly to the binding energy of the CT state. In order to better correlate the theoretical 

maximum achievable VOC and D-A interface energetics, a direct measurement of ECT is 

necessary. Here, we use CT state electroluminescence spectroscopy to determine ECT.145-

148 Under electrical excitation, CT states are formed across the D-A interface and may 

recombine radiatively as shown in Figure 4.7a. Electroluminescence spectra were 
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Figure 4.7 (a) The mechanism of electroluminescence from an OPV under forward bias. 

(b) Electroluminescence (EL) spectra for BHJs based on six different donor materials 

paired with an acceptor layer of C60 measured under a current density of ~80 mA/cm2. 

Each spectrum is fit with a single Gaussian function, with the peak energy taken as the 

charge-transfer state energy (ECT). 
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measured using an Ocean Optics USB4000 fiber-coupled spectrometer and a Photon 

Technology International Quantum Master 4 Fluorometer. In most cases, for current 

injection levels (~80 mA/cm2) slightly higher than JSC, only CT state electroluminescence 

is observed, avoiding direct exciton decay on either the donor or acceptor material. The 

observed CT state electroluminescence spectra are broad and located in the near-infrared 

region of the spectrum with a typical full-width half-maximum (FWHM) of ~0.2 eV, as 

shown in Figure 4.7b. Electroluminescence spectra are fit using a single Gaussian function, 

with the peak position taken as the value of ECT.  

A comparison between the extrapolated V0 and ECT for each D-A pairing is plotted in 

Figure 4.8, with a clear linear relationship being preserved. More importantly, the linear 

relationship between ECT and V0 has almost zero intercept, confirming that a stronger 

correlation can be made between ECT and V0, over EDA and V0. 
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Figure 4.8 The correlation between the linearly extracted maximum achievable VOC, V0, 

and ECT. The dash line represents perfect correlation. 
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4.4.3 Dielectric Engineering at the D-A Interface 

In comparing the measured values for EDA and ECT, a fairly constant offset of ~0.36 

eV is observed. In previous work, this energy shift has been ascribed to the binding energy 

of the CT state.149 As a result, the VOC can be improved if the binding energy of the CT 

state can be reduced. Previously, Campbell et al. have demonstrated that the exciton 

dissociation and CT recombination rates in a tetracene-C60 planar heterojunction (PHJ) can 

be tuned by inserting a wide-energy-gap spacer layer between the donor and acceptor.150 

Both the JSC and P are enhanced with the incorporation of a 1-nm-thick spacer layer. Liu 

et al. have carried out a theoretical analysis for this device architecture to model the 

dependence of VOC on the spacer layer thickness. The model calculates VOC from the CT 

state density at the D-A interface and predicts that the VOC will follow the trend of JSC.151 

Here, the focus is instead on how the presence of a spacer layer impacts the initial size 

of the CT state, and hence, VOC. A thin spacer layer of UGH2 is inserted at the D-A interface 

in PHJ OPVs. UGH2 is a wide energy gap host material used in the construction of blue 

organic light-emitting devices, and is characterized by a deep HOMO level (7.2 eV) and a 

shallow LUMO level (2.8 eV).152 Insertion of the UGH2 layer enables spatial separation 

between holes residing on the HOMO level of the donor material and electrons residing on 

the LUMO level of the acceptor material.  

Planar devices based on donor layers of CuPc and ClAlPc were constructed with a 

spacer layer of UGH2 included at the D-A interface in order to vary the initial separation 

of the CT state as shown in Figure 4.9. Here, the spacer layer is found to have a deleterious 

effect on the JSC for both devices as shown in Figure 4.10a. 
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The incorporation of a spacer layer is also found to impact the temperature dependence 

of JSC. Previous literatures have observed a decrease in JSC with decreasing temperature.117, 

137 Interestingly, the temperature dependence of JSC changes as the thickness of the spacer 

layer increases, as depicted in Figure 4.10b. The JSC shows a plateau when cooling from 

 

Figure 4.9 Schematic of the spacer effect on the delocalization of charge transfer state. 
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Figure 4.10 (a) Measured values of JSC for planar heterojunction OPVs (ITO/CuPc 20 nm 

or ClAlPc 15 nm/UGH2 x nm/C60 40 nm/BCP 10 nm/Al 100 nm) as a function of UGH2 

spacer layer thickness. (b) Temperature dependence of JSC for the D-A pairing of CuPc-

C60 with the device architecture in (a) as a function of UGH2 spacer layer thickness. 
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250 K to 190 K in devices containing a UGH2 spacer layer for the D-A pairing of CuPc-

C60. The plateau in JSC may reflect a counterbalance between increasing exciton lifetime 

and decreasing CT state dissociation yield at low temperature.25, 150 

The VOC is found to increase monotonically as the thickness of the UGH2 layer 

increases (Figure 4.11a). This is in contrast to the dependence of VOC on the spacer layer 

thickness predicted by Liu et al.,151 which is calculated based on CT state density obtained 

from a numerical device model and will thus follow the trend of JSC. Experimental results 

indicate that the spacer layer changes not only the CT state density, but also the CT state 

energy. As a result, VOC shows no reduction even with a 3-nm-thick spacer layer. 

The CT state energy is ultimately the electric potential difference between the HOMO 

level of the donor material and the LUMO level of the acceptor material (EDA) less the CT 

state binding energy. In the simplest incarnation, the CT state binding energy is the 

Coulombic attraction between oppositely charged carriers. This permits the relationship 

between ECT and the spacer layer thickness to be written using a simple Coulombic 

attraction as:  
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Equation 4.3 

where Eb and a0 are the binding energy and initial separation of the CT state in the absence 

of a spacer layer, d is the thickness of the spacer layer, 0is the permittivity of vacuum, 

active is the relative permittivity of the active material, and spacer is the relative permittivity 

of the spacer layer. Previously, the relationship has been established between ECT, Eeff and 
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the theoretical maximum achievable VOC. By replacing Eeff with the expression of ECT, 

Equation 4.2 can be re-written as: 

da

a
E

VJ

J
nkTEeV

active

spacer
b

OCph

DAOC








0

00 )
)(

ln(

      

Equation 4.4 

Equation 4.4 permits a direct correlation to be made between VOC and the spacer layer 

thickness (d), allowing the parameters a0 and Eb to be extracted by fitting the results of 

Figure 4.11b. In order to reduce the number of fitting parameters, the ratio between 

spacerand active is estimated using the near-infrared refractive indices of UGH2 and the 

active material mixture (D:A mixing ratio=1:1).  
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Figure 4.11 (a) Measured values of VOC for planar heterojunction OPVs (ITO/CuPc 20 

nm or ClAlPc 15 nm/UGH2 x nm/C60 40 nm/BCP 10 nm/Al 100 nm) as a function of 

UGH2 spacer layer thickness. (b) Modeling the increase of ECT with the incorporation 

of a spacer layer by fitting the spacer thickness dependence of VOC. 



Chapter 4 D-A Interfaces and Open-circuit Voltage 

61 

For the D-A pairing of CuPc-C60, Eb=0.17 eV and a0=1.6 nm, while for the D-A pairing 

of ClAlPc-C60, Eb=0.13 eV and a0=0.96 nm. The value of active can be separated calculated 

from the fitted values of Eb and a0 using Equation 4.3. A value of ~5 is found for the D-A 

pairing of CuPc-C60 and a value of ~8 is found for ClAlPc-C60. This result is similar to the 

dielectric constant estimated from the square of refractive index of the active material 

mixture in the near-infrared wavelength range (~4 for CuPc-C60 and ~6 for ClAlPc-C60). 

The extracted values of a0 suggest that the CT state is tightly bound, likely spanning two 

molecules. 

In order to further demonstrate that the observed increase in VOC comes from a change 

in CT state energy and not a reduction in dark-current due to the presence of the wide-gap-

spacer layer, its dependence on temperature was examined further. If the variation in VOC 

with spacer layer thickness came only from changes in the dark current, the values of VOC 
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Figure 4.12 Temperature dependence of VOC for the D-A pairing of CuPc-C60 with the 

device architecture in (a) as a function of UGH2 spacer layer thickness. 
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for the control and spacer layer devices should converge at low temperature. Figure 4.12 

shows the measured VOC down to a temperature of 82 K. The values of VOC for devices 

constructed using various spacer layer thicknesses do not converge at low temperature, 

supporting a model where the increase in VOC is related to the increase of ECT and not a 

reduction in the dark current. 

4.5 Conclusions and Summary 

A direct correlation between the charge-transfer state energy as extracted from 

electroluminescence and the theoretical maximum achievable VOC in OPVs has been 

demonstrated for the first time. This is in contrast to much previous work where only a 

partial correlation is made between EDA and VOC. The discrepancy between ECT and EDA is 

attributed to the binding energy of the CT state formed at the electron donor-acceptor 

interface. Here, the CT state binding energy is successfully modeled as a Coulombic 

electron-hole attraction. A wide energy gap spacer layer is used to effectively tune the size 

of the CT state, and also the resulting VOC. 

As a result, the energy level offset at the D-A interface together with the CT state 

binding energy are both responsible for the low VOC compared to the exciton energy. In 

order to increase the upper limit of VOC in OPVs, the energy level offset at the D-A interface 

need to be minimized while maintaining efficient charge transfer. Strategies to achieve 

donor molecules with ideal bandgap energy will be discussed with more details in Chapter 

8. Another route that has long been ignored is minimizing the binding energy of the CT 

state which can be achieved by increasing the delocalization of the CT state or by screening 
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the Coulombic attraction. Previous literatures has demonstrated that the delocalization of 

the CT state can be increased by enhancing the crystallinity of the fullerene domain.139, 153 

Additionally, effort should also be made to engineer the dielectric constant of the donor 

materials by incorporating high-dielectric-constant moiety to the molecular structure. 

It is also worth noticing that even though the charge transfer state energy at the D-A 

interface governs the theoretical maximum achievable VOC in OPVs, the apparent VOC is 

also impacted by many other factors in reality. In the next chapter, the impact of electrode-

organic interface on VOC will be examined.
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5. Impact of Anode Interlayers on Open-circuit Voltage 

5.1 Background 

In Chapter 4, it was demonstrated that the maximum achievable value of the open-

circuit voltage (VOC) in heterojunction OPVs is strongly determined by the charge transfer 

state energy at the D-A interface. In reality however, the VOC can also be affected by the 

work function of the electrode. Most highly efficient OPVs adopt anode or cathode 

interlayers to optimize the energy level alignment at the electrode interface for improved 

VOC and P.  

The impact of the electrode work function on VOC is commonly explained by a metal-

insulator-metal (MIM) model as shown in Figure 5.1. OPVs with a large work function 

difference between anode and cathode () will have a large built-in potential (Vbi). A 

larger forward bias is then required to reach the flat-band condition and thus the device can 

output a larger VOC. For values larger than the bandgap of the organic active material, 

a VOC plateau will exist due to the Fermi level pinning effect.11, 40-41 

 

Figure 5.1 Energy level diagram of the metal-insulator-metal (MIM) model (a) in the dark 

at equillibrium and (b) at open-circuit condition under illumination. 
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According to Figure 5.1, a large value is favored so that the VOC is not limited by 

the work function of the electrodes. Previous work has focused on reducing the work 

function of the cathode by using low work function metal, self-assembled monolayer or 

conjugated polyelectrolyte.40, 154-159 For the anode, UV-ozone treatment is the most 

common technique for increasing the work function of ITO. UV-ozone treatment will help 

remove C-containing contaminants and increase the O concentration on ITO surface. 

Research has shown that the work function of ITO can be increased from 4.8 eV to over 5 

eV with 5 minutes of UV-ozone treatment.160 Aside from the UV-Ozone treatment, anode 

interlayers like poly (3,4-ethylenedioxythiophene):poly (styrenesulfonate) (PEDOT:PSS) 

is also widely used. PEDOT:PSS has a relatively deep work function of 5.0 eV and can 

also help planarize the ITO surface for better film formation of the active layer. However, 

there are also problems with the use of PEDOT:PSS since it may react with ITO due to its 

acidic nature and cause degradation of the interface. Recently, transition metal oxides like 

MoOx, WO3 and V2O5 have received intense study as alternate anode buffer layer materials 

in both planar heterojunction (PHJ) OPVs and bulk heterojunction (BHJ) OPVs. The 

incorporation of a 10-nm-thick layer of MoOx in an optimized boron subphthalocyanine 

chloride (SubPc)-C60 BHJ OPV can lead to a significant increase in both VOC and ηP as 

shown in Figure 5.2.143, 161-166. Photoemission spectroscopy measurements have shown the 

energy levels for these transitional metal oxides are much deeper than the work function of 

ITO. However, the mechanism for the increase in VOC is not well understood and 

understanding the effect of interlayer on device VOC is important and will serve as a guide 

to approaching theoretical VOC limit in ambient environment. 
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5.2 Experimental Methods 

 Many previous reports have examined the temperature dependence of VOC in OPVs 

fabricated on an ITO anode. These studies have shown an increase in VOC with decreasing 

temperature due to a corresponding reduction in dark current, which is caused by a 

reduction in electron-hole recombination at the D-A interface.117, 167. The increase of VOC 

with the insertion of MoOx interlayer is also ascribed to a reduction in dark current while 

impact of MoOx interlayer on the photoconversion process has rarely been discussed.168 

Here, the role of a MoOx interlayer in determining the maximum achievable VOC in planar 

heterojunction OPVs is examined by characterizing the temperature dependence of VOC for 

a variety of donor materials. The temperature dependence of VOC is previously described 

by the modified Shockley equation (Equation 3.12).53, 117 

The energy Eeff equals to the CT state energy as proved in Chapter 4. The insertion of 
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Figure 5.2 Current density-voltage characteristic shift towards higher voltage with the 

inclusion of a 10-nm-thick MoOx anode interlayer in a BHJ OPV. 
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MoOx should not affect Eeff if the photoconversion process is not influenced. In other words, 

the VOC should converge at low temperature regardless of the existence of MoOx interlayer 

for the same D-A pairing. 

To test our hypothesis, OPVs were fabricated on pre-patterned indium-tin-oxide (ITO)-

coated glass substrates having a sheet resistance of ~8-12 Ω/□. Substrates were cleaned in 

tergitol solution and in organic solvents and treated in UV-Ozone ambient for 10 minutes 

prior to thin film deposition. All layers were deposited by high vacuum thermal evaporation 

at a pressure of <8×10-7 Torr. Organic active layers were deposited at room temperature at 

a rate of 0.2 nm/s. Three different devices were examined having the following active layer 

structures: 13 nm SubPc/35 nm C60, 15 nm chloroaluminum phthalocyanine (ClAlPc)/40 

nm C60, and 20 nm copper phthalocyanine (CuPc)/40 nm C60. When included as an 

interlayer between the ITO anode and the organic active layers, a 10-nm-thick layer of 

MoOx was deposited at 0.05 nm/s using a source of MoO3. The X-ray photoemission 

spectroscopy was used to identify the oxidation state of Mo in as deposited film and the 

results are shown in Figure 5.3. The spectrum contains mostly signal from Mo6+ oxidation 

state. A small shoulder is observed in the low energy tail of the 3d 5/2 feature which 

indicates possible existence of lower oxidation states of Mo. For accuracy, the anode 

interlayer will be referred to as MoOx instead of MoO3. X-ray diffraction measurements 

showed no obvious signature of crystallinity, consistent with previous reports on films 

obtained using the same methods.134, 169-172 
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All OPVs were capped with a 10-nm-thick exciton blocking layer of bathocuproine 

(BCP). Device active areas were defined by the overlap between a 100-nm-thick Al 

cathode layer and a patterned ITO bottom anode, giving a device active area of 9 mm2.  

As already noted, interlayers of MoOx have been previously used in BHJ OPVs to 

reduce device dark current and increase VOC.164, 166 In the SubPc-C60 system, this permits 

the use of active layers that are acceptor-rich, a configuration that without an MoOx 

interlayer would lead to large electron leakage currents and low VOC.143 Here, the focus is 

instead on the planar heterojunction architecture where the incorporation of MoOx is not 

expected to significantly reduce dark current due to existence of the rectifying D-A 

interface. In this way, the planar heterojunction offers a simple platform through which to 

examine the role of the MoOx-donor interface in determining the maximum observable 

VOC. The HOMO and LUMO energy levels for the materials used in this study are taken 

from literature values measured by photoemission spectroscopy and inverse photoelectron 
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Figure 5.3 The X-ray photoelectron spectroscopy result of as deposited MoOx thin film 

composed of mostly Mo6+. 
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spectroscopy respectively and are shown in Figure 5.4.66-67, 173-176 The deep lying Fermi 

level of MoOx and its alignment with a variety of organic semiconductors has been 

previously reported to enhance hole injection from the ITO anode.177-178 

5.3 Temperature-dependent Measurements of Device Performance 

5.3.1 Temperature-dependent Open-circuit Voltage in PHJ OPVs 

The role of MoOx in determining the maximum achievable VOC was assessed by 

characterizing planar heterojunction OPVs as a function of temperature. The temperature 

dependent experiments were carried out in a Janis cryogenic probe station with liquid 

nitrogen cooling under simulated AM1.5G solar irradiance using a 300 W Oriel solar 

simulator. Device temperature was monitored using a Si thermometer. Current density-

voltage characteristics were measured using a Keithley 2400 source meter. Figures 5.5a 

and 5.5b show device operation in the dark and under simulated solar illumination (AM 

1.5G 100 mW/cm2) at 294 K and 153 K, respectively. Devices that contain an interlayer of 

MoOx show a slight reduction in VOC and the short-circuit current density (JSC) at 294 K 

 

Figure 5.4 Energy levels and molecular structures for the materials used in this study. 
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but also exhibit an increased fill factor (FF) and ηP. As temperature decreases, JSC and FF 

decrease drastically while VOC increases. 

As shown in Figure 5.6, devices that do not contain an interlayer reach a plateau in 

VOC with decreasing temperature. A maximum VOC of 1.2 V is realized at 210 K. Devices 

containing an interlayer show a more pronounced dependence of VOC on temperature, with 
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Figure 5.5 Current density-voltage characteristics in the dark and under simulated 

AM1.5G solar illumination at 100 mW/cm2 for SubPc-C60 OPVs both with and without 

an anode interlayer of MoOx at temperatures of (a) 294 K and (b) 153 K. 
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Figure 5.6 Dependence of VOC on temperature for the devices in Figure 5.5. 
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no clear plateau observed down to a temperature of 113 K. Interestingly, devices with an 

interlayer show a VOC that is 0.2 V larger at 113 K than those with no interlayer. 

5.3.2 MoOx-SubPc Schottky OPV 

In order to directly probe the origin of the additional VOC observed at low temperature, 

MoOx-SubPc Schottky cells were fabricated and tested as a function of temperature. The 

thicknesses of the MoOx and SubPc layers were 10 nm and 13 nm, respectively. The 

additional layers of C60 and BCP were omitted in order to focus attention on the 

photovoltaic behavior of the MoOx-SubPc interface. This Schottky device showed almost 

no VOC at room temperature (Figure 5.7a). This is likely due to the absence of a D-A 

interface capable of efficiently dissociating photogenerated excitons. In addition, the 

presence of a metal cathode directly in contact with the donor could lead to exciton 

quenching at the metal-organic interface. The VOC in these devices is also limited by a large 
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Figure 5.7 (a) Dependence of VOC on temperature for a MoOx-SubPc Schottky cell. (b) 

Dark current density-voltage characteristics for a MoOx-SubPc Schottky cell for 

temperatures ranging from 294 K to 133 K in ~20 K steps. 
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dark current that rivals the photocurrent. The VOC was found to increase with decreasing 

temperature, driven mainly by a corresponding reduction in the magnitude of the dark 

current (Figure 5.7b), reaching a maximum value of 0.35 V at 133 K.179  

The same experiment was also carried out on a Schottky cell without the MoOx layer 

(i.e. ITO/SubPc/Al). In these devices, no VOC or JSC was observed down to a temperature 

of 155 K as shown in Figure 5.8.  

A recent report has shown that MoOx-C60 forms a Schottky junction photovoltaic cell 

with high VOC,134 suggesting the high work function of MoOx may permit exciton 

dissociation via a built-in potential. For the MoOx-SubPc interface of interest here, it is 

likely that a similar mechanism is present. The exciton-dissociating ability of the MoOx-

SubPc interface was separately examined by measuring the photoluminescence from a 5-

nm-thick layer of SubPc both with and without an adjacent layer of MoOx. For films 

adjacent to MoOx, the photoluminescence is strongly reduced as shown in Figure 5.9. 

While the quenching mechanism could be non-radiative exciton quenching or charge 
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Figure 5.8 Current density-voltage characteristics for devices with the architecture of 

ITO/SubPc 13 nm/Al 100 nm at various temperatures. 
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transfer, non-radiative exciton quenching alone will not generate VOC. This indicates the 

existence of charge transfer at the MoOx-SubPc interface. Based on the energy levels of 

MoOx and SubPc, holes in SubPc are likely transferred to the conduction band of MoOx 

while the electrons left in SubPc will be swept out by the built-in field. 

Impedance measurements were carried out to confirm the existence of the built-in 

field using an HP 4192A impedance analyzer with an AC amplitude of 20 mV to ensure 

the linearity of response. By measuring the frequency dependence of the impedance, the 

entire Schottky cell can be modeled as a capacitor, a shunt resistance and a series resistance 

(Figure 5.10a). The shunt resistance and the capacitor describe the impedance of the 

Schottky junction. Impedance data were collected as a function of bias voltage at 10 kHz 

and 100 kHz, and then solved for the capacitance. Mott-Schottky theory describes the 

capacitance-voltage relationship as C-2=(2/qN)(Vbi-V).109, 180 Here, C is the capacitance of 

the depletion region, q the elementary charge, the permittivity of the organic layer, N the 

effective doping density, Vbi the built-in potential and V the applied voltage. Thus, a plot of 

C-2 versus voltage (Figure 5.10b) allows for the determination of the built-in voltage from 
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Figure 5.9 Photoluminescence quenching experiment on a 5-nm-thick SubPc thin film. 

The emission from SubPc is largely quenched in the presence of a 10-nm-thick adjacent 

MoOx layer. 
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the intercept. As shown in Figure 5.10b, a device with a MoOx interlayer exhibits a built-

in voltage of ~1.25 V, while no clear Mott-Schottky characteristics have been observed for 

devices without MoOx.  

The built-in voltage is the driving force for exciton dissociation in Schottky devices 

and thus sets an upper limit for VOC. In reality, VOC will be lower than this value due to the 

existence of dark current and a potentially low photocurrent. The deep Fermi level of MoOx 

creates a large built-in field in the active layer that may assist with charge collection. This 

could account for the increased FF observed in devices that contain an interlayer of MoOx. 
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Figure 5.10 (a) Imaginary and real parts of the impedance for a MoOx-SubPc Schottky 

cell at various driving frequencies. The inset shows the equivalent circuit (b) Mott-

Schottky plot for the Schottky cell. The device containing MoOx shows clear Mott-

Schottky characteristics with a built-in voltage of ~1.25 V. No Mott-Schottky 

characteristics are observed for the Schottky device that does not contain MoOx. 
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5.4 Impact of MoOx-Donor Schottky Junction on PHJ Operation 

With the observation in Figure 5.7a that the MoOx-SubPc junction is capable of 

dissociating excitons and exhibiting a VOC, the devices of Figure 5.5 that contain a MoOx 

interlayer should be considered as a MoOx-SubPc Schottky junction in series with a 

conventional SubPc-C60 planar heterojunction (Figure 5.11).  

Charge carriers generated at both interfaces can be transported to the respective 

electrodes without crossing any energy barrier, thus the current matching criterion often 

discussed in the context of multi-junction OPVs need not be satisfied. The VOC originates 

from the quasi-Fermi level offset at the D-A interface and the built-in potential in the 

Schottky-junction. Using this assumption, the total predicted VOC can be thought of as the 

sum of the individual VOC contributions from the Schottky junction and the SubPc-C60 

heterojunction. In order to test this model, Figure 5.12 compares the predicted VOC based 

on simple addition with the experimentally measured VOC for a device containing a MoOx 

interlayer. While the predicted VOC and the measured VOC show a similar trend as a 

function of temperature, this simple addition overestimates the VOC.  

This is not unexpected due to the fact that the SubPc layer in the device with MoOx is 

shared by both the Schottky junction and the D-A heterojunction. The exciton dissociation 

 
Figure 5.11 Photoconversion process in an OPV with an anode interlayer of MoOx. 
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efficiency at the MoOx-SubPc interface is likely lower than unity and it will compete with 

the D-A interface for excitons. In addition, the existence of two interfaces for exciton 

dissociation requires that both electrons and holes be transported through the SubPc layer, 

which will cause additional recombination loss (Figure 5.11). These possible loss pathways 

in SubPc may explain the decrease in JSC that is observed in Figure 5.5 upon adding a MoOx 

interlayer. Another reason for the overestimate of VOC could result from the fact that the 

light intensity profile in an actual device will be different from that found in a simple 

Schottky junction. 

The proposed charge transfer mechanism at the MoOx-donor interface should depend 

strongly on the position of the donor HOMO level. To examine this dependence, 

measurements of VOC as a function of temperature were also carried out using the 

alternative donor materials, CuPc and ClAlPc, both of which have a shallower HOMO 

level than SubPc as shown Figure 5.13. 
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Figure 5.12 The temperature dependence of VOC for SubPc-C60 PHJ OPVs both with and 

without an interlayer of MoOx and for a Schottky cell OPV based on MoOx-SubPc. Also 

shown is the sum (inverse triangle) of the measured VOC of the Schottky cell (square) and 

the device with no MoOx interlayer (circle). 
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The VOC of devices containing a donor layer of ClAlPc showed a reduced dependence 

on the presence of an anode interlayer while the VOC for devices containing CuPc showed 

no dependence on the presence of MoOx (Figure 5.14). By applying the vacuum level 

continuity criterion, the donor HOMO level at the MoOx-donor interface will be pinned 

above the conduction band of MoOx. Thus, the charge transfer process at the MoOx 

interface favors donor materials with a deep HOMO level since the transfer of the hole 

from the donor HOMO level to the conduction band of MoOx is endothermic.  
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Figure 5.14 Temperature dependence of VOC for devices based on different donor 

materials. Open symbols represent devices without MoOx and close symbols represent 

devices with MoOx. 

 
Figure 5.13 Energy level alignment between the HOMO level of donor molecules and the 

conduction band of MoOx. 
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5.5 Conclusions and Summary 

In summary, the maximum achievable VOC in a planar heterojunction OPV is not solely 

determined by D-A interface energetics, but also by the anode-organic layer interface. 

Anode interlayers with deep energy levels can form a Schottky junction with the donor 

layer and generate additional VOC. The observed additional VOC is most significant for 

donors with a deep HOMO level, and could result in values of VOC that are larger than the 

limit set solely by the D-A energy level offset at low temperature. 

Additionally, a significant improvement in VOC has also been observed for bulk 

heterojunction OPVs with the addition of a MoOx interlayer, even at room temperature. In 

these structures, the morphology of the mixed layer and the fact that MoOx interlayer is in 

contact with both the donor and acceptor materials will complicate the device model. In 

the next chapter, work will focus on understanding the impact of built-in potential 

generated by MoOx in bulk heterojunction OPVs. 
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6. The Role of Bulk-ionization in Photoconversion 

6.1 Background 

In order to realize efficient photoconversion in organic semiconductors, 

photogenerated excitons must be dissociated into their constituent electronic charges. As 

described in previous chapters, this is most often accomplished using a heterojunction 

where efficient dissociation is facilitated by a charge transfer process occurring at an 

electron donor-acceptor (D-A) interface in OPVs. Interestingly, recent work on MoOx/C60 

Schottky OPVs has demonstrated that excitons in C60 may also undergo efficient bulk-

ionization and generate photocurrent as a result of the large built-in field created by the 

MoOx/C60 interface.  

6.2 Bulk-ionization vs. Charge Transfer 

Among the most efficient OPVs, many adopt a fullerene-rich bulk heterojunction (BHJ) 

architecture and utilize a transition-metal-oxide with a deep Fermi level as an anode 

interlayer.104, 156, 181-185 In some cases, the composition of the BHJ may consist of more than 

90 wt.% fullerene.161, 186-187 For example, Zheng et al. have reported that an OPV containing 

95 wt.% C70 with an anode interlayer of MoOx can achieve a power conversion efficiency 

(P) of ~6%, with an open-circuit voltage (VOC) close to 1 V.186 The photocurrent in this 

device arises mainly from absorption by C70, with the donor material acting as a hole-

transporting phase to maintain a reasonable fill factor (FF) and contribute to exciton 

dissociation. 
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In fullerene-rich BHJs, the use of a high-work-function anode interlayer like MoOx 

helps to increase the built-in potential for improved rectification and charge collection. 

Recent work has shown that the high-work-function anode-fullerene interface forms a 

Schottky junction that can dissociate excitons and generate VOC.
134, 136 In Schottky OPVs, 

excitons undergo bulk-ionization and contribute to photocurrent despite the absence of a 

dissociating donor-acceptor (D-A) interface.144, 188 Photoconversion via bulk-ionization is 

advantageous as it avoids the intrinsic energy loss associated with charge transfer at the D-

A interface. This in turn increases the upper limit for the maximum achievable VOC. For 

example, a MoOx/C60 Schottky device exhibits a VOC >1.2 V, even at room temperature. 

Chapter 4 has demonstrated that the maximum achievable VOC for a device based on 

charge transfer at a D-A interface is limited by the associated charge transfer state (CT 

state) energy, which is the low-energy intermediate state in the exciton dissociation process 

as shown in Figure 6.1.115-116, 189-191 In fullerene-rich BHJs, the fullerene makes up most of 

 
Figure 6.1 The two competing exciton dissociation processes in fullerene-rich BHJ OPVs. 

Excitons generated close to the D-A interface have a higher probability of undergoing 

charge transfer. Excitons generated far from the D-A interface in the fullerene are more 

likely to undergo bulk-ionization. 
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the active layer and is very likely to be continuous, forming a direct charge carrier pathway 

between the anode and the cathode. However, due to the built-in potential generated by the 

large Fermi energy difference between the MoOx interlayer and the acceptor, the interface 

between the MoOx interlayer and the acceptor becomes a Schottky junction, preventing 

electron leakage to the anode when forward biased. The large built-in potential also allows 

excitons generated on fullerene molecules to contribute to photocurrent via bulk-ionization, 

as also shown in Figure 6.1. For a Schottky junction, the ultimate limit of VOC is the built-

in potential. Most previous work has focused on understanding the charge transfer process 

at the D-A interface in BHJs, the role of bulk-ionization is discussed less frequently.129, 131, 

147, 153, 188, 192-194 In this chapter, both charge transfer processes at the D-A interface and 

bulk-ionization processes within C60 are demonstrated to contribute to photocurrent in 

fullerene-rich BHJs. In fact, bulk-ionization accounts for ~16% of the total photocurrent in 

an optimized BHJ OPV (active layer consists of 80 vol. % fullerene) based on the D-A 

pairing of boron subphthalocyanine chloride (SubPc) and C60. The role of bulk-ionization 

processes is also discussed in determining the VOC and FF of fullerene-rich BHJ OPVs.  

6.3 Experimental Methods 

Organic photovoltaic cells were fabricated on pre-patterned indium-tin-oxide (ITO)-

coated glass substrates having a sheet resistance of ~8-12 Ω/□. Substrates were cleaned in 

tergitol solution and in organic solvents and treated in UV-Ozone ambient for 10 minutes 

prior to thin film deposition. All layers were deposited by high vacuum thermal evaporation 

at a pressure of <8×10-7 Torr. A 10-nm-thick layer of MoOx was deposited at 0.05 nm/s as 
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the anode interlayer. Mixed organic active layers were prepared via co-deposition from two 

sources at a total rate of 0.2 nm/s at room temperature. All OPVs were capped with a 10-

nm-thick exciton blocking layer of bathocuproine (BCP).91 Device active areas were 

defined by the overlap between a 100-nm-thick Al cathode layer and a pre-patterned 

indium tin oxide (ITO) anode, giving a device active area of 9 mm2.  

6.4 Bulk-ionization in Fullerene-rich Bulk Heterojunctions 

As discussed previously, the bulk-ionization of excitons may contribute to 

photocurrent in BHJs, especially in the case of fullerene-rich BHJs where the D-A interface 

area is reduced. Here, we compare the device performance of a C60 Schottky OPV having 

an active layer thickness of 60 nm and a BHJ consisting of uniform mixture of SubPc:C60 

(20:80 vol.%) of the same thickness. The device architectures are shown in Figure 6.2. A 

10-nm-thick MoOx anode interlayer is included in both devices. Current density-voltage 

characteristics were measured using a Keithley 2400 source meter. The absence of an 

electron donor material in the Schottky OPV drastically changes the device performance 

under illumination, as shown in Figure 6.3.  

 
Figure 6.2 Device architectures of (a) a C60 Schottky OPV having an active layer 

thickness of 60 nm and (b) a BHJ OPV consisting of uniform mixture of SubPc:C60 

(20:80 vol.%) of the same thickness. 
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The most noticeable effect is a reduction in JSC for the C60 Schottky OPV, which comes 

mainly from the absence of donor absorption to harvest low energy photons in the solar 

spectrum, and the lack of a D-A interface to help dissociate photogenerated excitons. The 

current density-voltage characteristics of the C60 Schottky OPV show a nearly linear 

behavior in the fourth quadrant, which is consistent with the bias dependence of 

photogenerated charge carriers in the C60 layer, as described previously by Jeong et al.144 

Despite poor device performance, the Schottky OPV still produces a photocurrent >1 

mA/cm2 under AM1.5G simulated solar illumination at 100 mW/cm2, comparable to the 

photocurrent in a BHJ under the same illumination condition.  

 Based on this result, it is clearly possible for C60 to efficiently generate photocurrent 

in the absence of a dissociating donor-acceptor interface via bulk-ionization. To further 

examine the role of bulk-ionization processes in BHJs, current density-voltage 

characteristics for devices fabricated with variable acceptor concentration, ranging from 

50 vol.% to 100 vol.% were recorded under AM1.5G simulated solar illumination (100 
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Figure 6.3 Current density-voltage characteristics for devices with the structure shown 

in Figure 6.2, under AM1.5G simulated solar illumination at 100 mW/cm2. 
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mW/cm2) at various temperatures (Figure 6.4). All temperature dependent experiments 

were carried out in a Janis cryogenic probe station with liquid nitrogen cooling under 

AM1.5G simulated solar illumination using a 300 W Oriel Xe solar simulator. Device 

temperature was monitored using a Si thermometer. 

For all devices, VOC is observed to increase as temperature decreases due to a 

corresponding reduction in the dark current. The JSC is found to decrease with decreasing 

temperature for all BHJ OPVs, but remain nearly constant for the C60 Schottky OPV. The 

temperature dependence of both JSC and VOC are explored further to reveal the interplay 

between bulk-ionization and charge transfer in the photoconversion process.  
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Figure 6.4 Current density-voltage characteristics for SubPc:C60 BHJ OPVs containing 

(a) 50 vol.%, (b) 80 vol.%, (c) 90 vol.%, and (d) 100 vol.% C60 measured from 294 K to 

80 K at ~20 K intervals under AM1.5G simulated solar illumination at 100 mW/cm2. 
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6.4.1 Impact of Bulk-ionization on Short-circuit Current Density 

In a BHJ, it is difficult to distinguish between photocurrent generated via charge 

transfer at the D-A interface and bulk-ionization, since only the total device photocurrent 

can be measured. However, for excitons undergoing charge transfer, the binding energy of 

the resulting CT state will add a strong temperature dependence to its dissociation 

probability. Thus, the temperature dependence of photocurrent generated via charge 

transfer is expected to be stronger than the bulk-ionization process. This argument is 

strongly supported by our experimental results. Figure 6.5 shows the JSC extracted from the 

current-density voltage characteristics shown in Figure 6.4.  

The C60 Schottky OPV shows almost constant JSC from room temperature to ~80 K, 

indicating that the exciton dissociation process in C60 is nearly temperature independent. 

Previous work has shown that the photocurrent generation process in pristine C60 thin films 

comes mostly from intermolecular charge transfer states.195-197 This suggests that the 
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Figure 6.5 Temperature dependence of the short-circuit current density (JSC) for 

SubPc:C60 BHJ OPVs with variable acceptor concentration and for C60-Schottky OPVs. 
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electron-hole pair binding energy in C60 is small, and that charge carriers may be formed 

shortly after photoexcitation with the assistance of an electric field. 

The BHJ containing 80 vol.% C60 shows a JSC plateau at low temperature. This non-

zero photocurrent at low temperature suggests that a portion of the photocurrent generated 

in C60 originates from bulk-ionization. Recent work has shown that in SubPc:C60 BHJs 

with high fullerene content, C60 may still exhibit crystallinity.198 This crystallinity may 

reduce the area of the D-A interface, forcing excitons generated in C60 to diffuse over 

longer distances in order to undergo charge transfer. This may increase the likelihood of 

charge generation via bulk-ionization over charge transfer. 

Figure 6.5 shows that the JSC of BHJs containing 50 vol.% C60 will approach zero at 

low temperature, exhibiting limited bulk-ionization characteristics. To quantify the relative 

dominance of bulk-ionization and charge transfer processes in determining the overall 

photocurrent, the temperature dependence of JSC for BHJs is modeled using an Onsager-

Braun formalism for geminate polaron-pair recombination.86, 123 The CT state is treated as 

a polaron-pair in the model, and non-geminate recombination is ignored since the major 

loss of photocurrent at short-circuit comes via geminate polaron-pair recombination.105 For 

SubPc:C60 BHJs, the current density-voltage characteristics collected under variable 

illumination intensity (AM1.5G) collapse onto each other from -0.5 V to 0.5 V when 

normalized to JSC. The invariability of the photocurrent shape with light intensity suggests 

a first order recombination mechanism, and confirms that non-geminate polaron-pair 

recombination is indeed negligible in this system at short-circuit. The Onsager-Braun 

model describes the dissociation rate constant for polaron-pairs as 123 
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In Equation 6.1, the parameter kdiss is the polaron dissociation rate constant, <μ> and 

<ε> are the effective mobility and dielectric constant across the D-A interface respectively, 

EB is the CT state binding energy, J1 is the first order Bessel function, F is the electric field, 

a is the initial separation of the polaron-pair. In terms of these rates, the polaron-pair 

dissociation probability (can be written as: 
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              Equation 6.2 

where krec is the polaron-pair recombination rate constant and bulk is a constant probability 

of bulk-ionization of excitons in C60.  

In order to apply Equations 6.1 and 6.2 to experimentally measured values of the 

current density, JSC is first converted to a charge collection efficiency (CC) by normalizing 

its value to the reverse-bias voltage saturation photocurrent (JS) as previously described in 

the literature.103 A large reverse bias (5~10 V) was applied to the device in order to extract 

all photogenerated charge carriers for an estimation of the reverse-bias saturation 

photocurrent. Under the assumption of negligible non-geminate recombination at short-

circuit;  equals to the CC. The extracted values of the charge collection efficiency are 

tabulated as a dissociation probability in Figure 6.6 and are well-fit using Equation 6.2.  
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The effective mobility, polaron binding energy and polaron recombination rate 

constant associated with the fits are shown in Table 6.1. Interestingly, values of the 

polaron-pair (and hence CT state) binding energy and recombination rate are found not to 

vary substantially with BHJ donor-acceptor ratio. This invariance suggests that the 

behavior of the CT state is not significantly affected by changes in composition, indicating 

that the modeled JSC in each case likely originates from the same D-A CT state. It can also 
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Figure 6.6 CT state dissociation probability vs. temperature for the SubPc:C60 BHJ OPVs 

showed in (a), fit with an Onsager-Braun model. The CT state dissociation probability is 

approximated by normalizing JSC to the room temperature reverse saturation 

photocurrent. 

Table 6.1 Parameters extracted by modeling the temperature dependence of the CT state 

dissociation probability using Onsager-Braun theory for SubPc:C60 BHJ OPVs with 

various compositions. The CT state dissociation probability () is calculated by 

normalizing JSC to the room temperature reverse-bias saturation photocurrent. 

C60 concentration 

(vol.%) 
 (at 294 K) 

Binding energy 

(eV) 

Mobility 

(cm2V-1s-1) 
krec (s-1) 

50 0.58 0.28 1.310-3 2.5108 

80 0.79 0.27 1.810-3 2.5108 

90 0.71 0.27 1.410-3 2.5108 
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be concluded that the key parameter determining the charge collection efficiency is the 

effective charge carrier mobility. According to previous work on the D-A pairing of 

SubPc:C60, the hole mobility peaks at 20 vol.% donor concentration, leading to optimum 

device performance.198 The observations of this work support this previous result. 

The fraction of excitons that undergo bulk-ionization at room temperature is taken as 

the ratio between bulk and . In a C60 Schottky OPV, this fraction would be unity. This 

fraction is plotted as a function of composition in Figure 6.7, and the fraction of excitons 

that undergo bulk-ionization in a BHJ shows a steep increase when the C60 concentration 

exceeds 80 vol.%, potentially indicating the formation of a continuous C60 agglomeration 

phase at this concentration. It is important to point out that the optimized device 

architecture based on the D-A pairing of SubPc:C60 derives >10 % of the total photocurrent 

and >30% of the photocurrent originating from C60 from bulk-ionization. Given the 
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Figure 6.7 (a) The JSC of SubPc:C60 BHJ OPVs with variable C60 concentration and C60 

Schottky OPVs at room temperature under AM1.5G simulated solar illumination (100 

mW/cm2). (b) Fraction of excitons which undergo bulk-ionization for BHJ OPVs with 

variable C60 concentration at room temperature. The solid line is a guide to the eye. 
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common use of fullerene-rich BHJs in highly efficient OPVs, it is reasonable to expect that 

many of the most promising OPVs may rely in part on the bulk-ionization. 

6.4.2 Impact of Bulk-ionization on Open-circuit Voltage 

 The concentration dependence of VOC in BHJs has been previously ascribed to the 

delocalization and dielectric screening of CT state at the D-A interface.153, 190 In these 

reports, VOC is found to increase with fullerene concentration for fullerene-rich BHJs, due 

to an increase in the dielectric constant with increasing C60 content. This reduces the 

binding energy of the CT state and increases the CT state energy (ECT). The magnitude of 

the dielectric constant determines the degree to which the Coulomb interaction between 

the electron and hole is screened. For the SubPc:C60 BHJ architecture discussed in this 

work, electroluminescence spectra were measured using an Ocean Optics USB4000 

spectrometer. ECT was extracted from the peak in electroluminescence (EL) by fitting the 

spectrum with a Gaussian function as shown in Figure 6.8a-d.145-147 

For a SubPc:C60 BHJ OPV containing 50 vol.% C60, the emission spectrum can be fit 

with a single Gaussian function centered at 1.55 eV. For devices with a fullerene-rich 

composition, a second EL feature is observed that originates from C60 at 1.67 eV.199-201 

After comparing the low-energy feature across all film compositions, we find that the 

difference in ECT with varying C60 content is <0.03 eV. 

To further confirm the similarity in ECT, high-sensitivity measurements of the external 

quantum efficiency were carried out by measuring the photocurrent under monochromatic 

light illumination using a 300 W Oriel Xe lamp, a monochromator, an optical chopper 

wheel and a SR810 lock-in amplifier and used to measure the CT state absorption energy 
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in SubPc:C60 BHJ OPVs containing 50 and 80 vol.% C60. The difference between the CT 

state absorption energy in these two devices is also <0.03 eV. However, the observed 

difference in VOC for these devices is ~0.15 V at room temperature as shown in Figure 6.9 

and >0.2 V at 110 K. This suggests that the change in CT state energy alone cannot explain 

the difference in device VOC. 

 Here, the disagreement between the change in CT state energy and the observed change 

in VOC is attributed to the role of bulk-ionization processes in C60. The MoOx/C60 Schottky 

OPV has a larger VOC (>1.2 V) than comparable SubPc:C60 BHJs (<1.1 V) at room 

temperature, and a much stronger temperature dependence as shown in Figure 6.10. The 

temperature dependence of VOC can be modeled with a modified Shockley equation 

(Equation 4.2).117 According to Chapter 4, Eeff is directly related to the lowest-energy 
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Figure 6.8 (a)-(d) Electroluminescence (EL) spectra measured from BHJ OPVs as a 

function of C60 composition, varying from 50 vol.% to 90 vol.%. A similar CT state energy 

(~1.5 eV) can be extracted for all compositions by excluding electroluminescence solely 

from C60 (~1.67 eV). 
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intermediate state in the exciton dissociation process. In the case of a D-A heterojunction, 

Eeff equals the CT state energy.115  

 The observed VOC will often deviate from the dependence of Equation 6.3 and plateau 

at low temperature. This is due to the limit of the quasi-Fermi level offset at a given 

illumination intensity, since not all molecules at the D-A interface are excited.53, 141, 202 The 

extrapolated maximum achievable VOC at 0 K  (V0) is chosen to approximate the 

theoretical maximum achievable VOC and Eeff in Equation 6.3 as described previously and 

shown in Figure 6.10.117  

The extrapolated V0 is significantly higher for the Schottky OPV than that of BHJs 

containing 50 vol.% C60. Here, we propose that the difference in V0 comes due to 

differences in the photoconversion mechanisms in these devices. In a BHJ, the majority of 

the photocurrent is generated by excitons dissociated at the D-A interface, leading to CT 

state formation. Further dissociation requires the splitting of the quasi-Fermi levels (equal 

to the VOC multiplied by elementary charge) to be less than the CT state energy. Otherwise 

50 60 70 80 90 100

0.8

0.9

1.0

1.1

1.2

C
60

 concentration (vol.%)

V
O

C
 (

V
)

1.4

1.5

1.6

1.7

1.8

1.9

C
T

 E
n
e

rg
y
 (

e
V

)

 
Figure 6.9 Concentration dependence of CT state energy and VOC for BHJ OPVs with 

variable C60 concentration. 
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the recombination of charge carriers into CT states will overwhelm the dissociation of CT 

states into mobile charge carriers.149 

 In a Schottky junction, excitons undergo only the bulk-ionization process. In the case 

of MoOx/C60 Schottky OPVs, the bottleneck for generating photocurrent now becomes 

charge carrier collection via the built-in potential. The built-in voltage was estimated by 

carrying out a Mott-Schottky analysis using a HP 4192A impedance analyzer. The C60 

Schottky junction shows an extrapolated V0 of 2.1 V, which matches well with the built-in 

potential measured by Mott-Schottky analysis as shown in Figure 6.11.109-110, 180 

In light of the discussion above, the measured VOC in a fullerene-rich BHJ can be 

treated as an interpolation between the VOC of a Schottky junction and the VOC from the D-

A interface. A portion of the excitons will diffuse to the D-A interface and be dissociated, 

while the rest that do not recombine will go through the bulk-ionization process. For the 

D-A pairing of SubPc and C60, ECT is much lower than Vbi, so that the introduction of D-A 

interface by mixing the donor and acceptor materials will reduce VOC. The BHJ with 50 
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Figure 6.10 Temperature dependence of the open-circuit voltage (VOC) for SubPc:C60 

BHJ OPVs with variable C60 concentration and C60 Schottky OPVs. 
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vol.% C60 has the largest D-A interface area and thus the lowest VOC. The Schottky cells 

have no D-A interface and thus the highest VOC, as all excitons are forced to dissociate via 

bulk-ionization. 

6.4.3 Impact of Bulk-ionization on Fill Factor 

With knowledge of how bulk-ionization processes impact JSC and VOC, it is tempting 

to analyze the FF in a similar manner. Figure 6.12 shows the temperature dependence of 

FF for devices shown in Figure 6.4. At room temperature, BHJ OPV with 80 vol. % C60 

has the highest FF (0.48) while the rest of BHJ OPVs and C60 Schottky OPV have similar 

low FFs (~0.35). This supports preiouvs work done in our group that the formation of 

nanocrystalline domain leads to increased mobility and phase separation in BHJ OPVs at 

a C60 concentration of 80 vol. %.198 Compared to charge transfer process, bulk-ionization 

is less efficient at room temperature and is linearly dependent on the electric field as 

described in previous literature.144 The C60 Schottky OPV has a FF of ~0.34 at room 
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Figure 6.11 Mott-Schottky analysis of a C60 Schottky OPV, exhibiting a built-in potential 

of ~ 2.1 V. 
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temperature. Thus, the existence of bulk-ionization will unfavorably affect FF for the 

optimized BHJ OPVs at room temperature.  

A rapid reduction of FF in BHJ OPVs to a value lower than the FF in C60 Schottky 

OPV is observed at low temperature, due to the inability to dissociate bound charge transfer 

state. The bulk-ionization process in C60 is however, nearly temperature independent and 

the FF is not significantly affected by temperature. Thus, bulk-ionization favorably impacts 

the FF of BHJ OPVs at low temperature. 

6.5 Conclusions and Summary 

The operation of BHJ and Schottky OPVs fabricated using the D-A pairing of SubPc 

and C60 was carefully examined using temperature dependent current density-voltage 

measurements. Two competing mechanisms for photocurrent generation were found in 

fullerene-rich BHJs: charge transfer at the D-A interface and the bulk-ionization of excitons 
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Figure 6.12 Temperature dependence of the fill factor (FF) for SubPc:C60 BHJ OPVs 

with variable C60 concentration and C60 Schottky OPVs under AM1.5G simulated solar 

illumination (100 mW/cm2) at variable temperature. 
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in C60. The first mechanism can be modeled using a Braun-Onsager theory. The efficiency 

of charge transfer at a D-A interface is found to be strongly reduced at low temperature, 

while dissociation via bulk-ionization is almost temperature independent. The weak 

temperature dependence of the bulk-ionization process is also observed in fullerene-rich 

BHJs. Interestingly, the CT-state energetics are not affected significantly by the acceptor 

concentration, and that the bulk-ionization and charge transfer processes compete 

independently for excitons generated in the acceptor domain, with their impact on JSC being 

additive. 

The bulk-ionization processes was also found to impact VOC. Excitons that undergo a 

bulk-ionization process can potentially lead to higher VOC compared to those that undergo 

charge transfer at a D-A interface. Donor-acceptor mixing increases the dissociating 

interface area in the active layer and the potential for recombination between electrons and 

holes at the D-A interface. This lowers the theoretical limit of the maximum achievable 

VOC set by the built-in potential, which causes BHJs to have a lower VOC than Schottky 

cells. Given that most highly efficient OPVs adopt fullerene-rich compositions, it is likely 

that bulk-ionization plays a significant role in many BHJ OPVs. 

The existence of bulk-ionization in BHJ OPVs also highlights the importance of 

balancing the D-A interface area and the crystallinity of the fullerene domain for 

concurrently optimized JSC and VOC. For future device optimization, the impact of bulk-

ionization on device operation must be taken into consideration. 
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7. Rational Design of Mixed Heterojunction Device* 

7.1 Background 

A challenge sometimes encountered in BHJ OPVs is increased charge carrier leakage 

due to either donor or acceptor phase continuity between the anode and cathode.143, 203 

Solution processed OPVs typically utilize solvent additives to promote vertical phase 

separation, thus making the electrode selective for holes or electrons.204-205 Another 

approach developed to address this challenge and also offer the potential for increased 

photocurrent is the incorporation of neat donor and acceptor layers on either side of the 

mixed D-A layer. This is especially common in small molecule OPVs where vapor-

processing permits the facile formation of interfaces between the neat and mixed layers. 

These devices are often termed planar-mixed heterojunction (PMHJ) OPVs. This 

architecture was first demonstrated by Hiramoto et al., and has since been used by many 

groups to realize high efficiency.30, 50, 92, 182, 206-207 The PMHJ is often chosen for its 

                                                 
* This work was done in collaboration with Dr. James Holst at Sigma-Aldrich. 

 
Figure 7.1 The device structure and operation of a PMHJ OPV, where excitons 

generated in the neat layers may diffuse into the mixture and contribute to photocurrent. 
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potential to improve rectification and enhance photocurrent, as excitons generated in the 

neat layers may diffuse into the mixture and be dissociated (Figure 7.1).208-209 However, 

the existence of additional planar layers may lead to increased resistance for charge 

collection and adversely impact device efficiency. 

More recently, the PMHJ approach has been used with the D-A pairing of 2-[7-(4-

N,N-ditolylaminophenylen-1-yl)-2,1,3-benzothiadiazol-4-yl]methylene malononitrile 

(DTDCPB) and C70 to demonstrate a very high single-cell power conversion efficiency of 

6.8% as shown in Figure 7.2.97 However, the fill factor (FF) for this device is still limited, 

indicating a large internal loss. This internal loss is likely caused by the additional neat 

layers in the PMHJ architecture. 
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Figure 7.2 Current density-voltage characteristics for the optimized PMHJ OPV with the 

D-A pairing of DTDCPB-C70.97 The inset shows the molecular structure of DTDCPB. 
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By examining the performance of DTDCPB-C70 as a function of device architecture, 

this work shows that in cases where the donor is resistive to hole transport, the neat layers 

in the PMHJ may actually hurt overall device efficiency. For the DTDCPB-C70 system, 

modifications in device architecture can lead to power conversion efficiencies exceeding 

8% in champion devices. This result is among a handful of vapor-deposited small molecule 

OPVs with such high efficiency.182, 210 

7.2 Experimental Methods 

Organic photovoltaic cells were fabricated on indium-tin-oxide (ITO)-coated glass 

substrates having a sheet resistance of ~8-12 Ω/□. Substrates were cleaned in tergitol 

solution and organic solvents and treated in UV-Ozone ambient for 10 minutes prior to thin 

film deposition. All layers were deposited by high vacuum thermal evaporation at a 

pressure of <8×10-7 Torr. In all devices, a 10-nm-thick layer of MoOx was deposited at 

0.05 nm/s on the ITO anode as a buffer layer. When included, neat layers of DTDCPB and 

C70 were deposited at room temperature at a rate of 0.2 nm/s. Mixed active layers consisting 

of a D-A mixture of DTDCPB-C70 were prepared via co-deposition from two sources at a 

total rate of 0.2 nm/s. The overall film composition was varied by separately adjusting the 

donor and acceptor deposition rates. All devices were capped with a 10-nm-thick exciton 

blocking layer (EBL) of bathocuproine (BCP) and a 100-nm-thick Al cathode.91 The active 

area of the resulting device is 0.785 mm2, defined by the area of the cathode. Pre-patterned 

ITO substrates were used to fabricate devices for lifetime testing. In this case, device active 

area is defined by the overlap between the cathode and the anode to be 9 mm2. All current 
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density-voltage (J-V) characteristics were measured with an Agilent 4155C parameter 

analyzer under simulated AM1.5G illumination using a 150 W Oriel Xe lamp.  

7.3 Interlayers and Device Operation 

In a BHJ with no electrode interlayer layer, the poor rectification of the homogeneous 

active layer can lead to increased dark current and reduced VOC.166, 211 The planar layers in 

the PMHJ exist to overcome this problem.212 For example, the relatively shallow lowest 

unoccupied molecular orbital (LUMO) energy level of the neat donor layer compared to 

that of the acceptor material can prevent electron leakage to the anode, thus reducing the 

dark current. In this way, the anode now becomes selective for holes, pinning its Fermi 

level to the quasi-Fermi level of holes in the mixed layer. A similar argument can be made 

for charge carriers at the cathode when a neat acceptor layer is included. In the PMHJ 

architecture, the Fermi levels of the anode and the cathode are pinned to the quasi-Fermi 

level of holes and electrons in the mixed layer respectively, and the VOC will be the 

difference between these two Fermi levels. Another benefit of including the planar layers 

is that they will contribute to the photocurrent. 

The use of planar layers is not however without complication due to the often low 

charge carrier mobility in organic semiconductor materials. The additional planar layer 

may adversely impact charge collection and increase the non-geminate recombination of 

electrons and holes. This will cause a reduction in FF and adversely impact efficiency. The 

remaining question is whether the benefit of generating more excitons in the planar layers 

outweighs the disadvantage of reduced charge collection efficiency. Of course, while many 
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inorganic materials with high carrier mobility can be used to replace the organic planar 

layer, they usually have very weak absorption across the solar spectrum and thus do not 

contribute to photocurrent. Among them, MoOx is a highly efficient hole transport material 

that has been widely used in both organic light-emitting devices and OPVs.165-166, 174-175, 

213-214 Recent research has also pointed out that the MoOx buffer layer can form a Schottky 

junction with materials that have a deep highest occupied molecular orbital (HOMO) 

energy level to prevent electron leakage current to the anode.134, 137 Aside from not 

contributing to photocurrent, MoOx is a good candidate to replace organic planar layers in 

a PMHJ. 

7.3.1 DTDCPB-C70 PHJ OPVs 

Prior to investigating the performance of DTDCPB in a PMHJ, the performance of 

planar heterojunction (PHJ) OPVs consisting of a 15-nm-thick layer of DTDCPB and a 40-
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Figure 7.3 (a) Current density-voltage characteristic for a planar heterojunction OPV with 

the structure: 10 nm MoOx/15 nm DTDCPB/40 nm C70/10 nm BCP/100 nm Al under 

simulated AM1.5G illumination at 100 mW/cm2. (b) External quantum efficiency for the 

device in (a). Also plotted are the extinction coefficients of DTDCPB and C70 measured 

via spectroscopic ellipsometry. 
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nm-thick layer of C70 was examined. As shown in Figure 7.3a, the PHJ device shows low 

JSC and FF. The current density-voltage characteristics show a severe kink in the fourth 

quadrant indicating the existence of an imbalance in mobility between electrons and holes 

and possibly a hole extraction barrier at the anode-DTDCPB interface.215-218 The external 

quantum efficiency spectrum (EQE) in Figure 7.3b shows very low response from both 

DTDCPB and C70.  

7.3.2 Exciton Diffusion Length of DTDCPB 

The photoluminescence (PL) quenching technique is adopted to measure the exciton 

diffusion length in neat DTDCPB films. Experiments were carried out using a Photon 

Technology International Quantum Master 4 Fluorometer. 

The experimental configuration is shown in Figure 7.4. A planar DTDCPB film is 

deposited on glass or an exciton quenching layer at various thicknesses. The DTDCPB film 

is pumped with monochromatic light and the PL intensity is recorded by a detector. The 

ratio between the PL intensities obtained with and without the presence of the quenching 

layer (PL ratio) is then calculated at various film thicknesses and excitation wavelengths:  

 

Figure 7.4 Schematic of photoluminescence quenching experiments. 
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quencher without PL

quencher with PL
ratio PL            Equation 7.1 

Theoretically, the steady state exciton density profile is modeled by a 1-D diffusion 

equation: 

0
)(

)(
)(

2

2
2 

hv

xQ
xn

dx

xnd
LD             Equation 7.2 

where LD is the exciton diffusion length,  is the exciton lifetime, x is the position in the 

layer, n is the exciton density, h is the Planck constant and ν is the frequency of incident 

light. Q(x) is the light intensity profile in the film of interest, which is calculated using the 

transfer matrix model discussed in Section 3.7.1.112 The x=0 boundary condition is always 

set to be reflective, where there is no net exciton flux. The other boundary condition is set 

to be perfectly quenching (n(x)=0) with the presence of quencher or reflective without the 

presence of quencher. The predicted PL ratio is determined by the ratio between the 

integrated exciton densities calculated in these two scenarios for given LD. By matching 

the predicted PL ratio to the experimentally measured PL ratio, LD can be fit using the 

model. 

Both thickness dependent and spectrally resolved photoluminescence quenching 

experiments were carried out on neat films of DTDCPB with C60 as a quencher. Results 

suggest a reasonable exciton diffusion length of ~5 nm as shown in Figure 7.5.219-220 Thus, 

the low EQE may suggest that the neat DTDCPB layer is not efficient in transporting 

photogenerated carriers away from the D-A interface. This will lead to a buildup of holes 

at the D-A interface and increase the rate of recombination, reducing the JSC and FF. 
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7.3.3 Planar Layer Thickness and Device Performance 

The poor hole transporting behavior of the neat DTDCPB layer is also an obstacle to 

high efficiency in PMHJ devices. In order to focus on the role of the resistive neat donor 

layer, the neat C70 layer was omitted from the PMHJ architecture. Figure 7.6a shows an 

overlay of current density-voltage characteristics for OPVs as a function of the neat 

DTDCPB layer thickness under simulated AM1.5G illumination (100 mW/cm2). Figure 

7.6b shows the associated device operating parameters as a function of the neat DTDCPB 

layer thickness. The FF shows a monotonic decrease of ~20% as the thickness of the neat 

DTDCPB layer increases. The JSC increases slightly with a thin DTDCPB layer but is 

quickly reduced when the DTDCPB thickness reaches 6 nm. Similar devices constructed 

without a buffer layer of MoOx show a lower VOC and FF. 

In order to estimate the charge collection efficiency (ηCC) for the devices in Figure 7.6 

as a function of neat DTDCPB layer thickness, device photocurrent was measured under 
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Figure 7.5 (a) PL ratio at various DTDCPB film thicknesses when excited at =580 nm. 

(b) PL ratio of a 40-nm-thick DTDCPB film at various excitation wavelengths. 
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monochromatic illumination as a function of applied bias (+0.8 V to -5 V). Light having a 

wavelength of λ=462 nm was chosen to excite only C70 in the mixture, so that no excitons 

are generated in the neat DTDCPB layer and their diffusion into the mixture need not be 

considered. For all devices, the measured photocurrent was found to plateau to the same 

value under large reverse bias, and at this point, the charge collection efficiency was taken 

to be 100%.103 Using this normalization, the charge collection efficiency is plotted as a 

function of applied bias in Figure 7.7a. The dependence of ηCC on bias is very similar for 

all devices from -5 V to -3 V, where the reverse bias is capable of extracting charge carriers 

efficiently. In the range of -1 V to 1 V, devices with a neat DTDCPB layer show a reduction 

in the collection efficiency even at a DTDCPB thickness of 3 nm. The reduction in charge 
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Figure 7.6 (a) Current density-voltage characteristics for PMHJ OPVs with the following 

device structure: 10 nm MoOx/x nm DTDCPB/70 nm DTDCPB:C70 (1:2)/10 nm BCP/100 

nm Al under simulated AM1.5G solar illumination at 100 mW/cm2. (b) Operating 

parameters for the devices in (a). 
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collection efficiency in the low bias regime may reflect increased geminate and non-

geminate recombination in the mixed layer with the insertion of the resistive neat DTDCPB 

layer. 

The dark current density-voltage characteristics for the devices in Figure 7.6 were fit 

using a generalized Shockley equation and the associated values of the series resistance 

were extracted and plotted in Figure 7.7b.117 An ideality factor of ~2 is observed for all 

devices. The increase in series resistance trends with the reduction in FF as the thickness 

of the neat DTDCPB layer is increased. As a conclusion, the neat DTDCPB layer is not 

capable of efficiently extracting photogenerated holes from the mixed layer. Efficient 

charge carrier extraction is critical for high efficiency, and the resistive neat donor layer 

may not always lead to optimum performance. 
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Figure 7.7 (a) Charge collection efficiency (ηCC) for PMHJs with the following device 

structure: 10 nm MoOx/x nm DTDCPB/70 nm DTDCPB:C70 (1:2)/10 nm BCP/100 nm 

Al under monochromatic illumination (λ=462 nm) as a function of applied bias. (b) Series 

resistance for the PMHJs in (a), calculated by fitting the dark current using generalized 

Shockley equation. 
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7.3.4 Optimization of DTDCPB-C70 BHJ OPV 

In light of this result, a composition and thickness optimization of the mixed layer 

was carried out. Figures 7.8a-d show the performance of a BHJ with a 60-nm-thick active 

layer as a function of composition. Both JSC and FF peak at a D:A ratio of 1:2, suggesting 

the possible existence of an optimal microstructure at this composition. Previous work on 

DTDCPB-C70 reported an apparent phase separation at a D:A ratio of 1:1.6, very close to 

the optimal composition observed here.97 The device performance (DTDCPB:C70 = 1:2) is 

plotted versus active layer thickness in Figures 7.8e-h. The JSC increases with active layer 

thickness up to 70 nm, with the FF showing only a minimal reduction. An average power 
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Figure 7.8 (a)-(d): Operating parameters as a function of donor concentration for a 

DTDCPB-C70 BHJ OPV with the active layer being 60-nm-thick. (e)-(h): Device 

operating parameters as a function of active layer thickness for a DTDCPB-C70 BHJ with 

a donor: acceptor ratio of 1:2. The lines only serve as guides to the eye. 
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conversion efficiency of (7.70.3%) is obtained for devices with a 70-nm-thick active layer 

at a D:A ratio of 1:2, with the efficiency of champion devices reaching 8%. The fact that 

FF remains almost constant with increasing active layer thickness is rarely observed for 

BHJs constructed by vapor processing. In general, the simplified device architecture based 

on the D-A pairing of DTDCPB-C70 appears to be very robust, promising > 6% P over a 

wide range of donor concentration and active layer thickness. 

External quantum efficiency of the champion device was determined by measuring 

the photocurrent under monochromatic light illumination using a 300 W Oriel Xe lamp, a 

monochromator, an optical chopper wheel and a SR810 lock-in amplifier. A representative 

plot of the EQE spectrum for the optimized BHJ device architecture is shown in Figure 7.9. 

> 60% photoconversion efficiency has been realized over a wide spectral range. 
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Figure 7.9 External quantum efficiency (EQE) for a device with the following structure: 

10 nm MoOx/70 nm DTDCPB:C70 (1:2)/10 nm BCP/100 nm Al. 
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7.3.5 Spectral Mismatch and Device Statistics 

In order to account for the mismatch between solar spectrum and the spectrum of the 

lamp used, and more accurately assess the efficiency of the devices shown in Figure 7.8, 

the spectral mismatch factor (M) was calculated using previously described method as: 221-

222 
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       Equation 7.3 

A comparison between the solar spectrum and the spectrum of lamp used for device 

characterization is shown in Figure 7.10. The spectral mismatch factor for this work is 

calculated to be 0.98. After applying the spectral mismatch factor, the average corrected 

JSC and power conversion efficiency for the optimized device architecture are (14.30.5) 

mA/cm2 and (7.90.3)%, respectively. The champion device exhibits a mismatch-

corrected JSC of 14.8 mA/cm2, a FF of 0.62, a VOC of 0.89 V and a power conversion 

efficiency of 8.2%. 

300 400 500 600 700 800 900 1000

N
o
rm

a
liz

e
d
 I
rr

a
d
a
n
c
e

wavelength (nm)

 solar

 lamp lamp

solar

 
Figure 7.10 A comparison between the AM1.5G solar spectrum and the lamp spectrum 

used for device characterization. 
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Two batches of ITO coated glass substrates were used for device fabrication and found 

to impact the VOC, JSC and FF of the fabricated devices. ITO batch A was used for all the 

device optimization experiments and ITO batch B was only used for charge extraction 

efficiency measurements in Figure 7.8. The optimized device structure (70 nm 

DTDCPB:C70 = 1:2) was grown on both batches of ITO. All operating parameters are 

summarized and plotted in Figure 7.11. Among 33 devices, the ones fabricated on ITO 

batch B exhibit higher FF, lower JSC and lower VOC than devices on ITO batch A, but the 

overall efficiency stays roughly the same. 

Atomic Force Microscopy (AFM) experiments were carried out on these two batches 

of ITO substrates and the results are shown in Figure 7.12. Based on a 4 m2 image, the 
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Figure 7.11 Operating parameters for devices fabricated on different batches of ITO, 

shown as a 5-95 whisker plot and a box plot of standard deviation. The □ indicates the 

mean value, and the  indicates the maximum or minimum value. 
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root mean square roughness (Rms) is calculated to be 2.06 nm for batch A and 3.52 nm for 

batch B. Batch A is smoother than batch B. 

Previous literature has shown that the sheet resistance of ITO substrate can 

significantly impact device operation. As a result, low sheet resistance is favored over high 

transmittance when selecting ITO substrates.223 For the ITO substrates used in this study, 

sheet resistance was measured using the four-point probe method and calculated using 

Equation 7.4. 

V

I
Rsheet 

2ln


              Equation 7.4 

The values are listed in Table 7.1. No significant difference in sheet resistance is 

observed for these two batches of ITO. The reduction of VOC can be explained by the larger 

Rms observed in ITO batch B. A rougher ITO substrate may lead to a less uniform organic 

film grown on top of it, possibly causing local hot spots with high dark current which 

reduces VOC. 

 
Figure 7.12 Atomic force microscopy images for ITO batch A (a) and B (b). 
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Series resistance (Rs) of devices grown on different batches of ITOs are calculated by 

fitting the dark current with generalized Shockley equations and are also listed in Table 

7.1.117 Devices grown on ITO batch B show a >40 % reduction in series resistance when 

compared to devices grown on ITO batch A, albeit the two batches of ITO show roughly 

the same sheet resistance according to the four-point probe measurement. ITO morphology 

may play a role in determining Rs. The difference in Rs will eventually impact FF, with 

ITO batch B (with lower Rs) showing higher FF. 

Both large-area and small-area devices based on the optimized architecture are 

fabricated to ensure that the testing results are not inflated by errors in defining device 

active area.222, 224 Typical current density-voltage characteristics of devices with the 

following structure: 10 nm MoOx/70 nm DTDCPB:C70 (1:2)/10 nm BCP/100 nm Al, and 

an active area of 0.785 mm2 and 9 mm2 are plotted in Figure 7.13. Device operating 

parameters extracted from the plot are listed in Table 7.2, containing both the measured 

and spectral mismatch corrected JSC and P. The large-area device shows lower VOC and 

JSC but a higher FF, overall the P stays roughly the same.  

Table 7.1 Morphological and electrical parameters for two batches of ITO substrates 

ITO Batch Rms (nm) 
Sheet resistance 

(□) 
Fitted Rs (cm2) 

A 2.06 9.120.53 0.790.06 

B 3.52 8.990.39 0.460.03 
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7.4 Device Lifetime and Stability 

In order to characterize the stability of BHJs constructed from DTDCPB-C70, device 

lifetime was tested. Devices with an area of 9 mm2 were hermetically packaged using a 

microscope cover glass and OG142-112 UV curable epoxy obtained from Epoxy 

Technology Inc., followed by UV curing (100 mW/cm2) for 3 minutes. The packaged 

devices were continuously exposed to simulated AM1.5G solar illumination (100 

mW/cm2) and kept in open-circuit condition in between testing. The device operating 

parameters are shown in Figure 7.14.  
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Figure 7.13 Comparison of device performance between large-area device and small-area 

device under simulated AM 1.5G illumination at 100 mW/cm2. 

Table 7.2 Operating parameters for devices with two different active areas 

Device 

Area 

(mm2) 

VOC 

(V) 

JSC 

(mA/cm2) 

JSC 

corrected 

(mA/cm2) 

FF P (%) 

P 

corrected 

(%) 

0.785 0.89 14.6 14.8 0.62 8.0 8.2 

9 0.86 14.2 14.4 0.65 7.9 8.1 
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Over a testing period of 90 hours, both JSC and FF reamined constant while VOC 

showed minor reduction. The overall P followed the trend of VOC. The reduction of VOC 

can be related to the degradation at MoOx-organic interface or D-A interface and furhter 

characterization is needed to identify the detailed mechanism. As a result, the projected 

lifetime (t50) of the encapsulated device exceeds 5000 hrs based on the preliminary results. 

The shelf lifetime of the packaged device is also examined to study the stability of 

various interfaces in the device architecture. The packaged devices were stored in ambient, 

and tested periodically under AM1.5G simulated solar illumination (100 mW/cm2). Figure 
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Figure 7.14 Degradation of a hermetically packaged BHJ OPV containing a 1:2 mixture 

of DTDCPB:C70 (70 nm) under continuous exposure to AM1.5G simulated solar 

illumination at 100 mW/cm2. 
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7.15 shows the resulting device operating parameters with time. Within one year, the VOC 

remains almost unchanged, while JSC shows a minor reduction and the FF increases slightly. 

After one year, both JSC and FF start to decrease drastically, possibly due to the 

delamination of cathode or the crystallization of exciton blocking layer. Further 

characterization is needed to identify the failure mechanism. In general, the BHJ OPVs 

fabricated show not only superb performance but good stability as well. 
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Figure 7.15 Device operating parameters tested intermittently under simulated AM1.5G 

illumination at 100 mW/cm2 for a hermetically packaged BHJ OPV containing a 1:2 

mixture of DTDCPB:C70 (70 nm). 
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7.5 Conclusions and Summary 

The PMHJ architecture is near ubiquitous in the field of vapor-deposited small 

molecule OPVs. Here however, we demonstrate that the organic planar layers in the PMHJ 

may not always favorably impact device efficiency. The significance of this result is not 

limited to the D-A pairing of DTDCPB:C70 as most small molecule donor materials have 

low charge carrier mobilities and tend to limit the overall charge collection efficiency. This 

work has permitted the realization of high efficiency in a simple BHJ device based on the 

D-A pairing of DTDCPB-C70. Unlike many BHJ OPVs based on vapor-deposited small 

molecules, this efficiency does not come at the expense of the FF. In fact, the high FF 

observed in the optimized DTDCPB-C70 device rivals those often observed in the most 

efficient solution processed BHJ OPVs.223, 225 An average power conversion efficiency of 

(7.90.3)% is achieved under AM1.5G solar simulated illumination (mismatch-corrected), 

demonstrating that this simple device architecture can outperform the more commonly 

applied PMHJ structure.  
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8. New Donor Materials for Improved Efficiency† 

8.1 Design Rules for Narrow-bandgap Donor Molecules 

From previous discussion, it is clear that donor molecules with narrower bandgaps and 

deep HOMO levels are needed to further improve P. The most widely adopted method to 

reduce the bandgap of an organic molecule is to adopt a D-A molecular architecture which 

contains an electron-donating moiety and an electron-withdrawing moiety.226-227 The 

electron-donating moiety has shallower HOMO-LUMO energy levels compared to the 

electron-withdrawing moiety. When the two are bridged to form a new molecule, the 

hybridization of molecular orbitals will result in an unusually low HOMO-LUMO gap as 

shown in Figure 8.1. 

                                                 
† The new donor materials were synthesized by Prof. Ken-Tsung Wong’s research group in the Department 

of Chemistry at National Taiwan University. 

 

Figure 8.1 Hybridization of energy levels between the electron donating (D) and electron 

withdrawing (A) moieties. The resulting molecular orbital shows a much reduced 

HOMO-LUMO energy separation. 
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8.2 Introduction to D-A-A Structures 

Chapter 7 showed that by using a D-A-A type donor molecule of DTDCPB, record 

high device efficiency can be achieved.104 The D-A-A molecular architecture composed of 

an electron-donating moiety and two electron-withdrawing moieties. In comparison to the 

more general D--A molecular architecture, the degree of downshift on the LUMO energy 

level is larger than the upshift on the HOMO energy level in the D-A-A molecular 

architecture. This leads to a smaller bandgap and deep HOMO level, and eventually 

synergistic enhancement of both JSC and VOC.228 In this chapter, we will further explore the 

property of a series of D-A-A type molecules derived from the structure of DTDCPB and 

evaluate their performance in OPVs. 

8.3 Narrow-bandgap Donor Materials 

Recently, the thieno[2,3-b]indole and thieno[3,2-b]indole have been studied as novel 

building blocks for light sensitizers in dye-sensitized photovoltaic cells.229-230 Their 

structures are derived from carbazole, with the second benzene ring replaced by a 

thiophene ring, which has stronger electron donating ability. Therefore, the inclusion of 

thieno indole in molecular structure is expected to result in a red-shift of the absorption 

spectrum and improve the light absorption capability.229 By replacing the 

ditolylaminophenyl moiety in the DTDCPB molecule with thieno[3,2-b]indole or 

thieno[2,3-b]indole, new donor molecules named NTU-1 and NTU-2 can be obtained. 

Their molecular structures are shown in Figure 8.2. 

The absorption coefficients for ~30-nm-thick films of NTU-1 and NTU-2 are 
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measured and plotted in Figure 8.3. Both new compounds show broader and stronger 

absorption in the solar spectrum compared to DTDCPB. A narrow optical band gap of 1.65 

eV and 1.58 eV can be extracted for NTU-1 and NTU-2 respectively. Both new compounds 

show more desirable optical properties compared to DTDCPB. 

Both NTU-1 and NTU-2 are paired with an acceptor material of C70 to fabricate PHJ 

OPVs with the device architecture of ITO/MoOx 10nm/NTU 13 nm/C70 40 nm/BCP 10 

 

Figure 8.2 Molecular structures for NTU-1 and NTU-2. 
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Figure 8.3 Absorption coefficient spectra for NTU-1 and NTU-2 obtained from ~30-nm-

thick films on glass substrates. The spectrum for DTDCPB is overlaid for comparison. 
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nm/Al 100nm. The current density-voltage characteristics for both devices show a kink in 

the fourth quadrant as depicted in Figure 8.4, indicating the existence of an imbalance in 

mobility between electrons and holes and possibly a hole extraction barrier at the anode-

donor interface. The broadband reduction in the EQE further support that the device 

efficiency is primary limited by the charge transport. 

BHJ OPVs with the device architecture of ITO/MoOx 10nm/donor: C70 ~55 nm/BCP 

10 nm/Al 100 nm were also fabricated and tested. A wide range of donor concentration is 

explored to optimize light absorption and charge transport in the active layer. The device 

operating parameters are summarized in Figure 8.5. The donor concentration is optimized 

at 20% for both NTU-1 and NTU-2, with NTU-2 achieving a P of ~5%. The VOC for both 
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Figure 8.4 (a) Current-density voltage characteristics for PHJ OPVs with the device 

architecture of ITO/MoOx 10nm/NTU 13 nm/C70 40 nm/BCP 10 nm/Al 100nm. (b) External 

quantum efficiency spectra for devices in (a). 
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sets of the devices showed improvement over the optimized DTDCPB:C70 BHJ OPV, 

indicating a deeper HOMO energy level of the new compounds. This improvement is 

consistent with the HOMO energy level estimated from cyclic voltammetry measurements. 

However, BHJ OPVs fabricated with newly designed donor materials showed a much 

lower JSC and FF compared to OPVs fabricated with DTDCPB. The cause for low FF is 

probably due to the poor hole mobility of the NTU compounds and the lack of phase 

separation in the uniformly mixed active layer. These two factors will lead to increased 

geminate and non-geminate recombination between photogenerated charge carriers and 

result in decreased JSC and FF. 
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Figure 8.5 Device operating parameters for BHJ OPVs (ITO/MoOx 10nm/donor:C70 ~55 

nm/BCP 10 nm/Al 100 nm) fabricated with NTU-1 and NTU-2 at various donor 

concentrations. 
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The dependence of device operating parameters on the active layer thickness is also 

measured and plotted in Figure 8.6. A drastic decrease of FF with increasing active layer 

thickness indicates that the favorable phase separation observed in the DTDCPB:C70 

mixtures likely does not exist in the NTU:C70 mixtures.97 The EQE spectra for the 

optimized BHJ OPV fabricated with NTU-1 and NTU-2 are plotted in Figure 8.7. The 

NTU-2:C70 BHJ OPV shows a broader coverage of the solar spectrum as NTU-2 has 

narrow bandgap compared to NTU-1. 
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Figure 8.6 Device operating parameters for BHJ OPVs (ITO/MoOx 10nm/donor: 

C70=20:80 vol. x nm/BCP 10 nm/Al 100 nm) fabricated with NTU-1 and NTU-2 at various 

active layer thicknesses. 
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Even though both NTU-1 and NTU-2 have superior optical properties compared to 

DTDCPB, the operation of OPVs is also strongly impacted the electrical properties of the 

materials used. In this case, the inferior hole mobility of NTU-1 and NTU-2 compared to 

that of DTDCPB overweighs the superior light absorption ability, and results in 

deteriorated P. To overcome the bottleneck of low mobility, the effect of thermal 

annealing on film crystallinity needs to be studied. The device efficiency can also be greatly 

enhanced if phase separation can be promoted with post-treatment of the organic active 

layer. More details related to this topic will be discussed in Section 10.2.1. 

8.4 Fluorinated DTDCPB Compounds 

The previously described method of synthesizing D-A-A type molecules with newly 

designed electron-donating moiety is effective in synergistically improving both light 

absorption and VOC. However, there is unpredictable impact on the molecular packing and 
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Figure 8.7 The EQE spectra for the optimized BHJ OPVs in Figure 8.5. 
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the charge carrier mobility of the newly designed molecule by making such drastic change 

to the molecular backbone. An alternative is to introduce subtle chemical modification to 

an existing efficient molecule like DTDCPB. 

In this section, the impact of fluorination on the DTDCPB molecule is studied. Two 

possible forms of the mono-fluorinated DTDCPB named DTDCPB-Fo and DTDCPB-Fm 

are shown together with the original DTDCPB molecule in Figure 8.8. 

 By introducing F as an electron withdrawing group to the backbone of DTDCPB, a 

deeper HOMO energy level can be achieved. This will lead to an increase in VOC for OPVs 

fabricated with fluorinated DTDCPB. However the fluorination is not without 

consequences. The LUMO energy level of the molecule is not significantly affected by the 

fluorination due to the addition of F on electron-donating moiety rather than the electron 

accepting moiety. Consequently, the HOMO-LUMO energy gap of the fluorinated 

compound is increased. This change is reflected in the  absorption spectra of the 

fluorinated DTDCPB as shown in Figure 8.9. Additionally, by withdrawing electrons away 

 

Figure 8.8 Molecular structures for DTDCPB, DTDCPB-Fo and DTDCPB-Fm. 
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from the donor moiety, the absorption coefficient is also reduced. These features lead to a 

reduction in JSC for OPVs fabricated with fluorinated DTDCPB.   

The question now becomes whether the increase in VOC will compensate for the 

decrease in JSC and improve P. To answer this question, BHJ OPVs with the device 

architecture of ITO/MoOx 10nm/donor:C70 ~55 nm/BCP 10 nm/Al 100 nm are fabricated 

by co-depositing the fluorinated DTDCPB and C70 at a total rate of 0.2 nm/s. The 

dependence of device operating parameters on donor concentration is plotted in Figure 8.10. 

Both fluorinated DTDCPB compounds showed improved VOC together with reduced JSC 

as predicted. More importantly, the FF of devices fabricated with fluorinated DTDCPB is 

very similar to that of the devices with regular DTDCPB throughout a wide range of donor 

concentrations. This suggests that the charge transport property and the morphology of the 

mixed DTDCPB:C70 film is not affected by the fluorination process. Even though devices 
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Figure 8.9 Absorption coefficient spectra of DTDCPB, DTDCPB-Fo and DTDCPB-Fm 

obtained from ~30-nm-thick films on glass substrates. 
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containing fluorinated DTDCPB show a lower P owing to the low JSC, the fluorination 

method introduces less disruption to the electrical performance of the original material. 

 A direct way to recover the loss in JSC due to reduced absorption coefficient is 

increasing the active layer thickness. The data is compiled in Figure 8.11. The JSC showed 

significant improvement by increasing the active layer thickness from 55 nm to 80 nm 

while the VOC and FF are not significantly affected. The overall P follow the trend of JSC. 

Finally, the fully optimized OPVs based on DTDCPB-Fo and DTDCPB-Fm can both 

achieve >6% P. 
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Figure 8.10 Device operating parameters for BHJ OPVs (ITO/MoOx 10nm/donor: C70 

~55 nm/BCP 10 nm/Al 100 nm) fabricated with fluorinated DTDCPB at various donor 

concentrations. 
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The EQE spectra for the optimized devices are shown in Figure 8.11. The low 

photoconversion efficiency at >700 nm is a major efficiency limiting factor. However, 

these materials would be beneficial when included in a tandem architecture, where an 

additional low-bandgap material is used to absorb light at longer wavelength. The 

independence of FF on the active layer thickness also allows more freedom in engineering 

the optical field for optimized photocurrent generation. More related details will be 

discussed later in section 10.2.2. 

  The VOC can be further increased by introducing a secondary F atom to the backbone. 

Despite the increase in VOC, secondary fluorination will also lead to further blue-shift of 
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Figure 8.11 Device operating parameters for BHJ OPVs (ITO/MoOx 10nm/donor: 

C70=33:67 vol. x nm/BCP 10 nm/Al 100 nm) fabricated with fluorinated DTDCPB at 

various active layer thicknesses. 
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the absorption spectrum and reduction of the absorption coefficient. As a result, these 

materials showed reduced P compared to mono-fluorinated DTDCPB materials, even 

though generating a VOC of >1 V. The detailed device operating parameters are included in 

the Appendix C. 
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Figure 8.12 The EQE spectra for the optimized BHJ OPVs in Figure 8.11. 
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8.5 Conclusions and Summary 

A series of new compounds based on the D-A-A molecular structure were synthesized. 

The NTU compounds adopt a thieno indole unit to replace the ditolylaminophenyl unit in 

the DTDCPB molecule and achieved more desirable optical property for photovoltaic 

applications. However, the newly designed NTU compounds lack the ability to transport 

holes efficiently, leading to increased charge recombination and low FF in both PHJ and 

BHJ OPVs. The optimized BHJ OPV achieved a P of 3% with NTU-1, and 5% with NTU-

2 when using C70 as the acceptor. Further studies on the impact of thermal annealing on 

film crystallinity may help improve the P. 

Work has also been done on developing fluorinated DTDCPB compounds for 

enhanced VOC. The enhancement in VOC is however at the price of decreased JSC and the 

overall P decreases after the fluorination. Even though current results do not show 

improved P in single junction architecture, the blue-shifted spectra of these fluorinated 

DTDCPB compounds may prove useful in a tandem architecture. 

 Strategies for improving the P of devices based these new donor materials will be 

discussed in section 10.2. 
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9. Novel Hybrid Organic-Inorganic Perovskite Photovoltaic 

Cells 

9.1 Overcoming the Voltage Loss 

In previous chapters, the major losses for VOC in OPVs have been identified as the D-

A interface energy offset and the CT state binding energy. Both mechanisms originate from 

the nature of Frenkel excitons in organic semiconductors. For OPVs, these loss pathways 

can be minimized but not eliminated. Developing new materials with minimal exciton 

binding energy is the only way to fully overcome the VOC loss. 

However, very few materials promise minimal exciton binding energy and low 

fabrication cost simultaneously. Both academia and industry are searching for a solution 

processable material that can achieve comparable P to that of conventional crystalline Si 

technology. Recently, the use of organo-metal halide perovskite materials for photovoltaic 

applications has attracted growing attention. This new type of material has the advantages 

of strong absorption, high charge carrier mobility, low non-radiative carrier recombination 

rate and low cost. Together with the ability to build on over 20 years of experience of 

related dye-sensitized and organic photovoltaic technology, perovskites are ideal 

candidates for replacing crystalline Si photovoltaic cells. With 6 years of development, the 

P of perovskites cells now exceeds 20%, on par with existing commercialized thin film 

photovoltaic technologies.2 The only drawbacks are the toxicity of lead that constitute all 

highly efficient perovskite photovoltaic cells to date, the rapid degradation when exposed 

to moisture and ultraviolet radiation and the anomalous hysteresis effect. 
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9.2 Introduction to Perovskites 

9.2.1 Structure of Perovskites 

Perovskites are materials with the chemical structure of ABX3 and have a well-defined 

crystal structure as shown in Figure 9.1. The two major groups of perovskites are oxide 

perovskite and halide perovskite, while the latter is of great interest for photovoltaic 

application. The X in ABX3 represents halide anions like F-, Cl-, Br- and I-. The B represents 

divalent metal cations including Pd2+, Sn2+, Ge2+, Fe2+, Co2+, Ni2+ and so on. The A can 

represent two different types of monovalent cations: alkali metal cations (Li+, Na+, K+, Rb+ 

or Cs+) and organic cations (aliphatic or aromatic ammonium).231-233 

Given the relative size of cations and anions in the perovskite structure, the unit cell 

can take cubic, tetragonal or orthorhombic configurations. The tolerance factor t 

((RA+RX)/√2(RB+RX)) and octahedral factor RB/RX are often calculated as constraints 

for the formation of perovskite structure. Commonly, 0.81 < t < 1.11 and 0.44 <  < 0.90 

is required.233 Such loose constraints on ion radius adds to the versatility of perovskites. 

The size of ions can not only affect crystal structure but also electronic structure. 

 

Figure 9.1 Example of the perovskite ABX3 unit cell with a cubic structure. 
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Generally, the bandgap of perovskite can be reduced with larger ions. For example, the 

bandgap of CH3NH3SnI3 has a 0.3 eV lower than CH3NH3PbI3. Additionally, even though 

the organic ions do not participate in the formation of frontier orbitals, the steric effect 

induced by the organic ions can also affect the bandgap. Commonly, perovskites with larger 

organic ions will have smaller bandgap. 

The first report on halide perovskite materials for photovoltaic applications dated back 

to 1980, when Salau et al. discovered that KPbI3 has a direct bandgap of 1.4~2.2 eV, which 

matches well with the solar spectrum.234 However, no device was made using this material. 

Recent studies on halide perovskites are based more on work by Mitzi and coworkers on 

thin film transistors and light emitting diodes since 1995.235-236 In 2008, Miyasaka and 

coworkers showed a CH3NH3PbBr3 dye-sensitized cell with an efficiency of 2.2%, which 

was the first demonstration of halide perovskite for photovoltaic application. By replacing 

bromine with iodine, the efficiency is further improved to 3.8% in 2009.237 Subsequently, 

CH3NH3PbI3 has been widely studied to replace conventional N719 dye sensitizers in dye-

sensitized solar cells. However, the liquid electrolyte used in DSSCs will dissolve the 

halide perovskite and cause rapid degradation of performance.238 This has led to the 

replacement of electrolytes with a solid-state hole transporting layer. As a result, both 

efficiency and stability were greatly improved.239-240 In 2012, two breakthroughs lead to a 

rapid expansion in the use of perovskite for photoconversion. The first was the use of a 

mixed-halide CH3NH3PbI3-xClx which has been proven to exhibit better stability and charge 

transport than the pure iodide equivalent.241 The second is the discovery of ambipolar 

charge transport in CH3NH3PbI3 which can eliminate the use of scaffolding.242 To date, the 
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P of perovskite photovoltaic cells has exceeded 20%.2, 243 

9.2.2 Ideal Properties for Applications in Photovoltaics 

Among a wide variety of halide perovskites, CH3NH3PbI3 is the most widely studied 

due to its ideal properties for photovoltaic application. This material shows strong 

absorption in the solar spectrum, comparable to that of a direct bandgap III-V material like 

GaAs.231-233, 244-246 Absorption measurements on halide perovskites shows two strong spin-

orbit split excitonic absorption threshold. In consequence, a 300-nm-thick film of 

CH3NH3PbI3 is sufficient for light absorption.247 This would help reduce the device 

thickness for light absorption and facilitate charge collection. Additional temperature 

dependent photoluminescence quenching measurements confirm that the excitons 

generated in CH3NH3PbI3 are delocalized with a binding energy of ~19 meV, an order of 

magnitude smaller than excitons generated in organic semiconductors.248 About 57% of the 

excitons generated in CH3NH3PbI3 will spontaneously dissociate into free charge carrier at 

room temperature. 

The charge carrier lifetime is another critical parameter for minimizing the loss of VOC 

compared to the bandgap.249 Surprisingly, CH3NH3PbI3 exhibits a low non-radiative 

recombination rate given the polycrystalline nature of the film. The grains in CH3NH3PbI3 

thin films are near micrometer in size and can help reduce intragranular defects and non-

radiative recombination.249 In addition to long lifetime, photogenerated charge carriers 

need also have high mobility for realizing efficient charge collection at the electrode. 

Transient photoluminescence quenching experiment estimated >1 m diffusion lengths for 
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both hole and electron, exceeding the film thickness required for efficient light 

absorption.26, 241, 246 

More interestingly, CH3NH3PbI3 shows unusual defect mechanisms. Density 

functional theory (DFT) calculations concluded that the defects responsible for forming 

mid-gap trap states have very high formation energies, so that they are not likely to exist.250-

251 These mid-gap trap states could serve as recombination centers for Shockley-Read-Hall 

recombination mechanism which leads to loss in VOC. 

9.2.3 Device Architecture and Fabrication 

p-i-n Architecture 

Perovskite photovoltaic cells ubiquitously adopt a p-i-n architecture where the 

perovskite layer is sandwiched between a p-type hole transport layer (HTL) and an n-type 

electron transport layer (ETL) as shown in Figure 9.2. Due to the long carrier diffusion 

length, the perovskite layer is typically >300-nm-thick, sufficient for light absorption. The 

HTL and ETL can also improve the rectification of the junction and enhance VOC. Organic 

semiconductors like spiro-OMeTAD and conjugated polymers are ideal candidates for 

 
Figure 9.2 Energy level diagram of a perovskite photovoltaic cell. 
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HTLs, while ZnO, TiO2, ZrO2 and PCBM are widely used as ETLs. The processing of 

HTLs and ETLs are directly borrowed from experiences in dye-sensitized solar cells and 

organic photovoltaic cells while the fabrication of pinhole-free perovskite layer is most 

challenging. 

Spin-coating 

Spin-coating is the most widely adopted method for fabricating perovskite 

photovoltaic cells due to its simplicity. A single precursor solution is prepared by dissolving 

stoichiometric quantities of CH3NH3I and PbI2 (PbCl2) in polar solvents like -

butyrolactone, dimethyformamide or dimethylsulfoxide. The solution is then spun-cast 

onto TiO2 coated substrates at optimized concentration and temperature followed by 

thermal annealing. However, during the drying process, perovskites tend to agglomerate, 

leading to non-uniformity and voids in the resulting film. The reduced coverage will lead 

to a loss in light absorption and reduced shunt resistance, which eventually results in 

deteriorated device efficiency.252 

In order to obtain a uniform and pinhole-free perovskite thin film, mesoporous scaffold 

are widely used to facilitate film formation. The mesoporous scaffold is prepared by spin-

coating and sintering TiO2 or Al2O3 nanoparticles with sizes of ~20 nm on top of the bottom 

electrode.240 The scaffold can effectively confine the perovskite so that agglomeration is 

not likely to occur. Alternatively, a two-step process can also be applied to achieve uniform 

perovskite thin film. First, a PbI2 solution is spun-coat on the TiO2 coated substrate to form 

a compact layer of PbI2. Secondly, the CH3NH3I vapor or solution is introduced to react 

with the PbI2 film.253-255 For the CH3NH3I solution, orthogonal solvent like isopropyl 
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alcohol is required to avoid dissolution of the deposited PbI2 layer. Upon reaction with 

CH3NH3I, the PbI2 thin film will expand in volume by ~75%. Consequently, pin-hole free 

perovskite layer can be formed on smooth substrates. 

Vapor Deposition 

There has also been significant effort on achieving pinhole-free film of CH3NH3PbI3 

via vapor deposition. Commonly, CH3NH3I and PbI2 precursors are loaded into individual 

crucibles and heated till sublimation in a vacuum chamber. The deposition rate of each 

precursor is adjusted to allow stoichiometric deposition of CH3NH3PbI3 on the substrate. 

The mixed film of two precursors is then annealed at elevated temperature to complete the 

reaction and form perovskite. 

9.3 Remaining Challenges 

Even though the field of organo-metal halide perovskite photovoltaic cells has seen 

extraordinary development over the last few years, there still exists several major 

challenges prior to commercialization. First of all, perovskite is sensitive to moisture and 

UV irradiation which can cause significant degradation in device performance.256 Secondly, 

the toxicity of Pb is a major limiting factor for the widespread application of perovskite 

photovoltaic cells. The cost for disposal and recycling toxic materials together with 

increasingly restrictive legislation may marginalize the perovskite technology compare to 

other safer technologies.233 

More importantly, the anomalous hysteresis effect observed in perovskite photovoltaic 

cells hinders reliable energy harvesting.257-262 This problem is especially severe for 
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perovskite photovoltaic cells with a planar architecture compared to devices using a 

mesoporous TiO2 scaffold.258-259, 262-263 The variation in P can be >50%, depending on the 

testing condition. Mainstream theories for the anomalous hysteresis effect can be 

categorized as (i) defect states within or near the surface of the material that can act as traps 

for charge carriers. The trapping of charge carriers create good contacts at the electrode 

interface and facilitate charge collection;264 (ii) the ferroelectricity of perovskite that will 

lead to the polarization of the material. This polarization could potentially impact the 

charge collection at the electrodes;262, 265-266 (iii) ion motion within the perovskite layer 

under bias. The migration of ions can create doping and screen space charge that can affect 

charge collection.250-251, 267  

Unger et al. have previously demonstrated that the performance of perovskite 

photovoltaic cells can be greatly enhanced by applying a positive bias on the device prior 

to measurements.259 This bias poling effect has also been reported by Xiao et al in a later 

publication and the cause is attributed to ion motion under electric field. The ion motion 

introduces self-doping effect at the electrode interface and creates band bending.255 In this 

work, we explore both temporal and temperature dependence of bias poling effect in 

CH3NH3PbI3 based planar perovskite photovoltaic cells and propose explanations to the 

anomalous hysteresis effect observed. 
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9.4 Results and Discussion 

9.4.1 Experimental Methods 

Perovskite photovoltaic cells were fabricated using indium-tin-oxide (ITO)-coated 

glass substrates having a sheet resistance of ~8-12 Ω/□. Substrates were cleaned in tergitol 

solution and in organic solvents and treated in UV-Ozone ambient for 10 minutes prior to 

thin film deposition. A compact TiO2 layer with a thickness of ~40 nm was deposited on 

ITO substrates by spin-coating a mildly acidic titanium-isopropoxide (Sigma-Aldrich 97 %) 

solution  in isopropanol (700 l titanium-isopropoxide in 10 ml isopropanol with 0.013 M 

HCl and) at 3000 rpm for 30 seconds followed by sintering at 500 ºC in air for 30 minutes. 

PbI2 (Sigma-Aldrich 99%) was dissolved in dimethyl sulfoxide (DMSO) at a concentration 

of 1 M and filtered at 100 ºC. Both the TiO2 coated substrates and the filtered PbI2 solution 

were maintained at 100 ºC prior to spin-coating. A smooth PbI2 film can be obtained by 

dynamically spin-coating the PbI2-DMSO solution while hot at 4000 rpm for 40 seconds.268 

A 40 mg/mL solution of CH3NH3I (Lumtec Inc.) in isopropanol was then spun on PbI2 with 

the same spin speed and duration. The film stack was then annealed at 100 ºC for 2 hours 

to allow the reaction between the two precursors (Figure 9.3a). Afterwards, a 15 mg/mL 

poly 3-hexylthiophene (Rieke Metals Inc., Regioregularity = 91-94%) solution was spin-

coated at 3000 rpm for 45 seconds and dried at 100 ºC for 30 minutes to form a 40-nm-

thick hole transport layer. The structure was capped by sequential deposition of MoOx (10 

nm) and Al (100 nm) through a shadow mask at 0.05 nm/s and 0.3 nm/s respectively to 

define a device active area of 0.785 mm2 (Figure 9.3b). All device parameters were 
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measured under AM1.5G simulated solar illumination (100 mW/cm2) using an Oriel Xe 

solar simulator. All temperature dependent experiments were carried out in a Janis 

cryogenic probe station with liquid nitrogen cooling. Device temperature was monitored 

using a Si thermometer. Current density-voltage characteristics were measured using an 

Agilent 4155C parameter analyzer. 

9.4.2 Observation of Poling Effect 

 Figure 9.4a shows the time-evolution of device performance at room temperature 

under simulated AM 1.5G solar irradiation at 100 mW/cm2 while poling at +2 V. The 
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Figure 9.3 (a) The X-ray diffraction pattern of the PbI2(DMSO)2 precursor and the 

CH3NH3PbI3 synthesized using the interdiffusion method. Peaks labeled with * are from 

the substrate. (b) Device architecture of the perovskite photovoltaic cell studied. 
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current density-voltage characteristics are recorded every 50 s by sweeping the voltage 

from 1.5 V to -0.5 V at a rate of 0.2 V/s, and the device remains illuminated and poled at 

+2 V in between scans. A significant improvement in device performance is observed 

within the first 100 s. Figure 9.4b and 9.4c show the evolution of device operating 

parameters with poling time. Both open-circuit voltage (VOC) and fill factor (FF) increase 

significantly while short-circuit current density (JSC) stays almost constant. Overall, the 

power conversion efficiency follows the trend of VOC and FF, and increases from 4.9 % to 

14 %.  
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Figure 9.4 (a) The evolution of current density-voltage characteristics for a perovskite 

photovoltaic cell under +2 V bias poling. Scans were taken at 50 second intervals. (b), (c) 

Device operating parameters extracted from the current density-voltage characteristics in 

(a). 
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9.4.3 Temperature-dependent Measurements 

While poling at a relatively large positive bias compared to VOC can significantly 

improve device performance, the poling effect does not persist at room temperature and 

the device slowly evolves toward the initial state. We propose that the poling effect is 

related to the anomalous hysteresis observed in perovskite photovoltaic cells. When 

measuring the current density-voltage characteristics in the reverse-direction (from 

positive to negative voltage), the device is inevitably poled at high positive voltage prior 

to the maximum power output point and will thus show higher efficiency than scanning in 

the forward direction. 
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Figure 9.5 Current density-voltage characteristics of perovskite photovoltaic cells 

measured at 170 K and 294 K. (a) Device was kept in dark and open-circuit condition 

during cooling. (b) Device was kept in dark and poled at +2 V during cooling. 
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The temperature dependence of device performance is studied to explore the 

mechanism of poling.269 Figures 9.5a and 9.5b show the device performance at room 

temperature and 170 K for two sets of devices. For the device of Figure 9.5a, no 

illumination or bias is applied during cooling. The hysteresis is much alleviated even 

though the device performance is as poor as the unpoled device shown in Figure 9.4a. In 

comparison, a constant bias voltage of +2 V is applied to the device of Figure 9.5b while 

cooling in the dark. Interestingly, not only is the hysteresis eliminated, the P is also much 
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Figure 9.6 Operating parameters for the device mentioned in Figure 9.5b. Data collected 

by warming the device up from 170 K to 290 K. 
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improved from 12 % to over 19 %. This improvement of P is attributed to an increase in 

VOC due to reduced charge carrier recombination and device dark current at low 

temperature. This observation indicates that perovskite photovoltaic cells can be stabilized 

in one poling state (poled or un-poled) at low temperature. 

In order to examine the relaxation of the poled state with temperature, device operating 

parameters for the perovskite photovoltaic cells of Figure 9.5b are tracked upon warming 

from 170 K to 290 K. For this measurement, both scan directions and various scan rates 

are used to reveal the anomalous hysteresis effect. Figures 9.6a-d show the temperature 

dependence of all four device operating parameters, which can be divided into two phases. 

In phase I (170 K-250 K), both VOC and FF decrease with increasing temperature while JSC 

stays almost constant, consistent with the low exciton binding energy (~20-30 meV) in 

CH3NH3PbI3.270-271 Minimal hysteresis in device performance is observed at various scan 

rates during phase I. In phase II (250 K to 290 K), VOC and FF continue to decrease with 

increasing temperature. Device operating parameters extracted from forward scan 

directions at low scan rates begin to deteriorate quickly. Significant hysteresis is observed 

and the poled state is no longer stable. Similar measurements on devices containing a poly-

TPD hole transporting layer also show that the hysteresis is much reduced at low 

temperature when poled with a positive bias of 2 V during cooling and that the P is 

improved from 9% to 14.5%. A temperature of 250 K appears to be the critical value for 

stabilizing the poling effect, which indicates a small activation energy for the relaxation of 

poling effect. 
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To further examine the critical temperature, the decay of JSC under illumination for a 

poled device is tracked upon continuous warming from 170 K to 295 K. Experimentally, 

the device is biased at +2 V to reach steady state and then quickly switched to short-circuit, 

allowing the relaxation of poling to be observed. The decay of JSC with increasing 

temperature and time is shown in Figure 9.7. For T ≤250 K, no decay of JSC is observed 

over 300 s. As expected, the stability of the bias poling effect is reduced at T >250 K and 

a clear decay in photocurrent is observed with time.  

9.4.4 Proposed Theory for Hysteresis 

Experimental observations show that the anomalous hysteresis effect in organo-metal 

halide perovskite photovoltaic cells is strongly temperature-dependent. Recently, Xiao et 

al. reported a giant switchable photovoltaic behavior under bias poling for CH3NH3PbI3-

based photovoltaic cells.267 The switchable photovoltaic behavior is ascribed to a self-

doping effect due to point defects created by the drift motion of ions in the perovskite thin 

film. These vacancy and interstitial defects have rather low formation energies and can 
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Figure 9.7 The decay of JSC under AM1.5G simulated solar illumination (100 mW/cm2) for 

perovskite photovoltaic cells at various temperatures. 
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create shallow traps to induce self-doping according to previous DFT calculations on 

CH3NH3PbI3.250-251 The self-doping effect will strongly impact the charge transport in 

CH3NH3PbI3 photovoltaic cells and is a possible cause of the observed temperature 

dependent hysteresis effect. 

Films of CH3NH3PbI3 fabricated on a smooth layer of TiO2 layer likely have interfacial 

dipoles at the TiO2-CH3NH3PbI3 interface due to the oriented growth of perovskite on TiO2 

layers and defects with low formation energy (MA+ vacancies).245, 250, 272-274 This may result 

in an energy barrier for electron collection, as shown in Figures 9.8a-b. Thus, the interfacial 

defects cause inferior device performance prior to bias poling. The poling process may 

cause MA+ to drift towards the bottom of the film and introduce n-type doping. Eventually, 

the electron extraction barrier at the TiO2-CH3NH3PbI3 interface is alleviated as shown in 

Figure 9.8c, thus improving the performance of the device with positive bias poling. At 

low temperature, the drift and diffusion of MA+ is frustrated so that the device can be 

“frozen” in poled or unpoled state, thus leading to stabilized device operation with minimal 

hysteresis. 

The mechanism described above is more plausible than an interfacial charge 

trapping/de-trapping mechanism as the poling bias is required during cooling to observe 

high efficiency in the poled state at low temperature. At 170 K, charge carriers remain 

sufficiently mobile (as indicated by the high JSC and FF shown in Figure 9.6) to find and 

fill up traps. If only a model of trapping/de-trapping were sufficient to explain the results, 

devices would show high efficiency without constant poling during cooling, in 

contradiction of the data in Figure 9.5a. 
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Interestingly, not all perovskite photovoltaic cells show severe hysteresis or require 

bias poling to function.243, 255, 275-276 In fact, the anomalous hysteresis is strongly related to 

device architecture and fabrication method. For example, devices fabricated on substrates 

covered by a hole transporting material like poly(3,4-ethylenedioxythiophene) polystyrene 

sulfonate (PEDOT:PSS) do not show hysteresis, as demonstrated by Xiao et al.267 This is 

likely due to the fact that the band bending induced by defects does not impede hole 

extraction at the PEDOT:PSS-CH3NH3PbI3 interface as also shown in Figure 9.8b or the 

absence of interfacial dipole at the PEDOT:PSS-CH3NH3PbI3 interface. Bryant et al. have 

further demonstrated that for the PEDOT/perovskite/fullerene device architecture, there 

exists a much faster hysteresis mechanism which may relate to a capacitive 

charging/discharging current. This faster mechanism appears to be absent in the 

TiO2/perovskite/HTL device architecture examined here.277. 

For devices fabricated on a mesoporous TiO2 scaffold, the collection of electrons is 

not limited to the bottom of the perovskite film, where the energy barrier exists. The TiO2 

scaffold may penetrate into the defect-free region of the perovskite film or disrupt the 

orientation of the interfacial dipole so that electrons can be collected through the scaffold 

without experiencing any energy barrier as shown in Figure 9.8c-d. By simply switching 

the conductive TiO2 scaffold with an insulating Al2O3 scaffold, the same degree of 

hysteresis observed in planar devices will reappear.240, 260, 262 This is due to the fact that 

electrons will again have to overcome the energy barrier at bottom electrode.  
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9.5 Conclusions and Summary 

Organo-metal halide perovskites have been intensively studied for photovoltaic 

applications due to their superb optical and electrical properties. Even though the P of 

perovskite photovoltaic cells exceeds 20%, there still remain many challenges to the 

commercialization of this technology. One of the major obstacles is the observed hysteresis 

in device performance that could hinder stable device operation. We propose that the 

anomalous hysteresis is related to the observed bias poling effect on the current density-

 
Figure 9.8 (a) Device architecture of a planar perovskite photovoltaic cell and (b) the 

possible energy level alignment at the bottom electrode-perovskite interface. The band 

bending at the bottom of the perovskite film will frustrate electron extraction but favor 

hole extraction. (c) Device architecture of a mesoporous perovskite photovoltaic cell and 

(d) the energy level alignment at the mesoporous electrode-perovskite interface. The 

barrier-free TiO2-perovskite interface can also be achieved in planar perovskite 

photovoltaic cells after bias poling. 
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voltage characteristics. The relaxation of poled state is observed to be fast at room 

temperature but can be significantly reduced at low temperature. By applying a positive 

poling bias during cooling, the poled state can be frozen at low temperature. Thus, the 

anomalous hysteresis in planar perovskite photovoltaic cells is eliminated and the device 

efficiency can be enhanced up to 19 % at 170 K. We also propose that the bias poling effect 

is due to the ion motion under applied electric field, which can reduce the electron 

extraction barrier near the TiO2-CH3NH3PbI3 interface. 

However, the poling effect does not persist at room temperature and the device 

operating parameters will slowly decay to their initial values when the poling bias is 

removed. We propose that the poling effect is likely the cause of hysteresis effect in 

perovskite photovoltaic cells. When measuring the current density-voltage characteristics 

in reverse-direction (from positive to negative voltage), the device is inevitably poled at 

high positive voltage prior to the maximum power output point and will thus show higher 

efficiency than scanning in the forward direction.  

Further research on this topic will require characterization of the compositional depth 

profile and local electric potential measurements to optimize the energy level alignment at 

various interfaces. 
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10. Conclusions and Future Research Directions 

Previous chapters have described work exploring the impact of the D-A interface and 

anode interlayer on the operation of OPVs. A better understanding of the limit and loss 

mechanisms for VOC in OPVs helped guide device engineering and new material synthesis 

for improved P. This chapter will highlight some of the important conclusions that have 

been arrived at and propose future research direction to help realize efficient energy 

harvesting from OPVs. 

10.1 Conclusions 

The majority of this work has focused on understanding the intrinsic limit and loss 

mechanisms of VOC in OPVs. Chapter 4 established the method of combining temperature 

dependent measurements and electroluminescence technique to identify the theoretical 

maximum achievable VOC. The charge transfer state energy has been determined as the 

effective bandgap energy and also the theoretical maximum achievable VOC in OPVs. The 

low VOC is partially due to the Coulombic binding energy of the CT state. By engineering 

the local dielectric environment at the D-A interface to screen the Columbic attraction 

between oppositely charged carriers, the VOC can be effectively improved. 

Chapter 5 focused on other factors that may affect VOC in OPVs. It has been observed 

that by incorporating a high-work-function MoOx anode interlayer, a Schottky junction will 

be formed at the MoOx-organic interface. The existence of this Schottky junction does not 

strongly impact the VOC of a PHJ OPV at room temperature, but can significantly increase 

the upper limit for the maximum achievable VOC at low temperature. Chapter 6 built on the 
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results of Chapter 5 and investigated the impact of the MoOx-organic interface in fullerene-

rich BHJ OPVs. A unique, temperature independent photoconversion process termed bulk-

ionization was discovered in fullerenes and found to be responsible for ~16% of the total 

photocurrent and >30% of the photocurrent originating from C60 in an optimized SubPc-

C60 BHJ OPV. Nonetheless, the VOC of fullerene-rich BHJ OPV is governed by both charge 

transfer at the D-A interface and bulk-ionization in fullerene. 

With a better understanding of device operation, Chapter 7 focused on simplifying 

device architecture for improved P. The D-A pairing of DTDCPB-C70 has previously been 

demonstrated to generate a record high efficiency of 6.8% in 2013, adopting a PMHJ 

architecture. However, by carefully examining the electrical and optical properties of 

DTDCPB, the existence of a DTDCPB planar layer was found to negatively impact device 

performance. The P was improved to > 8%, by simplifying the device architecture to a 

single bulk heterojunction. The superb robustness and stability of the simplified device 

architecture was also found to be ideal for manufacturing. 

Based on the high-efficiency result achieved in Chapter 7, a collaborative effort was 

initiated with chemists from National Taiwan University to develop new donor materials 

with further optimized energy levels. Approaches including alternating the electron 

donating moiety and introducing fluorination have been explored. The newly designed 

molecules showed promising properties for realizing efficient energy harvesting from 

OPVs, yet further effort on optimizing film crystallinity and developing tandem device 

architecture is required. 
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Chapter 9 took a new approach at enhancing P by investigating a new type of hybrid 

organic-inorganic perovskite material as the light absorber. The minimal exciton binding 

energy in perovskites eliminates the loss of exciton energy at the D-A interface, yet the 

challenge remaining is overcoming the anomalous hysteresis effect. We found that the 

device operation can be stabilized at low temperature, realizing a reliable P of 19.1%.  

10.2 Future Research Directions 

Previous chapters have examined the efficiency limiting factors in OPVs and applied 

theoretical understanding to guide device optimization. However, the P of OPVs needs to 

be further improved for widespread application. Additionally, the stability of OPVs is 

another field that has not been fully explored yet vital to the commercialization of this 

technology. Future research will focus on addressing these issues. 

10.2.1 Engineering Active Layer Crystallinity 

In Chapter 8, newly designed NTU compounds were found to show improved optical 

absorption across the solar spectrum. However the P of BHJ OPVs consisting of NTU-

C70 mixtures is limited by the low FF. The cause of low FF is commonly ascribed to the 

low charge carrier mobility and the lack of phase separation in the uniformly mixed active 

layer to form continuous charge carrier pathways. In order to improve FF, future work 

should focus on improving the charge carrier mobility and promoting phase separation 

between the donor and acceptor. 

The mobility of amorphous material can be enhanced by increasing the -orbital 

overlap between molecules and reducing local disorder in electronic structure through 
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crystallization.59 Previously, there have been many successful demonstrations where 

thermal annealing is used to enhance the crystallinity of the organic active layer for 

improved P.27, 30, 95, 278 During vapor deposition, the crystallinity of the resulting film is 

determined by the ability of the condensed molecule to find a similar molecule. By heating 

the substrate during deposition, molecules will be able to sample the substrate for a longer 

time before sticking. This can help increase the chance of finding a similar molecule and 

eventually improve the film crystallinity. For example, the PHJ OPV fabricated with the 

D-A pairing of SubPc-C60 shows an increase in external quantum efficiency across a wide 

range of wavelength (Figure 10.1) when deposited at elevated temperature, indicating 

improved charge transport property of the SubPc film. 

The same technique can also be applied to the NTU-C70 system to allow rearrangement 

of molecules for crystallization. Additional characterization techniques like dynamic 
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Figure 10.1 Broad spectrum improvement of EQE for a SubPc/C60 PHJ OPV (ITO/MoOx 

10 nm/SubPc 13 nm/C60 35 nm/BCP 10 nm/Al 100 nm) when deposited at elevated 

temperature. 
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scanning calorimetry (DSC) and thermogravimetric analysis (TGA) should be applied to 

determine the glass transition temperature and the decomposition temperature of the NTU 

compounds and better inform the selection of annealing conditions. Variable annealing 

temperature and duration can be used to help understand the crystallization kinetics of NTU 

compounds. Polarized light microscopy, X-ray diffraction and spectroscopic ellipsometry 

can be applied to examine the crystallinity and anisotropy of the annealed film. 

Alternatively, substrate pretreatment techniques like self-assembled monolayer and 

epitaxial templating can also be applied in combination with thermal annealing to improve 

crystallinity.29, 279 

10.2.2 Tandem OPVs with Fluorinated DTDCPB 

As previously described, the spectrum loss (sub-bandgap photons and excess photon 

energy compared to the bandgap of the active materials) is one of the major efficiency 

limiting factors in single-junction photovoltaic cells as shown in Figure 10.2a. The shaded 

area indicates the theoretical maximum power output without VOC loss in a single-junction 

photovoltaic cell. By adopting the tandem device architecture, the shaded area can be 

increased, leading to enhanced P as shown in Figure 10.2b. The same principle also 

applies to the field of OPVs where the highest efficiency records are currently held by 

devices with tandem architecture.51 
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The fluorinated DTDCPB compounds described in Chapter 8 are ideal candidates for 

the application in tandem OPVs. The absorption spectral of fluorinated DTDCPB 

compounds are blue-shifted compared to regular DTDCPB, and does not overlap much 

with common red absorber like 2-[7-(5-N,N-Ditolylaminothiophen-2-yl) -2,1,3-

benzothiadiazol-4-yl] methylene malononitrile (DTDCTB) in the tandem architecture. 

This is beneficial for tandem OPVs as it leads to balanced photocurrent generation from 

each sub-cell. A comparison of absorption spectra for DTDCPB-Fo and DTDCTB are 

shown in Figure 10.3a.  

More importantly, devices fabricated with the D-A pairing of fluorinated DTDCPB-

C70 do not show roll off in P at high active layer thickness. This allows more freedom in 

optimizing the light intensity profile in the tandem architecture by engineering the sub-cell 

thickness. The simulated device photocurrent output for a tandem OPV fabricated with 
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Figure 10.2 (a) Theoretical efficiency limit (shaded area) for a single-junction photovoltaic 

cell with no VOC loss. (b) Improved efficiency with a double-junction tandem architecture. 
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these two materials are predicted using transfer matrix model and the projected efficiencies 

are plotted in Figure 10.3b. With optimized sub-cell thicknesses, a P of ~10% can be 

achieved. 

10.2.3 Understanding Degradation Mechanisms 

In order to realize the commercialization of OPVs, good lifetime and stability are also 

important requirements. There are many characterization techniques that are available for 

studying the degradation mechanism of OPVs. For example, steady state or transient PL 

measurements can provide information on the formation of exciton quenching sites while 
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Figure 10.3 (a) Overlay of the donor absorption spectra with the AM 1.5G solar spectrum. 

(b) Predicted P for a tandem OPV as a function of the sub-cell thicknesses. 
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electrical measurements like impedance spectroscopy and charge extraction measurement 

can shed light on the generation of charge carrier traps during degradation processes. 

Understanding the degradation mechanisms would provide useful information for the 

future commercialization of OPVs. 

In Chapter 7, preliminary lifetime and stability testing has been carried out on 

DTDCPB:C70 BHJ OPVs and the results are very promising. Based our preliminary 

measurements, the reduction of VOC is limiting device lifetime under continuous 

illumination. However, the VOC stayed almost constant during storage in the dark. It is thus 

important to investigate the photochemical degradation mechanism at various interfaces 

(MoOx-active layer interface or D-A interface) that may lead to the reduction of VOC. The 

robustness of interfaces and encapsulation is another area awaiting investigation. Based on 

our observation, the encapsulated DTDCPB:C70 device start to fail after storage in ambient 

environment for one year, which is likely the result of cathode delamination, crystallization 

of the exciton blocking layer or the failure of encapsulation. 

Aside from the degradation mechanisms mentioned above, other factors like material 

purity can also play an important role in determining device lifetime. Impurities can 

activate photochemical reactions in active materials that lead to exciton quenching sites 

and charge traps, resulting in rapid degradation of the OPV.280-282 It is thus important to 

identify the impurities that can inferiorly impact device lifetime and effectively eliminate 

them from the device architecture. 
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10.3 Afterword 

Emerging photovoltaic technologies like OPVs and hybrid organic-inorganic 

perovskite photovoltaic cells undergo significant development in the last few years, with 

P viable for commercial application. Further improvements to the technology require 

collaborative effort from chemists, physicists and engineers. The fundamental 

understanding on device operation contributed by this work will help guide new material 

synthesis and device optimization. It is in the belief of this author that the realization of 

low-cost yet highly efficient photovoltaic technology is not far in the future. 
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B. Matlab Codes 

Code for fitting dark current 

This code is a combination of two programs to extract the ideality factor, series 

resistance, shunt resistance and reverse saturation current from the dark current. The main 

program provides an interface to input initial guess and boundaries for the fitting 

parameters using the ‘lsqnonlin’ function. The solving program takes advantage of the 

‘fzero’ function to solve the Shockley equation with the input parameters and return the 

error between simulated results and experimental data to the main program. 

 

clc; 

clear; 

global expJV simJ err T initial; 

expJV = load('expJV.txt'); 

 

simJ = expJV(:,2); 

err=zeros(length(expJV),1); 

T=300; 

options = optimset('Display','iter','Tolfun',1e-20,'MaxIter',800); 

  

data = lsqnonlin('SolveShockley',initial,[0.039 0 0 0 0],[1 200000000000 1000000000 196 

1000000000],options) 

initial = data; 

  

figure(1) 

simJ(:,2) = abs(simJ(:,1)); 

semilogy(expJV(:,1),abs(simJ(:,1)),'-'); 

 

hold on 

semilogy(expJV(:,1),abs(expJV(:,2)),'+'); 

  

Solving function 

function [err] = SolveShockley(data) 

  

global expJV simJ T; 

  

Rs = data(1)/10; 

nD = data(2)/100; 

JsD = data(3)/100000; 

nA = data(4)/100; 

JsA = data(5)/100000; 
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 for i=1:length(expJV) 

simJ(i,1)=fzero(@(y)y-JsD*(exp((expJV(i)-y*Rs)/nD/(T/300*0.0259))-1)-

JsA*(exp((expJV(i)-y*Rs)/nA/(T/300*0.0259))-1),1); 

 

 if (abs(expJV(i,2)/simJ(i,1))>1) 

 err(i)=abs(expJV(i,2)/simJ(i,1))-1; 

 else 

      err(i)=abs(simJ(i,1)/expJV(i,2))-1; 

 end 

  

 end 

 

end 
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Optical simulation for tandem cells 

This code is a combination of two programs to predict the photocurrent output from a 

tandem photovoltaic cell by varying the thickness of each sub-cell. The main program 

provides an interface to input the device architecture and load optical constants. 

The transfer matrix program takes the input device architecture and returns the 

photocurrent output of each sub-cell to the main program. A 2D map of the photocurrent 

is generated by iterating the thickness of each sub-cell. 

 

Main Program: 

 

clc; 

clear; 

global n layers lambda stepsize activeLayer1 activeLayer2 Jsc; 

i=1; 

Photocurrent=zeros(10,3); 

thickX=60; 

thickY=60; 

Jsc = [0 0]; 

  

lambda=300:5:900; % Wavelengths over which field patterns are calculated 

stepsize = 1;   % The electric field is calculated at a lattice of points (nm) 

                % in the device cross section separated by this distance 

  

layers = {'SiO2' 'ITO' 'MoO3' 'FoC70' 'Bphen' 'MoO3' 'CTB11' 'Bphen' 'Ag'}; 

activeLayer1 = 4; 

activeLayer2 = 7; 

n = zeros(size(layers,2),size(lambda,2)); 

  

for index = 1:size(layers,2) 

    n(index,:) = LoadRef(layers{index},lambda); 

end 

  

for  thickX = 20:20:120   

    for thickY = 20:20:120 

        Photocurrent(i,1) = thickX; 

        Photocurrent(i,2) = thickY; 

        Photocurrent(i,3:4) = tandem(thickX ,thickY); 

        Photocurrent(i,5) = min(Photocurrent(i,3),Photocurrent(i,4)); 

        i=i+1; 

    end 

end 

%plot 
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tri = delaunay(Photocurrent(:,1),Photocurrent(:,2)); 

[r,c] = size(tri); 

h = trisurf(tri, Photocurrent(:,1), Photocurrent(:,2), Photocurrent(:,5)); 

axis vis3d 

%l = light('Position',[-50 -15 29]); 

%lighting phong 

shading interp 

colorbar EastOutside 

 

Transfer Matrix Program: 

 

function Jsc = tandem(thickX,thickY) 

global n lambda stepsize activeLayer1 activeLayer2 Jsc; 

  

thicknesses = [0 150 10 thickY 5 5 thickX 7 100];  % thickness of each corresponding 

layer in nm (thickness of the first layer is irrelivant) 

  

% Load in index of refraction for each material 

  

t = thicknesses; 

  

% Constants 

h=6.626e-34; % Js Planck's constant 

c=2.998e8; %m/s speed of light 

q=1.602e-19; %C electric charge 

  

% Calculate Incoherent power transmission through substrate 

T_glass=abs(4*1*n(1,:)./(1+n(1,:)).^2);  

R_glass=abs((1-n(1,:))./(1+n(1,:))).^2; 

  

% Calculate transfer matrices, and field at each wavelength and position 

t(1)=0; 

t_cumsum=cumsum(t); 

x_pos=(stepsize/2):stepsize:sum(t); %positions to evaluate field 

%x_mat specifies what layer number the corresponding point in x_pos is in: 

x_mat= sum(repmat(x_pos,length(t),1)>repmat(t_cumsum',1,length(x_pos)),1)+1;  

R=lambda*0; 

E=zeros(length(x_pos),length(lambda)); 

for l = 1:length(lambda) 

    % Calculate transfer matrices for incoherent reflection and transmission at the first 

interface 

    S=I_mat(n(1,l),n(2,l)); 

    for matindex=2:(length(t)-1) 
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S=S*L_mat(n(matindex,l),t(matindex),lambda(l))*I_mat(n(matindex,l),n(matindex+1,l)); 

    end 

    R(l)=abs(S(2,1)/S(1,1))^2; %JAP Vol 86 p.487 Eq 9 Power Reflection from layers 

other than substrate 

    T(l)=abs(2/(1+n(1,l)))/sqrt(1-R_glass(l)*R(l)); %Transmission of field through glass 

substrate Griffiths 9.85 + multiple reflection geometric series 

  

    % Calculate all other transfer matrices 

    for material = 2:length(t)  

        xi=2*pi*n(material,l)/lambda(l); 

        dj=t(material); 

        x_indices=find(x_mat == material); %indices of points which are in the material 

layer considered 

        x=x_pos(x_indices)-t_cumsum(material-1); %distance from interface with 

previous layer 

        % Calculate S matrices (JAP Vol 86 p.487 Eq 12 and 13) 

        S_prime=I_mat(n(1,l),n(2,l)); 

        for matindex=3:material 

            S_prime=S_prime*L_mat(n(matindex-1,l),t(matindex-

1),lambda(l))*I_mat(n(matindex-1,l),n(matindex,l)); 

        end 

        S_doubleprime=eye(2); 

        for matindex=material:(length(t)-1) 

            

S_doubleprime=S_doubleprime*I_mat(n(matindex,l),n(matindex+1,l))*L_mat(n(matinde

x+1,l),t(matindex+1),lambda(l)); 

        end 

        % Normalized Field profile (JAP Vol 86 p.487 Eq 22) 

        E(x_indices,l)=T(l)*(S_doubleprime(1,1)*exp(-1i*xi*(dj-

x))+S_doubleprime(2,1)*exp(1i*xi*(dj-x))) ./(S_prime(1,1)*S_doubleprime(1,1)*exp(-

1i*xi*dj)+S_prime(1,2)*S_doubleprime(2,1)*exp(1i*xi*dj)); 

    end  

end 

  

% Overall Reflection from device with incoherent reflections at first 

% interface (typically air-glass) 

Reflection=R_glass+T_glass.^2.*R./(1-R_glass.*R); 

  

% Plots electric field intensity |E|^2 vs position in device for 

% wavelengths specified in the initial array, plotWavelengths.  

  

a=zeros(length(t),length(lambda)); 
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for matindex=2:length(t) 

     a(matindex,:)=4*pi*imag(n(matindex,:))./(lambda*1e-7); 

end 

  

     

    % Load in 1sun AM 1.5 solar spectrum in mW/cm2nm 

    AM15_data=xlsread('AM15.xls'); 

    AM15=interp1(AM15_data(:,1), AM15_data(:,2), lambda, 'linear', 'extrap'); 

  

    ActivePos=find(x_mat == activeLayer1); 

    

Q=repmat(a(activeLayer1,:).*real(n(activeLayer1,:)).*AM15,length(ActivePos),1).*(abs(

E(ActivePos,:)).^2); 

  

    % Exciton generation rate per second-cm3-nm at each position and wavelength 

    Gxl=(Q*1e-3).*repmat(lambda*1e-9,length(ActivePos),1)/(h*c); 

  

    if length(lambda)==1 

        lambdastep= 1; 

    else 

        lambdastep=(max(lambda)-min(lambda))/(length(lambda)-1); 

    end 

    Gx=sum(Gxl,2)*lambdastep; % Exciton generation rate as a function of position/(sec-

cm^3) 

     

    % outputs predicted Jsc under AM1.5 illumination assuming 100% internal 

    % quantum efficiency at all wavelengths 

    Jsc(1,1)=sum(Gx)*stepsize*1e-7*q*1e3; %in mA/cm^2 

     

    ActivePos=find(x_mat == activeLayer2); 

    

Q=repmat(a(activeLayer2,:).*real(n(activeLayer2,:)).*AM15,length(ActivePos),1).*(abs(

E(ActivePos,:)).^2); 

  

    % Exciton generation rate per second-cm3-nm at each position and wavelength 

    Gxl=(Q*1e-3).*repmat(lambda*1e-9,length(ActivePos),1)/(h*c); 

  

    if length(lambda)==1 

        lambdastep= 1; 

    else 

        lambdastep=(max(lambda)-min(lambda))/(length(lambda)-1); 

    end 
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    Gx=sum(Gxl,2)*lambdastep; % Exciton generation rate as a function of position/(sec-

cm^3) 

     

    Jsc(1,2) = sum(Gx)*stepsize*1e-7*q*1e3 %in mA/cm^2 

     

    

     

function I = I_mat(n1,n2) 

r=(n1-n2)/(n1+n2); 

t=2*n1/(n1+n2); 

I=[1 r; r 1]/t; 

  

% complex dielectric constant n and thickness d for the wavelength lambda. 

function L = L_mat(n,d,lambda) 

xi=2*pi*n/lambda; 

L=[exp(-1i*xi*d) 0; 0 exp(1i*xi*d)]; 
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Solving charge carrier drift-diffusion equation 

This code is a combination of several programs to solve the charge carrier drift-

diffusion problem in a homogeneous semiconductor with given boundary conditions and 

initial guess. The main program provides an interface for inputting parameters and calls for 

solving functions to numerically solve the drift-diffusion equation. By solving the drift-

diffusion equation at various bias, the current density-voltage characteristics can be 

simulated. 

 

Main Program 

 

T = 300; % Set temperature 

  

global beta gamma alpha V_bi V_factor V e_Density h_Density; 

options = bvpset('Nmax',2000); 

V = 1; % Bias Voltage (V) 

V_factor = (V_bi-V)/V; 

beta = V/(0.0259*T/300); 

gamma = 0.01; % hole/electron Mobility ratio  

alpha = 0.5; % Recombination factor 

V_bi = 0; % Built-in Voltage (V) 

e_Density = 1e21; 

h_Density = 1e21; 

epsilon = 8.85e-12; 

L = 50e-9; 

q = 1.6e-19; 

R_epsilon = 3; 

u_hole = 1e-4; 

D = 0.0259*T/300*u_hole; 

  

  

solinit = bvpinit(linspace(0,1,40),@init_guess); 

  

 %solinit.x = sol.x; 

 %solinit.y = sol.y; 

  

sol = bvp5c(@DriftODE,@BC,solinit); 

%plot the results 

figure  

plot(sol.x,sol.y(1,:)/1.50659e-23*V); 

hold on 

plot(sol.x,sol.y(2,:)/1.50659e-23*V,':') ; 

legend('N','P');ylabel('N,P');xlabel('d') 

figure 
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plot(sol.x,sol.y(5,:),'-.'); 

legend('E');ylabel('E');xlabel('d') 

figure 

plot(sol.x,sol.y(6,:),'-.'); 

legend('Potential');ylabel('Potential');xlabel('d') 

  

Current_Left  = V/L*sol.y(5,1)*(u_hole*sol.y(2,1)    -u_hole/gamma*sol.y(1,1))  

*q*D*epsilon*R_epsilon*V/L/L  +  (sol.y(3,1)  /gamma - sol.y(4,1))  

*q*D*epsilon*R_epsilon*V/L/L/L/q  %A/m_2 

Current_Right = V/L*sol.y(5,end)*(u_hole*sol.y(2,end)-

u_hole/gamma*sol.y(1,end))*q*D*epsilon*R_epsilon*V/L/L  +  (sol.y(3,end)/gamma 

- sol.y(4,end))*q*D*epsilon*R_epsilon*V/L/L/L/q   %A/m_2 

 

Solving Drift-Diffusion Equation 

 

function  dydx = DriftODE( x,y ) 

global beta gamma alpha; 

    

dydx = [ y(3) 

         y(4) 

         beta*( alpha*(1+gamma)*y(1)*y(2)-y(3)*y(5)-(y(2)-y(1))*y(1)) 

        -beta*(-alpha*((1+gamma)/gamma)*y(1)*y(2)-y(4)*y(5)-(y(2)-y(1))*y(2)) 

         y(2)-y(1) 

         -y(5) 

         ]; 

end 

%  y1 = N electron density 

%  y2 = P hole density 

%  y3 = N' slope of electron density 

%  y4 = P' slope of hole density 

%  y5 = E electric field 

%  y6 = V bias voltage 

 

Initial Guess 

 

function yinit = init_guess( x ) 

global V_factor e_Density h_Density; 

yinit = [ x %1.50659e-23/V_factor*e_Density*x 

          (1-x) %1.50659e-23/V_factor*h_Density*(1-x) 

          1 %1.50659e-23/V_factor*e_Density 

          -1 %-1.50659e-23/V_factor*h_Density 

          -V_factor 

          x*V_factor 
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          ]; 

 end 

%  y1 = N 

%  y2 = P 

%  y3 = N' 

%  y4 = P' 

%  y5 = E 

%  y6 = V 

 

Calculate Current Density 

 

function [ Current ] = DriftDiffusion( data ) 

T = 300; 

global beta gamma alpha V_bi V_factor V i sol; 

V = data(1); % Bias Voltage (V) 

V_factor = (V_bi-V)/V; 

beta = V/(0.0259*T/300); 

gamma = 1; % hole/electron Mobility ratio  

alpha = 0; % Recombination factor 

V_bi = 0; % Built-in Voltage (V) 

%e_Density = 1e21; 

%h_Density = 1e21; 

epsilon = 8.85e-12; 

L = 50e-9; 

q = 1.6e-19; 

R_epsilon = 3; 

u_hole = 1e-4; 

D = 0.0259*T/300*u_hole; 

if (i == 1) 

solinit = bvpinit(linspace(0,1,40),@init_guess); 

else 

 solinit.x = sol.x; 

 solinit.y = sol.y; 

end 

sol = bvp4c(@DriftODE,@BC,solinit); 

  

Current_Left  = V/L*sol.y(5,1)*(u_hole*sol.y(2,1)    -u_hole/gamma*sol.y(1,1))  

*q*D*epsilon*R_epsilon*V/L/L+  (sol.y(3,1)  /gamma - sol.y(4,1))  

*q*D*epsilon*R_epsilon*V/L/L/L/q  %A/m_2 

Current_Right = V/L*sol.y(5,end)*(u_hole*sol.y(2,end)-

u_hole/gamma*sol.y(1,end))*q*D*epsilon*R_epsilon*V/L/L+  (sol.y(3,end)/gamma - 

sol.y(4,end))*q*D*epsilon*R_epsilon*V/L/L/L/q   %A/m_2 
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Current = Current_Left; 

 end 

 

Plot Current Density-Voltage Characteristics 

 

global i sol; 

i = 1; 

EndVoltage = 2; 

Datapoints = 20; 

JV = zeros(Datapoints+1,2); 

  

for i=1:Datapoints 

JV(i,1) = i/Datapoints*EndVoltage; 

     JV(i,2) = DriftDiffusion(JV(i,1)); 

end 

figure (1) 

semilogy(JV(:,1),JV(:,2),'-.'); 

hold on; 
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Code for fitting impedance spectroscopy data 

This code is a combination of two programs to extract the capacitance, series resistance 

and shunt resistance from the frequency dependence of complex impedance. The main 

program provides an interface to input initial guess and boundaries for the fitting 

parameters using the ‘lsqnonlin’ function. The solving program solves for the complex 

impedance at each frequency with the input parameters and return the error between 

simulated results and experimental data to the main program. 

 

Main Program: 

 

clc; 

clear; 

  

global A fitCF initial data ; 

  

h=1; 

  

[fileName,pathName] = uigetfile('.TXT'); 

  

cd(pathName); 

files = dir('*.TXT'); 

  

while h<=length(files) 

          

    A = importdata(files(h).name); 

    fitCF = zeros(length(A.data),2); 

     

options = optimset('Display','iter','Tolfun',1e-12,'MaxIter',800,'MaxFunEvals',10000); 

  

data(h,:) = lsqnonlin('SolveCF',initial,[0 0 0 0],[8000 100000000 20000000 10],options) 

 figure(h) 

plot(A.data(:,4),A.data(:,5),'*'); 

hold on 

plot(fitCF(:,1),fitCF(:,2),'o'); 

initial(1,:) = data(h,:); 

  

button = questdlg('qstring'); 

G = strcmp(button,'No'); 

  

if (G) 

    h=h-1; 

    clf; 

end 
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h=h+1; 

  

end 

  

Solving Function: 

 

function [err] = SolveCF(data) 

  

global A fitCF; 

Rs = data(1); 

Rp = data(2); 

C = data(3)/100000000; 

n = 1; 

  

  

 for i=1:length(A.data) 

  

    fitCF(i,1) = abs(Rs+Rp/(1+Rp^2*(A.data(i,1)*2*pi)^(2*n)*C^2)); 

    fitCF(i,2) = -(A.data(i,1)*2*pi)^n*C*Rp^2/(1+Rp^2*(A.data(i,1)*2*pi)^(2*n)*C^2); 

   

   

  

 end 

  

    err = abs(A.data(:,4)-fitCF(:,1))+ abs(A.data(:,5)-fitCF(:,2)); 

  

end 

 

Solving function for complicated equivalent circuit: 

 

function [err] = SolveDoubleARC2(data) 

  

global expCF fitCF; 

  

R_s = data(1); 

Rp_1 = data(2); 

C_1 = data(3)/1e9; 

Rp_2 = data(4); 

C_2 = data(5)/1e9; 

temp = 0; 

temp2 = 0;  

 for i=1:length(expCF) 

temp=Rp_2/(1j*Rp_2*C_2*expCF(i,1)*2*pi()+1)+Rp_1; 
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temp2=1/(1j*C_1*2*pi()*expCF(i,1)); 

     fitCF(i,1) = real(R_s+temp*temp2/(temp+temp2)); 

   fitCF(i,2) = imag(R_s+temp*temp2/(temp+temp2)); 

    

 end 

  

    err = abs(expCF(:,2)-fitCF(:,1))+ abs(expCF(:,3)-fitCF(:,2)); 

  

end 
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Fitting code for bulk-ionization 

This code is a combination of two programs to extract the built-in electric field, charge 

transfer state binding energy, effective mobility, recombination rate constant and fraction 

of bulk-ionization from the temperature dependence of charge collection efficiency. The 

main program provides an interface to input initial guess and boundaries for the fitting 

parameters using the ‘lsqnonlin’ function. The solving program solves for the charge 

collection efficiency with the input parameters and return the error between simulated 

results and experimental data to the main program. 

 

Main Program: 

 

clc; 

clear; 

global expJT simJ err T  K_d initial; 

expJT = load('DATA_T.txt'); 

K_d = zeros(length(expJT),1); 

simJ = expJT(:,2); 

err=zeros(length(expJT),1); 

options = optimset('Display','iter','Tolfun',1e-20,'MaxIter',2000,'MaxFunEvals',50000); 

  

data = lsqnonlin('OB_T',initial,[0 0 0 0 0],[3 10 1 100 1],options) 

  

initial = data; 

  

figure(1) 

  

plot(expJT(:,1),abs(simJ(:,1)),'-'); 

hold on 

plot(expJT(:,1),abs(expJT(:,2)),'o'); 

axis([0 300 0 1]); 

 

Solving function: 

 

function [ err ] = OB_T( data ) 

global expJT simJ; 

epsilon = 8.85e-12; 

q = 1.6e-19; 

R_epsilon = 3; 

k = 1.38e-23; 

V = data(1); 

u = data(4)*1e-8; % Mobility 

datapoints = length(expJT); 

K_d = zeros(datapoints,1); 
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K_R = q*u/R_epsilon/epsilon; 

a=q^2/4/3.14/R_epsilon/epsilon/(data(3)*1.6e-19); 

A = K_R*3/4/3.14/a^3; 

K_f = data(2)*1e8; 

delta_E = data(3); % Binding energy eV 

d = 60e-9; % thickness 

  

for i=1:length(expJT) 

     

    b = q^3*V/d/(8*pi*R_epsilon*epsilon*k^2*expJT(i,1)^2); 

    K_d(i,1) = A * exp(-delta_E/(0.0259*expJT(i,1)/300)) * 

real(besselj(1,2*sqrt(2)*sqrt(-b))/sqrt(2)/sqrt(-b)); 

    

    simJ(i,1) = K_d(i,1)/(K_d(i,1)+K_f)+data(5); 

   

     

end 

err = simJ-expJT(:,2); 

  

end 
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Code for Exciton diffusion: 

This code is used to numerically solve the drift-diffusion equation of exciton in an 

isotropic medium with given generation profile. The boundary condition can be set as 

reflective or perfectively quenching by changing the matrix elements. The flux at each 

boundary is calculated to estimate the photocurrent density. 

 

G = load('Generation.txt'); 

G=G*1e-21; 

  

    thickness = 10; 

    LD = 20; 

    Diff = 2e11; 

    n = length(G);        %  No. of unknowns = no. of interior grid points. 

    h = thickness/(n+1)            %  Grid spacing. 

    x = [0:h:thickness]';          %  Grid points, including boundary. 

    J_interior = zeros(n+1,1); 

   

    Ah_diag = -2 * ones(n+2,1)-h^2/LD^2; 

    Ah_sub = 1 * ones(n+1,1); 

    A_h = spdiags([[Ah_sub;0],Ah_diag,[0;Ah_sub]],[-1 0 1],n+2,n+2); 

    A_h(1,1) = -1; 

    A_h(1,2) = 1; 

    A_h(n+2,n+1) = 0; 

    A_h(n+2,n+2) = 1; 

  

      

G=[0;G;0]; 

uh = -A_h\G*h^2/Diff; 

    %uh = [uh_interior(1,1);uh_interior;0] 

        

%  Calculating Flux Density 

for k=2:n+2 

J_interior(k-1) =  (uh(k)-uh(k-1))/h*1e14*Diff; 

end 

J = -[J_interior;2*J_interior(n+1)-J_interior(n)];  % linear interpolation of Flux at end 

point 

  

       

 figure(1) 

      plot(x,uh*1e21,'-') 

      xlabel('x axis') 

      ylabel('Exciton Density') 

      legend('Exciton Density','Location','South') 
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set(gcf,'Position',[0 0 400 300]); 

set(gca,'Position',[.13 .17 .80 .74]); 

figure_FontSize=8; 

set(get(gca,'XLabel'),'FontSize',figure_FontSize,'Vertical','top'); 

set(get(gca,'YLabel'),'FontSize',figure_FontSize,'Vertical','middle'); 

set(findobj('FontSize',10),'FontSize',figure_FontSize); 

set(findobj(get(gca,'Children'),'LineWidth',0.5),'LineWidth',2); 

  

       

figure(2) 

      plot(x,J,'-') 

      xlabel('x axis') 

      ylabel('Exciton Flux') 

      legend('Exciton Flux','Location','South') 

       

      Jsc_left = J(1)*1.6e-19*1e3 

      Jsc_right = J(n+2)*1.6e-19*1e3 

       

 set(gcf,'Position',[0 0 400 300]); 

set(gca,'Position',[.13 .17 .80 .74]); 

figure_FontSize=8; 

set(get(gca,'XLabel'),'FontSize',figure_FontSize,'Vertical','top'); 

set(get(gca,'YLabel'),'FontSize',figure_FontSize,'Vertical','middle'); 

set(findobj('FontSize',10),'FontSize',figure_FontSize); 

set(findobj(get(gca,'Children'),'LineWidth',0.5),'LineWidth',2); 
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C. Device Optimization for DTDCPB-DFo, DTDCPB-DFm and DTDCPB-

FoFm
‡ 

Chapter 8 discussed device optimization based on the D-A pairing of mono-fluorinated 

DTDCPB and C70. To improve the VOC even further, di-fluorinated DTDCPB were 

synthesized by Prof. Wong’s research group at National Taiwan University. Three possible 

configurations of the bi-fluorinated DTDCPB are shown in Figure C.1. The di-fluorinated 

DTDCPB showed a blue shift in both absorption spectra and photoluminescence spectra 

                                                 
‡ The di-fluorinated DTDCPB compounds were synthesized by Prof. Ken-Tsung Wong’s research group in 

the Department of Chemistry at National Taiwan University. 
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Figure C.1 Molecular structures and optical properties of DTDCPB-DFo, DTDCPB-DFm 

and DTDCPB-FoFm. 
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compared to mono-fluorinated DTDCPB materials as also shown in Figure C.1. 

BHJ OPVs with the device architecture of ITO/MoOx 10nm/donor:C70 ~55 nm/BCP 

10 nm/Al 100 nm are fabricated by co-depositing di-fluorinated DTDCPB and C70 at a total 

rate of 0.2 nm/s. The dependence of device operating parameters on donor concentration 

is plotted in Figure C.2. All di-fluorinated DTDCPB compounds showed improved VOC 

together with reduced JSC as predicted. However, the FF of devices fabricated with di-

fluorinated DTDCPB is significantly lower than regular DTDCPB at all donor 

concentrations. This suggests that the charge transport property and the morphology of the 

DTDCPB:C70 film is affected after the di-fluorination process.  

 Figure C.3 contains the result of an active layer thickness optimization for the 

champion devices in Figure C.2. Neither VOC nor JSC showed much improvement when 

increasing the active layer thickness from 55 nm to 80 nm. The FF increased with 

increasing active layer thickness for DTDCPB-DFm and DTDCPB-FoFm. The overall P 

stays roughly the same through a wide range of active layer thickness. As a result, fully 

optimized OPVs based on di-fluorinated DTDCPB and C70 can only achieve P of 3~4%. 

 Figure C.4 shows the EQE spectra for optimized BHJ OPVs containing di-fluorinated 

DTDCPB compounds. Most of the photocurrent is contributed by the acceptor (C70) rather 

than the donor, due to the low absorption coefficient of di-fluorinated DTDCPBs. In 

summary, the di-fluorinated DTDCPBs are not the ideal candidates for photovoltaic 

application. 
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Figure C.3 Device operating parameters for BHJ OPVs (ITO/MoOx 10nm/donor: C70 ~x 

nm/BCP 10 nm/Al 100 nm) fabricated with di-fluorinated DTDCPB at various active 

layer thicknesses. 

0.92

0.94

0.96

0.98

1.00

1.02

1.04

4

5

6

7

8

20 30 40
0.40

0.42

0.44

0.46

0.48

0.50

20 30 40

2

3

4

 DTDCPB-DF
o

 DTDCPB-DF
m

 DTDCPB-F
o
F

m

V
O

C
 (

V
)

J
S

C
 (

m
A

/c
m

2
)

F
F

Donor concentration (%)


P
 (

%
)

Donor concentration (%)
 

Figure C.2 Device operating parameters for BHJ OPVs (ITO/MoOx 10nm/donor: C70 ~55 

nm/BCP 10 nm/Al 100 nm) fabricated with di-fluorinated DTDCPB at various donor 

concentrations. 
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Figure C.4 The external quantum efficiency spectra for the optimized BHJ OPVs in 

Figure C.3. 
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entity, and that the copyright notice of the figure, photograph, cover, or table does not 

indicate that it was reprinted by AIPP, with permission, from another source. Under no 
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circumstances does AIPP, purport or intend to grant permission to reuse material to which 

it does not hold copyright. 

You may not alter or modify the Material in any manner. You may translate the Material 

into another language only if you have licensed translation rights. You may not use the 

Material for promotional purposes. AIPP reserves all rights not specifically granted herein. 

The foregoing license shall not take effect unless and until AIPP or its agent, Copyright 

Clearance Center, receives the Payment in accordance with Copyright Clearance Center 

Billing and Payment Terms and Conditions, which are incorporated herein by reference. 

AIPP or the Copyright Clearance Center may, within two business days of granting this 

license, revoke the license for any reason whatsoever, with a full refund payable to you. 

Should you violate the terms of this license at any time, AIPP, AIP Publishing LLC, or 

Copyright Clearance Center may revoke the license with no refund to you. Notice of such 

revocation will be made using the contact information provided by you. Failure to receive 

such notice will not nullify the revocation. 

AIPP makes no representations or warranties with respect to the Material. You agree to 

indemnify and hold harmless AIPP, AIP Publishing LLC, and their officers, directors, 

employees or agents from and against any and all claims arising out of your use of the 

Material other than as specifically authorized herein. 

The permission granted herein is personal to you and is not transferable or assignable 

without the prior written permission of AIPP. This license may not be amended except in a 

writing signed by the party to be charged. 

If purchase orders, acknowledgments or check endorsements are issued on any forms 

containing terms and conditions which are inconsistent with these provisions, such 

inconsistent terms and conditions shall be of no force and effect. This document, including 

the CCC Billing and Payment Terms and Conditions, shall be the entire agreement between 

the parties relating to the subject matter hereof. 

This Agreement shall be governed by and construed in accordance with the laws of the 

State of New York. Both parties hereby submit to the jurisdiction of the courts of New York 

County for purposes of resolving any disputes that may arise hereunder. 

 


