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ABSTRACT
Organic photovoltaics provide an alternative pathway to harness solar energy and reduce the
world’s dependence on fossil fuels. While organic photovoltaics have shown promise on a laboratory
scale, many aspects of their design must be optimized before devices can be mass produced on an
industrial scale. This thesis explored two unique families of organic photovoltaics that possess
conventional and inverted geometries. Organic photovoltaics with conventional geometries direct
electrons towards the top electrode (cathode), while holes travel towards the bottom electrode (anode).
Contrarily, organic photovoltaics with inverted geometries have opposite polarity relative to conventional
geometries, which flips the direction charges travel. In short, inverted organic photovoltaics have a few
inherent benefits over conventional organic photovoltaics including relatively low oxidation of top
electrode and reduced degradation of active layer materials, which promote long-term device performance
and stability.
Due to their high potential for commercial applications, inverted devices with both bulk and
bilayer heterojunctions were the main subjects of our academic research. This thesis explored devices
with Glass/ITO/ZnO/Active Layer/MoO3/Ag architecture – inverted bulk heterojunction devices
contained a blended 1:2 P3HT/PFTBT active layer, whereas inverted bilayer heterojunction devices
contained a 1:1 P3HT/PFTBT bilayer. The goal of this thesis was to successfully create inverted bulk
heterojunction and inverted bilayer heterojunction photovoltaics and optimize one key component in their
design – the electron blocking layer (MoO3). Varying the thickness of MoO3 while keeping all relevant
design variables constant allowed us to experimentally determine the optimal thickness to be 0.1 nm for
both systems. Max efficiencies for inverted bulk heterojunction and inverted bilayer heterojunction
devices possessing 0.1 nm MoO3 were 0.32% and 0.099%, respectively.
These experimental findings can guide the optimization of related device systems, particularly
those containing block copolymer-based heterojunctions, which promotes an incremental increase in
organic photovoltaic device performance.
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Chapter 1
Introduction

World Energy Landscape
In today’s rapidly growing civilization, energy production and consumption are arguably the most
important challenges that societies across the world must overcome. Due to world population growth,
longer human life expectancies, and increasingly developed civilizations, world energy demand will
inevitably increase. The Energy Information Administration (EIA) projects that by 2040, world energy
use will increase by 28%, with a significant portion of that growth coming from large Asian nations such
as India and China.1 Due to this unprecedented growth, societies must consider a vital question: How can
we produce enough energy to sustain high quality of life, without destroying the Earth in the process?
Figure 1.1 below shows EIA’s growth projection of various energy sources. Unsurprisingly,
petroleum and natural gas usage is projected to rise until 2040, and will likely continue to grow for years
thereafter. Coal usage is expected to decrease slightly by 2040, however, it would still be the world’s third
most used energy source. Arguably, the main reason these energy sources will remain prevalent by 2040
is that they are economical. Consider renewable resources such as solar and wind – they produce clean
electricity but have historically been more expensive than traditional forms of energy such as coal, natural
gas, and petroleum. Why would a nation use a renewable energy source if there were other forms of easily
attainable, cheaper, energy sources available? An eco-friendly answer to that question would be that it
reduces CO2 emissions, eases damage to Earth, and promotes healthy ecosystems. However, the reality of
the situation is that economics is one of the main drivers of societies’ decisions, and it does not make
financial sense to switch to cleaner forms of energy if there are cheaper alternatives available. The good
news for the Earth’s health is that by 2040, renewables will contribute more to world energy
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consumption, with usage increasing 2.3% per year from 2015 to 2040.1 Solar and wind energy will
account for a majority of this growth, as they are the most easily scaled and cheapest of other renewable
options.

Figure 1.1: EIA world energy consumption projection (1990-2040) – Quadrillion BTUs and time constitute the yaxis and x-axis, respectively.1

To this point, the discussion has focused on energy projections to the year 2040 – but what will
the world energy landscape look like in, say, 2075 or 2100? Coal, petroleum, and natural gas are nonrenewable resources, and there will come a day when reserves run out. The question of when fossil fuel
reserves will be completely depleted is of big debate within the scientific community. Some analysts,
including those from Energy Policy Journal, predict oil and gas will run out in ~30 years, and that coal
reserves will run out in ~95 years.2 On the other hand, multi-national oil corporations claim to have
discovered large crude oil reserves in various parts of the world, and assert they can tap existing wells for
additional oil using next-generation extraction techniques, which could add decades to the lifetime of
fossil fuels. Regardless of when fossil fuel extinction occurs, a switch to renewable resources is inevitable
in order for world society flourish long into the future.
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Regarding replacements for fossil fuels, solar is among the most attractive because technologies
are easily scalable, efficient, relatively economical, and 100% clean. However, that is not to say solar is
the only attractive option. For example, if humans figure out how to generate energy from nuclear fusion
on a commercial scale, concerns about running out of energy in the future will vanish. Other up-andcoming renewable energy sources such as biofuels from algae and ocean energy could also positively
impact the energy landscape, thus reducing the need for fossil fuels. One cannot argue the large potential
of these sources, however, given current technology, they are not likely to have a huge impact on the
energy landscape anytime soon. Therefore, significant focus should be placed on exploiting the upside of
fundamental sources of renewable energy, such as solar, that can have a more immediate impact.
Of the countless renewable energy options, solar energy is arguably the most promising because
of the sheer amount of sunlight that strikes Earth each day. If just a small fraction of that energy can be
harvested and used/stored, it would have a positive impact on worldwide energy supply. At a high-level,
this thesis explores techniques in harvesting solar energy for electricity generation. Of the various
methods to harness solar energy, the use of photovoltaics (PVs) is focused on. Specifically, this thesis
explores organic photovoltaics, a developing family of devices that utilize organic semiconductor
materials in place of commonly used metals, such as silicon. The physics, construction, experimental
research, and discussions/conclusions of various families of organic photovoltaics will be described in
detail throughout this publication.

4
A Brief Discussion of Solar Energy and Solar Cells
Solar energy is defined as any type of energy generated by nuclear fusion that occurs in the sun. 3
When hydrogen atoms collide at high speeds/temperatures in the sun’s core, they fuse to create helium
atoms, which in turn releases large amounts of energy towards Earth in the form of waves and particles
i.e. electromagnetic radiation (EMR).3 EMR exists in various wavelengths/frequencies and therefore
contains varying amounts of energy depending on these characteristics. Consequently, EMR can have a
range of effects upon contacting the planet. Most heat from the sun arrives at Earth as infrared energy,
however, other forms of EMR such as UV rays, X-Rays, and gamma rays also hit the planet and
contribute to phenomena such as weather, photosynthesis, greenhouse effect etc.3 As long as the sun
burns brightly, solar energy will be a renewable resource and can be harnessed using various methods.
One way to collect solar energy is to concentrate it using lenses and mirrors from a large area into
a much smaller area, which can be used to heat a substance or fuel another process.3 For example,
sunlight can be concentrated to heat a container of water, turn it into steam, and subsequently run it
through a turbine to generate electricity. Solar energy can also be used to grow photosynthetic organisms,
which can be processed to produce gaseous, liquid, or solid fuels. The most ubiquitous form of harnessing
solar energy involves the use of photovoltaics i.e. devices that convert solar energy to electrical energy.
When a solar cell absorbs light (photons), electrons are excited to higher energy states – upon relaxation,
these electrons are collected and fed to an external circuit.4 Because these electrons are excited, they
possess excess energy, which generates a potential difference (i.e. electromotive force). As excited
electrons pass through a load in the external circuit, electricity is generated.4 The remainder of this thesis
will consider solar photovoltaics, particularly organic photovoltaics, as the main topic of discussion.
The overwhelming majority of photovoltaics in market/industry are made with crystalline silicon.
These cells are typically produced from monocrystalline (single-crystal) silicon or multicrystaline silicon,
and often times have titanium dioxide or silicon nitride added to act as an antireflective coating.5 In 2011,
crystalline silicon photovoltaics accounted for more than 85% of world photovoltaic sales5; as of 2017
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that number surged to 95%, according to Fraunhofer Institute for Solar Energy Systems, ISE.6 Clearly,
crystalline silicon photovoltaics dominate the market, and do so for good reason. Efficiencies for singlecrystal cells have surpassed 25%, while multi-crystalline cells hover around 20% – in industrial
applications, average efficiencies are 18%-22%.5 Crystalline silicon cells are also reliable, with lifetimes
up to 25+ years, and are easily scalable, which make them attractive for widespread capital projects such
as solar farms, roof panels, etc. Silicon based photovoltaics currently control the solar energy industry,
however, organic photovoltaics, the aforementioned emerging family of devices, have garnered much
attention within the scientific community.
Organic photovoltaics, as the name suggests, contain carbon-based semiconductor materials
(organic semiconductors) that act as conducting metals, such as silicon, however have other unique
properties. Organic semiconductors have conjugated backbones that are made of alternating C-C and C=C
bonds – this conjugation delocalizes electrons along the backbone, which gives the material
semiconducting properties.7 In its simplest form, a traditional organic photovoltaic contains a few
necessary components. Firstly, it requires an electron-donating material to absorb photons to create
excitons that will subsequently power the cell.8 In order for charges to make it to their respective
electrodes, the electron-donating material must be adjacent to an electron-accepting material which
effectively creates a donor-acceptor interface. At this interface, the energy difference between the LUMO
of the electron-donating material and the LUMO of the electron-accepting material provides the driving
force necessary to separate excitons and allow charges to travel towards their respective electrodes in the
cell.8 In most organic photovoltaics, additional compounds are added to enhance charge mobility,
absorption spectrum, etc.
Organic photovoltaics have a few distinct advantages over inorganic photovoltaics. Due to their
polymeric nature, organic semiconductors are soluble in common organic solvents, which opens the door
to a wide range of mass-production techniques. For example, an organic semiconductor can be deposited
onto a substrate with solution processing or printing technologies – this method could be industrially
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scaled to create a roll-to-toll process, allowing for feasible mass-production.9 Organic semiconductor
materials are lightweight, flexible, and semitransparent, which have limitless potential applications.
Therefore, organic photovoltaics could theoretically be placed on any surface – both indoor and outdoor –
to collect solar energy. For example, organic photovoltaics could be integrated with backpacks or jackets
and capture energy to charge personal devices such as cell phones or MP3 players. Any surface that is
exposed to light, including but not limited to windows, lamps, clothing, etc. could be a potential
application for organic photovoltaics.
Currently, laboratory power conversion efficiencies of around 9% have been reached, but
researchers estimate that they must operate above 15% in the laboratory in order for organic photovoltaics
to be viable commercially.7,9 Furthermore, organic photovoltaics have been plagued by a few design
issues that must be resolved before they can be mass-produced. To name a few, organic photovoltaics
suffer from degradation issues, mainly due to oxidation (from exposure to air and moisture), poor photon
conversion, and unpredictable nanomorphologies, all of which reduce device efficiency.7,8,9This thesis
explores various families of organic photovoltaics and strives to optimize device performance rather than
improve device lifetime.

7
Physics of Organic Photovoltaics
A fundamental difference between traditional silicon based solar cells and organic photovoltaics
regards the mechanism through which light energy is absorbed and subsequently converted to electrical
energy. Within silicon-based cells, the absorption of photons leads directly to the creation of free
electrons and holes, which can then diffuse to their respective electrode.9 In the case of organic
photovoltaics, when photons are absorbed, neutral and Coulombically bound electron-hole pairs called
excitons are created.10,11 These excitons must be separated into individual charge carriers, namely
electrons and holes, before they can travel to their respective electrode and subsequently generate
electricity.

Figure 1.2: Schematic of energy conversion mechanism in organic photovoltaics. 11 Photons strike electrons residing
in HOMO of donor (i) and create an exciton (ii) if sufficient energy is provided. Excitons diffuse towards the donoracceptor interface (iii) and dissociate upon arrival, effectively transferring an electron to LUMO of acceptor while
leaving a hole in HOMO of donor (iv). Charges travel through adjacent layers in the cell (v) until being collected by
their respective electrodes (vi).

8
In short, the mechanism through which organic photovoltaics operate contains 4 steps: exciton
generation, exciton diffusion, exciton dissociation, and charge transport to electrodes for collection. 10 A
schematic of this mechanism is shown above in Figure 1.2 and will be explained in detail in this section.

Exciton Generation
Upon absorbing a photon from incident light, an electron is promoted from the HOMO to the
LUMO of the organic semiconductor material (electron-donor).10 This process is comparable to exciting
an electron from the valence band to the conduction band in inorganic semiconductors. However, the fact
that organic semiconductors are π-conjugated materials complicates this process. Π-conjugated materials
have low dielectric constants and significant electron correlation and geometry relaxation effects which
promotes the creation of excitons (electron-hole pairs) rather than free charge carriers.10 In organic
semiconductors, the binding energy of electron-hole pairs is typically around a few tenths of an electron
volt, which is 2-3 orders of magnitude higher than that of inorganic semiconductors.10 Consequently, it is
relatively difficult to split excitons, which explains why only 10% of electron excitations result in free
charge carriers within organic semiconductors.10 The high exciton binding energy in organic
semiconductors introduces the need for both an electron-donating material and an electron-accepting
material to create a donor/acceptor interface that can split excitons – this will be further explained in
Exciton Dissociation.

Exciton Diffusion
Once excitons are created, they must diffuse to the donor/acceptor interface in order to dissociate
into separate positive and negative charges.10,11 Excitons have diffusion lengths in the realm of 1-10 nm –
this means excitons must be created within 1-10nm of the donor/acceptor interface in order to have a
chance at dissociation.12 Otherwise, excitons will decay and subsequently recombine which results in loss
of energy. This poses an inherent design problem when considering the active layer depth for adequate
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light absorption is ~100nm.8 A thicker active layer promotes higher light absorption but lowers the chance
of excitons reaching the donor/acceptor interface. Remedies to this problem, such as utilizing bulk
heterojunction based active layers, are explored in subsequent chapters.
On a molecular level, one can imagine the complexities associated with exciton diffusion. A few
models exist to understand and predict exciton diffusion. The most common is the Förster resonance
energy transfer (FRET) which describes the movement of singlet excitons via a random hopping
mechanism.13 FRET is a quantum-mechanical based model that depicts exciton transport through energy
transfer, while others such as “Dexter theory” treats exciton transport as electron transfer.13 Both models
have their pros and cons, however, the details of them are not within the scope of this thesis.

Exciton Dissociation
In order to split neutral excitons in organic photovoltaics, a local electric field, provided by the
donor-acceptor interface, and a donor-acceptor LUMO energy offset, is required.8,10 Local electric fields
are formed from differences in potential energy of donors and acceptors, while donor-acceptor LUMO
energy offset is an inherent property of active layer molecules.8 These two components of the donoracceptor interface provide the driving force required to split excitons. When an exciton arrives at the
donor-acceptor interface, energy greater than or equal to the exciton binding energy must be provided in
order to cause dissociation. If sufficient energy is supplied, the electron flows “downhill” from the
LUMO of the donor to the LUMO of the acceptor, leaving the hole in the HOMO of the donor. Holes and
electrons, while currently located in donor and acceptor materials, respectively, are not truly dissociated
yet. These charges are still bound as a polaron pair by Coulombic attraction and require further assistance
before they can travel to their respective electrodes.8 To complete the exciton dissociation process,
polaron pairs must be broken by the local electric field at donor-acceptor interface, subsequently allowing
charges to travel to their respective electrodes.8
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Charge Extraction
Once electrons and holes are separated, they must travel through adjacent layers of the cell to
make it to their respective electrodes. Unlike excitons, which diffuse randomly, holes and electrons move
to the anode and cathode by driving forces from the internal electric field at the donor-acceptor
interface.10 Recall that the gradient in the potentials of electrons and holes in a donor-acceptor junction
creates an internal electric field – this electric field points from acceptor to donor (according to traditional
sign convention).10 Furthermore, it’s important to note that charge transport can be assisted by external
electric fields that are formed by using asymmetrical contacts where one low work-function metal acts as
the cathode and one high work-function metal acts as the anode.10 Once charges reach their respective
electrodes, electrical energy can be harvested, provided the circuit is fully connected.
Efficient charge transport is intimately related to the mobility’s of donor and acceptor materials.
One aspect of organic photovoltaic design that requires careful consideration is the interface between
organic materials and electrodes. In order to collect electrons at cathode and holes at anode, an Ohmic
contact, i.e. a low-resistance junction, must be established between the organic materials and electrodes.10
This essentially means that energy levels of organic materials and electrodes must align closely in order to
promote favorable charge transfer. Unsurprisingly, much research has gone into strategically choosing
organic materials and electrodes, optimizing their interface, and adding supplementary buffer layers in
between the interface to maximize device performance. In this thesis, deposition of various interlayers
between organic layer and electrodes was explored, and will be subsequently explained in later chapters.
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A Brief Introduction to Organic Photovoltaic Device Structure
Now that the underlying mechanism behind organic photovoltaic function has been introduced,
we must discuss fundamental information regarding organic photovoltaic device structure. There are
many ways/methods that organic photovoltaics can be constructed, however, a large percentage of
devices incorporate one of the four common heterojunction styles: (a) single layer, (b) bilayer, (c) bulk,
and (d) ordered, shown below in Figure 1.3.

Figure 1.3: Common organic photovoltaic heterojunction configurations: (a) single layer structure, (b) bilayer
heterojunctions, (c) bulk heterojunctions, and (d) ordered heterojunctions. 8 Note that (a) single layer structure is
technically not a heterojunction since it only contains one organic semiconductor.

The main difference between each of these heterojunctions concerns the geometry of the donoracceptor interface. Considering exciton dissociation occurs at the donor-acceptor interface and device
performance is proportional to donor-acceptor interfacial surface area,8,10 one can picture an ideal organic
photovoltaic possessing a strategically designed heterojunction with optimal surface area. For this reason,
engineering the morphology of heterojunctions has been a key design challenge since the inception of
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organic photovoltaics. Interfacial surface area must be synergistically optimized with heterojunction
morphology to ensure optimal charge transport and device performance.
Early stage devices possessed a single layer structure and were created by sandwiching a singular
organic layer between a low-work function metal (ex. aluminum) and a high-work function metal (ex.
gold).8 Unsurprisingly, these devices performed poorly because they lacked a donor-acceptor interface
which is vital for exciton dissociation. Due to their rudimentary nature, single layer organic photovoltaics
were not studied in this thesis.
The next most basic organic photovoltaic design contains a bilayer heterojunction, otherwise
known as a planar donor-acceptor heterojunction. This means that the donor-acceptor interface is planar,
which provides an energetically favorable location for excitons to dissociate.8 On a microscopic level, the
nanomorphology of the donor-acceptor interface is relatively smooth, which allows researchers to study
charge generation and transport without morphological constraint. The planar donor-acceptor interface,
while proficient at dissociating excitons, places some inherent limitations on this design. Firstly, the
interfacial area of the donor-acceptor interface is limited by its planar structure, which hinders exciton
dissociation.8 Secondly, recalling that exciton diffusion lengths are ~ 1-10nm,10,12 excitons created at
locations greater than ~1-10nm from the planar interface are incapable of dissociating. For these reasons,
bilayer heterojunctions are not ideal for organic photovoltaics in their current state. In theory, however,
it’s possible to decrease active layer thickness without reducing light absorption by adding interlayers of
chromophores, i.e. sensitizers that give photoluminescence in the absorption region of active materials.13
A thinner active layer facilitates higher internal quantum efficiency because it promotes more efficient
charge transport and exciton dissociation.13 In this thesis, bilayer devices were constructed with an
inverted geometry and were used to study charge transport and exciton dissociation at the donor-acceptor
interface. Furthermore, one aspect of bilayer device design, namely the electron-blocking layer, was
optimized and subsequently compared to other devices.
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To circumvent the fundamental flaws in bilayer heterojunction-based devices, bulk
heterojunction-based devices were created. A bulk heterojunction organic photovoltaic is created by
blending the donor and acceptor molecules and subsequently sandwiching them between the two
electrodes.8 Devices possessing bulk heterojunctions perform much better than their bilayer counterparts
because the blended active layer effectively forms an interpenetrating network of adjacent donor/acceptor
materials.10 As a result, donor-acceptor interfacial area is significantly increased and generated excitons
have a much higher probability of successfully diffusing to the donor-acceptor interface.10 As of 2014, the
maximum efficiency of a bulk heterojunction organic photovoltaic approached 10%, which is
approaching the minimum value needed to succeed on a commercial scale.9 While impressive, current
blend systems are limited due to their morphological instability. Over time, thermal migration of donor
and acceptor materials can occur, which creates microscopic domains of purely donor or acceptor
materials.11 This aggregation of like domains causes disruption of nanomorphology which effectively
reduces interfacial area and increases the distances excitons must travel in order to dissociate.11 Despite
these flaws, much can still be learned about organic photovoltaics by studying bulk heterojunction-based
devices. Due to the aforementioned positive characteristics of bulk heterojunction organic photovoltaics,
they were studied in depth in this thesis. Subsequent chapters in this thesis explore a few types of bulk
heterojunction organic photovoltaics, specifically those with conventional and inverted geometries –
results are compared with their bilayer heterojunction-based counterparts.
An ideal heterojunction geometry, depicted as an ordered heterojunction in Figure 1.3 above,
would avoid thermal migration of donor and acceptor materials while containing optimal donor-acceptor
interfacial area, active layer ordering, etc. Among the various ways to theoretically construct an ordered
heterojunction, those built with block copolymers are solely explored in this thesis. Block copolymers are
attractive for use in organic photovoltaic active layers because they undergo a thermodynamic selfassembly process called microphase separation.11 Block copolymers, i.e. molecules that contain two fairly
immiscible polymers chemically bonded together, segregate into distinct domains of polymer constituents
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on the nanometer scale due to their inherent incompatibility.11 One way to visualize this phenomenon is to
imagine the two polymers repelling one another due to their immiscibility – however, since the polymers
are bonded chemically, they can only separate as much as their bonds will let them. The size of the
domains formed by block copolymers (5nm-20nm)11 is conveniently on the order of the mean exciton
diffusion length (1-10 nm)10,12, which makes block copolymers very attractive as active layer constituents.
This inherent quality of various block copolymers could provide a step-wise increase in device
performance, similar to the way bulk heterojunction devices drastically outperformed bilayer devices. In
practice, there are two major families of polymer chains to explore when engineering active layers that
order themselves: coils and rods.11 The former is a flexible polymer chain that favors a “random walk”
conformation, while the latter is a rigid polymer chain that creates a crystalline, block/rod shaped
structure.11 For the purposes of this thesis, the nitty gritty details associated with various block
copolymers are not relevant, however this device class as a whole forms the cornerstone for which this
thesis is based on.
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Characterization of Organic Photovoltaics
Now that a solid conceptual understanding of organic photovoltaics has been established, a brief
introduction to solar cell characterization is necessary. The mathematical parameters that describe the
underlying physics of solar cells are important to understand because they can guide design decisions and
academic research. Arguably, it is not just the parameters themselves, but their relation to one another that
is even more important when considering solar cell design. As with any system, there are pros and cons to
each geometry, material selection, processing technique etc. that may positively impact one parameter but
hinder another. Therefore, one can see the necessity for obtaining a strong grasp on these concepts when
working with solar cells. In the case of organic photovoltaics, there are four key performance indicators of
a cell: short circuit current density (Jsc), open circuit voltage (Voc), fill factor (FF) and efficiency (η). Each
of these quantities will be introduced and subsequently linked to their relation with solar cell
performance.
In order to provide a visual representation of these quantities, Figure 1.4 was included below.
Part (a) in Figure 1.4 depicts a theoretical current density versus voltage curve (J-V curve) – Jsc and Voc
are the y-intercept and x-intercept, while Jm and Vm represent power density and voltage at the maximum
power point Pmax, respectively.8 Note that Pmax is the product of Jm and Vm and can be represented
graphically by the rectangular area enclosed by the dotted lines in the fourth quadrant.9,10 Illuminated
current refers to current produced when a solar cell operates under influence from solar energy, whereas
dark current refers to current produced under non-illuminated conditions (i.e. device acts as a diode).
Part (b) in Figure 1.4 depicts the equivalent circuit of an organic photovoltaic. Photocurrent,
represented as Jph, moves through the cell as a result of applied external voltage across both electrodes. As
the current travels through the circuit, it encounters two main types of resistance: series resistance, Rs, and
shunt resistance, Rsh. Series resistance refers to the resistance that charges encounter when moving
through various layers of the cell. All layers of the photovoltaic possess some inherent resistance that
hinders the movement of charges – for example, when charges move through active layer, some energy is
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lost as friction due to particle collisions at the microscopic level. Series resistance also exists between
interfaces of adjacent layers, such as the contact between active layer and electrodes.10 Therefore, one can
conclude that in order to maximize device performance, series resistance must be minimized. This is not
the case when considering shunt resistance, which measures the potential leakage current within organic
photovoltaics.10 Potential leakage refers to current that flows down alternate paths instead of through the
external load – essentially, this is wasted current that is not harvested for electrical energy.9 In order to
maximize device efficiency, shunt resistance must be maximized in order to decrease the amount of
current that travels down unintended paths within the photovoltaic cell.

Figure 1.4: Part (a) represents a theoretical current density versus voltage curve (J-V curve).8 Notice how Jsc and Voc
are located at the y-intercept and x-intercept, respectively. Part (b) represents an equivalent circuit of an organic
photovoltaic.8

With the concepts from parts (a) and (b) of Figure 1.4 in mind, the discussion must now shift
towards further explaining the four key device parameters, their relationships with each other, and their
implications on cell performance.
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Short Circuit Current Density
Short circuit current density (Jsc) is the current generated by a solar cell under short-circuit
condition.10 In other words, Jsc is the theoretical maximum current density that could be achieved by a cell
with zero resistance (therefore, voltage also equals zero). This quantity depends on a few factors
including incident light intensity and absorption spectra of active layer organic semiconductor materials.10
Understanding a cell’s Jsc can provide insight into a device’s charge carrier mobility and ability to harvest
a wide solar spectrum. Consequently, experimental data regarding a device’s Jsc can guide the design
process. For example, Jsc is a function of absorption spectra of active layer materials—one can infer that
by lowering the bandgap of active layer materials, the absorption spectra will increase, therefore
increasing Jsc.

Open Circuit Voltage
Open circuit voltage (Voc) is defined as the voltage across the cell while under illumination but
with zero current.10,14 As depicted above in Figure 1.4, Voc is the theoretical maximum voltage that could
exist in a solar cell. Unsurprisingly, Voc depends strongly on resistances within the cell, ideality factor of
the diode, photocurrent, and device materials, among other factors.8,10 An ideal organic photovoltaic
would maximize open circuit voltage in order to maximize the voltage produced when current is flowing.
Interestingly, Voc linearly depends on the donor-acceptor effective bandgap, which is equal to the
difference in energy between the HOMO energy level of the donor and the LUMO energy level of the
acceptor.8,10 This can be explained by a gradient of potentials of electrons and holes that exists in the
donor-acceptor junction, which creates an internal electric field that determines Voc.10 Consequently, much
work has gone into optimizing the energy levels of chosen active layer materials to increase Voc. One way
to increase Voc is to reduce the bandgap of active layer materials by electronics engineering or alternate
material selection in order to reduce the donor-acceptor effective bandgap.8,10 However, recall that
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reducing the bandgap of active layer materials will reduce short circuit current density. Thus, it’s
important to balance trade-offs in order to produce the most efficient device.

Fill Factor
Fill factor is a dimensionless quantity that is defined as the ratio of the maximum operating power
density to the product of Jsc and Voc, shown below in Eq. 1.8,9 Note that Jm and Vm are the current density
and voltage at the maximum power point, and that the product of Jm and Vm is equal to the maximum
operating power density.8,9

FF =

Pm
J V
= J mV m
Jsc Voc
sc oc

Eq. 1

The fill factor is used to calculate the maximum power output from a cell. The higher the fill
factor, the better overall device performance.11 In layman’s terms, fill factor is a measure of the efficiency
of charge collection at the electrodes, and illustrates the connectivity of the path between those
electrodes.11

Quantum Efficiency and Power Conversion Efficiency
There are a few relevant values that describe the overall efficiency of the cell. The quantity of
external quantum efficiency (EQE), reported as a percentage, is the ratio of the number of charge carriers
collected at the electrode to the number of incident photons.8,10 Relatedly, internal quantum efficiency
(IQE) is a measure of the number of charge carriers collected at the electrode relative to the number of
incident photons that are absorbed by the cell.8 Naturally, since not all incident photons are absorbed by
the cell, IQE will always be higher than EQE. Finally, there exists power conversion efficiency (η), which
is defined by Eq.2, where Ps is incident light power density.8,14 Power conversion efficiency is
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proportional to the short circuit current, open circuit voltage, and fill factor – therefore, all factors that
affect these parameters affect the efficiency.

η=

J m Vm
Ps

=

Jsc Voc 𝐹𝐹
Ps

Eq. 2

In this thesis, all device efficiencies reported are power conversion efficiencies – this quantity
provides the most holistic measure of cell performance. Consequently, power conversion efficiency is the
most important parameter regarding a cell, and should be the main driver behind organic photovoltaic
optimization.
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Goals of Thesis
There are a few main goals pursued in this thesis that all contribute to the same high-level
mission: optimizing organic photovoltaic device performance. Three classes of organic photovoltaics are
studied and each focus on a different element of device construction and performance. For this reason,
this thesis is unique because it has multiple core objectives yet they are all interconnected.
The first family of devices studied were conventional bulk heterojunction organic photovoltaics.
Of all the devices created for this thesis, these are definitely the most researched and well-known within
the academic community. Specifically, we constructed conventional bulk heterojunction devices
possessing Glass/ITO/PEDOT:PSS/P3HT:PCBM/Al architecture, which have received much attention
over the past decade. Note that in conventional bulk heterojunction devices, the top electrode (aluminum)
is the cathode and the bottom electrode (ITO) is the anode – electrons flow to the cathode, while holes
flow to the anode. Given there are countless publications about them, it may seem counter-productive to
spend time researching them. However, building these devices served two key goals. Firstly, constructing
them served as a means to test laboratory conditions and ensure equipment was working properly. Since
the system we constructed was well studied, we could compare our data to other publications to ensure
our equipment, experimental methods, and laboratory techniques were proficient. Secondly, building
these devices allowed for mastery of laboratory techniques, which is of utmost importance when
considering device efficiency.
Upon completion of conventional bulk heterojunction organic photovoltaic analysis, focus shifted
towards constructing inverted bulk heterojunction organic photovoltaics. The fundamental difference
between inverted bulk heterojunction devices and conventional bulk heterojunction devices regards the
direction of charge flow throughout the cell. In inverted bulk heterojunction devices, the top electrode
(silver) is the anode and the bottom electrode (ITO) is the cathode – consequently, electrons and holes
flow in opposite directions, relative to their motion in conventional bulk heterojunction devices. Simply
put, inverted device structures provide an alternate way to direct charges through the cell, which have a
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few key benefits over conventional device structures (see Chapter 3). Inverted devices studied in this
thesis possessed a Glass/ITO/ZnO/P3HT:PFTBT/MoO3/Ag architecture with a P3HT/PFTBT blend
serving as the bulk heterojunction. Note that a P3HT/PCBM blend was not used as the bulk
heterojunction because Glass/ITO/ZnO/P3HT:PCBM/MoO3/Ag devices were previously studied in
Gomez Lab. The goal of creating inverted devices was to optimize the thickness of Molybdenum Oxide
(MoO3), which served as the electron blocking interfacial layer between the bulk heterojunction and silver
anode. By optimizing MoO3 thickness, future devices created with this architecture in Gomez lab will be
one step closer to peak performance. Furthermore, the optimized MoO3 layer thickness can be applied to
closely related inverted systems with analogous architectures/components, namely inverted bilayer
heterojunction organic photovoltaics and inverted ordered heterojunction (block copolymer-based)
organic photovoltaics.
Taking the work of these devices a step further, aforementioned inverted bilayer heterojunction
organic photovoltaics were created. The bilayer heterojunction was composed of P3HT and PFTBT
within Glass/ITO/ZnO/P3HT/PFTBT/MoO3/Ag architecture. The main goal was to optimize MoO3
thickness and compare the results to those of inverted bulk heterojunction devices. Furthermore,
considering bilayer devices have a planar-heterojunction, studying them provided insight into charge
mobility across the donor-acceptor interface. This allowed us to effectively isolate this device component
and draw conclusions that can be applied to both bilayer devices and other closely related devices such as
inverted block-copolymer based organic photovoltaics.
All of the work in this thesis can be extrapolated to the creation of inverted ordered
heterojunction (block copolymer-based) organic photovoltaics. Recall the schematic of an ideal
photovoltaic, which possesses an ordered heterojunction as shown in Figure 1.3. Block copolymers can
form an ordered heterojunction, which makes them very attractive candidates for future organic
photovoltaic research. In this thesis, P3HT and PFTBT were frequently used as donor and acceptor layers,
respectively. Consequently, the research generated from studying these systems can be applied to P3HT-
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b-PFTBT block copolymer-based systems. While these systems are not exactly the same at the active
layer due to morphological differences, they are closely related which suggests our results can be applied
to them. Even if our results turn out to not directly apply to block copolymer-based devices, they
undoubtedly shed light into key design parameters involved in organic photovoltaic design. At the very
least, optimization of inverted bulk heterojunction devices and inverted bilayer heterojunction devices can
guide the creation of inverted ordered heterojunction (block copolymer-based) devices in the future, thus
taking an incremental step forward in the journey to produce highly efficient organic photovoltaics for
commercial usage.
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Chapter 2
Conventional Bulk Heterojunction Organic Photovoltaics

Motivation for Studying Conventional Bulk Heterojunction Organic Photovoltaics
The first family of organic photovoltaics that were explored contained a conventional bulk
heterojunction active layer. The term “conventional” refers to device architecture in which the cathode
material is the top layer, while the anode material is deeper within the cell, shown below in Figure 2.1.

Cathode
Active Layer
Electron Selective Layer
Anode

Glass Substrate
Figure 2.1: Schematic of conventional bulk heterojunction organic photovoltaics studied in this thesis. Electrons
travel towards the cathode, while holes travel through the electron selective layer towards the anode. Note, a hole
selective layer was not used in conventional devices constructed for this thesis, however one could theoretically be
applied between active layer and cathode to potentially increase device performance.

These organic photovoltaics were the first subject of research for a variety of reasons. Firstly,
many research labs have shown bulk heterojunction devices work quite well, which inspired Gomez Lab
group to build them and attempt to recreate their results. If the devices created in Gomez Lab group
produced data that aligned with previous findings, confidence in lab equipment, techniques, materials,
and data collection devices could be attained. The significance of this confidence stems from the fact that
other families of less researched organic photovoltaics must be constructed under extremely similar
conditions. If conventional bulk heterojunction organic photovoltaics can be created successfully, the
likelihood that future sets of related devices can be created successfully increases significantly. In

24
subsequent chapters, research associated with inverted bulk heterojunction and inverted bilayer
heterojunction devices is explored and compared to the constant conditions/results associated with
conventional bulk heterojunction organic photovoltaics. Secondly, creation of these devices allowed for
mastery of laboratory techniques that were vital in ensuring lab steps were followed with the utmost
consistency and accuracy. Producing organic photovoltaics in a laboratory setting is a very manual
process that requires mastery of basic techniques such as solution prep, substrate cleaning, solution
deposit using spin coating, thermal vapor deposition, annealing, and device testing. Furthermore,
carefully handling devices with tweezers requires practice, especially when working in a nitrogen-filled
glovebox. In order to generate consistent results, minimizing human-error is vital. Finally, the successful
construction of conventional bulk-heterojunction organic photovoltaics served as a means of comparison
with future devices regarding relevant metrics such as efficiency, open-circuit voltage, short-circuit
current, and fill factor.
From a technical perspective, it’s important to consider the motivation for creating conventional
bulk heterojunction organic photovoltaics. Recall from Chapter 1 the discussion of exciton formation and
the mechanism through which organic photovoltaics operate. When an organic photovoltaic absorbs a
photon, excitons are induced, which serve are the charge carrier through which the cell operates.8-10 One
major bottleneck in organic photovoltaic construction is the diffusion length of excitons, which has been
experimentally shown to be 5-15nm.8,9 If an exciton is created too far from the acceptor-donor interface, it
can never be separated into free charge carriers before decay, thus current can never be generated within
the cell.8-10 One way to overcome this challenge is to increase the surface area of the donor-acceptor
interface. This can be done by mixing the donor and acceptor layers in solution and depositing them onto
the substrate simultaneously. The active layer, now effectively blended, is deemed a bulk heterojunction
because the donor and acceptor layers are dispersed together, previously shown in Figure 1.3. The
resulting bulk-heterojunction based device has relatively high surface area, which facilitates better exciton
dispersion and thus higher power conversion efficiency.
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Components of Conventional Bulk Heterojunction Organic Photovoltaics
All conventional bulk heterojunction organic photovoltaics built in this thesis possessed a 1:1
P3HT/PCBM blended active layer (35 mg/ml), a pre-determined optimal concentration. To further
elaborate on the rationale for this active layer composition, as well as other material selection, Figure 2.2
along with related explanations are included below.

I.

Aluminum

II.

1:1 P3HT:PCBM Blend

III.

PEDOT:PSS

IV.

ITO

V.

Glass

Figure 2.2: Components of conventional bulk heterojunction based organic photovoltaics studied in this thesis.
Aluminum and ITO act as the cathode and anode, respectively. The active layer is a P3HT:PCBM blend, while
PEDOT:PSS acts as an electron selective layer. Note, a hole selective layer was not used for these devices.

I. Aluminum, a good thermal and electrical conductor, is a commonly used cathodic material in
organic photovoltaics. The energy levels of aluminum align well with those of fullerene-based
acceptors, such as PCBM, allowing for thermodynamically favorable energy transfer.7 However,
one drawback with aluminum is that it easily oxidizes in air, which can create a charge-blocking
layer at the active layer/cathode interface.15 Furthermore, oxidized aluminum can allow oxygen to
seep into the active layer, which promotes material degradation.7,10,15 For these reasons, aluminum
is not an ideal cathode, but it suffices for the purposes of current academic research.
II. Poly(3-hexylthiophene-2,5-diyl), otherwise known as P3HT, is a π-conjugated semiconducting
polymer commonly used as the electron donor in organic photovoltaics. The conjugated nature of
this polymer, due to alternating single and double bonds, allows the material to be conductive.7
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P3HT is commonly paired with Phenyl-C61-butyric acid methyl ester, i.e. PCBM, a fullerene
derivative that is an effective electron acceptor.7,10,11 PCBM is a proficient electron-acceptor
because it has high electronegativity and strong electron mobility and is soluble in common
organic solvents.9,16,17 Furthermore, its energy levels align well with common π -conjugated
polymers, making P3HT/PCBM active layers a synergistic combination.9,16,17
III. Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate), also known as PEDOT:PSS, is a watersoluble polymer mixture used as a hole transport layer in bulk heterojunction organic
photovoltaics.9,16,17 It forms an Ohmic contact with the photoactive layer, which promotes
effective charge collection.7,17 Furthermore, it smoothes ITO’s surface and reduces the hole
injection barrier (due to its high work function of around 5.0 eV).7,17
IV.ITO, otherwise known as Indium Tin Oxide, is a commonly used transparent conducting electrode
that collects charges in organic photovoltaics.7,17 The compound is highly conductive and has good
optical transparency in the visible light region, which promotes charge transportation.17 In
conventional bulk heterojunction devices, ITO functions as the anode i.e. it accepts holes from the
active layer. While good for laboratory experiments, ITO faces similar disadvantages to glass on
an industrial scale. ITO is fairly brittle and cannot withstand very high temperatures, which would
prevent it from being used in a flexible solar cell.17 Furthermore, Indium is scarce and toxic, which
is non-ideal for an organic device. While the search is on for replacement electrodes, ITO suffices
for laboratory research.
V. Glass serves as a common laboratory substrate because it is inexpensive and promotes easy device
construction/handling. Furthermore, it provides a solid base for materials to be added. For
industrial practices, however, glass is not an ideal substrate because it is not flexible – recall that
arguably the most attractive feature of organic photovoltaics is that they are mechanically flexible
and can theoretically be put on any surface. Materials such as polyethylene terephthalate (PET),
polyethylene naphthalate (PEN), and biaxially oriented polyethylene terephthalate (BOPET), are
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potential replacements for glass on an industrial scale because they are flexible and are compatible
with processing techniques necessary to produce organic photovoltaics.17

One thing to recognize about the aforementioned conventional device geometry is that it is void
of an interfacial layer between the active layer and the cathode. Researchers have shown that including a
layer of titanium oxide (TiOx), lithium fluoride (LiF), or chromium oxide (CrOx) can improve long-term
device stability.15 In our lab, lithium fluoride has been effectively used in past research to improve device
performance. While the mechanism is not 100% understood, scientists propose that the presence of these
compounds can minimize the charge-blocking layer that forms upon aluminum (cathode) oxidation and
reduce the energy level differences between the acceptor and cathode, thus improving device performance
and lifetime.15 In future experiments involving conventional bulk heterojunction devices, addition of an
interfacial layer between the active layer and the cathode should be considered.
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Experimental
Photovoltaic devices were prepared with the conventional architecture of ITO/PEDOT:PSS (65
nm)/Active Layer (60− 70 nm)/Al (75 nm). ITO-coated glass substrates (0.162 cm2, 20 ohm/sq, Xin Yan
Technology, Hong Kong) were cleaned by soap, followed by 20 min of sonication in acetone, then
isopropanol, and finally 20 min of ultraviolet light ozonation. PEDOT:PSS was spin-coated on top of ITO
at 4000 rpm for 2 min, yielding a thickness of about 65 nm, and then dried for 10 min at 165 °C.
Immediately thereafter, ITO substrates were placed in a nitrogen-filled glovebox. Solutions of
P3HT/PCBM mixtures (35 mg/mL, weight ratio 1:1) were made with chlorobenzene (Sigma Aldrich) and
stirred at 45 °C for about 24 h in a tightly sealed container prior to casting in a nitrogen-filled glovebox.
The active layer of P3HT/PCBM devices was cast onto PEDOT:PSS from prepared hot solutions (45 °C)
at various spin speeds for 1 min to maintain thicknesses around 60−70 nm. The devices were completed
by vacuum thermal evaporation of 75 nm aluminum at 10−6 Torr on top of the active layer through a
shadow mask. Immediately thereafter, THF (Sigma Aldrich) was used to wipe active layer from substrate
on front of device and was marked accordingly. Silver paint (Ted Pella) was then applied onto ITO at the
marked location. Integrated solar cells were further annealed at 165 °C for 15 min.
Devices were tested in a nitrogen filled glovebox using a xenon lamp solar simulator (Newport
Model SP92250A-1000) that produced a simulated AM 1.5G illumination (97 mW/cm2). This
illumination intensity was calibrated using an NREL certified Si reference photocell (Newport) and an
optical power meter. Measurements of current and voltage were taken using a Keithley 2636A
Sourcemeter. All data was collected using LabVIEW software package.
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Results and Discussion
In order to test Gomez Lab conditions and master laboratory techniques, five sets of conventional
devices, totaling 20 substrates and 120 devices, were created and subsequently tested. All devices were
constructed with the same design parameters for consistency. Since the purpose of making these devices
was to replicate results produced by other labs, only the best device and substrate are highlighted in this
section.
Out of 120 devices, the best performing one was a member of the fifth set, generating a max
power conversion efficiency of 2.88%, shown below in Figure 2.3. This device was on the fourth
substrate, which displayed solid consistency across all measurement parameters ranging from efficiency
to fill factor. See Table 2.1 for parameter average, standard deviation, and maximum values of the fourth
substrate. Considering the manual nature of device construction, it should not come as a surprise that the
best device was produced in a later set. By this point in time, all laboratory techniques were mastered,
which is reflected in the performance and consistency of this substrate.

Table 2.1: Average, standard deviation, and maximum values for relevant parameters for the fourth substrate in
conventional bulk heterojunction set 5. Notice that standard deviation is low for all four parameters, indicating
consistent performance for all devices on this substrate.

Max Eff (%)

JSC (mA/cm2)

Voc (V)

Fill Factor

AVG

2.49

10.03

-0.56

0.43

STDEV

0.28

0.89

0.00

0.03

MAX

2.88

11.10

-0.56

0.48

With respect to P3HT/PCBM based bulk heterojunction devices created by other labs, our devices
performed relatively well. For example, literature presented in the journal of Solar Energy Materials and
Solar Cells cite ITO/PEDOT:PSS/P3HT:PCBM/Al devices producing a max efficiency of 1.50% – note
that that these devices had 20 mg/ml active layer, which differed slightly than those created for this
thesis.15 Max efficiencies of other P3HT-based devices have generated efficiencies of around 5%.9 Given
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the comparable performance of our devices to those created elsewhere, confidence in laboratory
conditions and mastery of construction techniques was obtained.

15.0

Current Density (mA/cm2)

10.0

5.0

0.0

-0.1

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

-5.0

-10.0

-15.0

Voltage (V)

Max Efficiency (%)

JSC (mA/cm2)

Voc (V)

Fill Factor

2.88

10.47

-0.56

0.48

Figure 2.3: J-V curve and relevant parameters for device 19, member of fourth substrate, in conventional bulk
heterojunction set 5 – this was the best performing device across all sets. This curve reflects device performance
immediately after construction. The completed device was never exposed to air prior to testing.

As previously suggested, the addition of an interfacial layer between the active layer and cathode
should be considered in future experiments. Researchers generated device efficiencies of 3.9% in organic
photovoltaics possessing Glass/ITO/PEDOT:PSS/P3HT:PCBM/CrOx/Al architecture,15 which performs
around 35% better than our devices. If this architecture is explored by Gomez Lab researchers in the
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future, various interfacial materials/thicknesses should be tested to replicate and build upon these results.
Furthermore, devices should also be exposed to air and subsequently tested to gain insight into the role
this interfacial layer plays in their long-term stability.
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Chapter 3
Inverted Bulk Heterojunction Organic Photovoltaics

Motivation for Studying Inverted Bulk Heterojunction Organic Photovoltaics
While conventional bulk heterojunction organic photovoltaics have shown promise on a
laboratory scale, there are clearly some inherent flaws in their design that would prevent them from being
scaled commercially. Firstly, consider the aluminum electron collecting electrode that was previously
used in conventional bulk heterojunction organic photovoltaics (Chapter 2). When exposed to air,
aluminum is oxidized rather easily because it has a low work function, i.e. little energy (relatively) is
required to extract aluminum’s outermost electrons.17,18 Over time, oxidation of the cathode leads to an
unstable organic-electrode interface, which causes cell performance to drastically decrease.19 Considering
solar cells are frequently exposed to oxygen in practice, this inherent instability hinders the practicality of
this design. Transparent, oxygen-free, solar cell casings are an option, however, are expensive on a largescale. Secondly, consider PEDOT:PSS, the high work function organic polymer that serves as the hole
accepting (and electron-blocking) layer used in conventional bulk heterojunction organic photovoltaics.
While it contains desirable qualities such as high transparency and conductivity, it is acidic in nature and
can react with and subsequently degrade ITO.17 Furthermore, since PEDOT:PSS is an aqueous solution, it
can harmfully induce a source a moisture into the cell over time.17 An ideal organic photovoltaic cell
design would avoid oxidation or degradation issues—this has motivated researchers to search for
effective alternate cell designs. Among the suitable alternatives, devices constructed with inverted
geometries have shown promise to the academic community.
Bulk heterojunction organic photovoltaic devices constructed with inverted geometries, compared
with conventional geometries below in Figure 3.1, provide an alternative way to direct charge within a
cell. Inversion of device geometry switches the polarity of the cell – as a result, electrons can be extracted
through the ITO (cathode) and holes through the high work-function material that acts as top electrode
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(anode).19 Because devices possessing inverted geometries have opposite electrode function relative to
conventional devices, aforementioned problems that plague conventional devices are eliminated. Since
the charge collecting nature of the electrodes is reversed, there is no longer a need for air-sensitive, low
work-function materials, such as aluminum, to be used as the top electrode.18 Recall that the top electrode
is the cathode in conventional devices. Instead, high work function metals, such as silver and gold, can be
used as the top electrode (anode) in inverted devices because they do not readily oxidize in air.20
Furthermore, an inverted device structure removes the need for an aqueous interfacial layer such as
PEDOT:PSS, thus preventing unwanted interaction/reaction with ITO and reducing morphological
instabilities.18
The remainder of this chapter will focus on inverted bulk heterojunction organic photovoltaics
and will explore device components and construction, performance optimization, and results deduced
from experimental findings.

Conventional Structure

Inverted Structure

Cathode

Anode

Electron Selective Layer

Hole Selective Layer

Blended Active Layer

Blended Active Layer

Hole Selective Layer

Electron Selective Layer

Anode

Cathode

Glass Substrate

Glass Substrate

Figure 3.1: Architecture of conventional and inverted devices. Notice how in conventional device structure, the
electron selective layer is on top of the blended active layer, while in inverted structure, it is below the blended
active layer.
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Components of Inverted Bulk Heterojunction Organic Photovoltaics
By definition, the geometries of inverted bulk heterojunction organic photovoltaics are opposite
those of conventional bulk heterojunction organic photovoltaics. The top electrode, silver (Ag), functions
as the anode, while the bottom electrode, ITO, functions as the cathode. A schematic of the layers of
inverted bulk heterojunction organic photovoltaics studied in this thesis are shown in Figure 3.2 and are
each explained in detail.
I.

Silver

II.

MoO3

III.

Active Layer – 1:2 P3HT/PFTBT Blend

IV.

ZnO

V.

ITO

VI.

Glass

Figure 3.2: Schematic of inverted bulk heterojunction organic photovoltaics studied in this thesis. P3HT acts as the
electron donor, while PFTBT acts as the electron acceptor. Electrons travel through the electron selective layer to
the cathode while holes travel through the hole selective layer to the anode.

I.

For inverted devices explored in this thesis, silver acts as the hole-collecting anode. Recall that
silver is a high work function metal, meaning that it requires a relatively high amount of energy to
excite electrons from its surface. In practice, this means that silver does not oxidize easily which
promotes long term device stability. If silver is oxidized, silver oxide is produced – this
compound has an even higher work function than silver which further improves hole
collection.19,20 Other high work function metals including copper and gold can be used,20
however, they were not explored within this thesis.

II. Molybdenum Oxide (MoO3) is a transition metal oxide commonly used as a p-dopant interlayer
in organic photovoltaics. The compound has high hole-mobility, solid environmental stability,
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and favorable electronic characteristics, making it an attractive option for use in organic
photovoltaics.21 In inverted devices, MoO3 functions as a hole-selector material (i.e. it is an anode
buffer material), analogous to the role that PEDOT:PSS plays in conventional bulk heterojunction
organic photovoltaics.21,22 Unlike PEDOT:PSS, however, MoO3 is much more stable and can be
applied to substrates in various techniques. In this thesis, molybdenum was applied to substrates
using thermal vapor deposition, and MoO3 formed upon exposure to air. The thickness of MoO3
was varied and was the main variable throughout inverted device research.
III. The active layer for inverted devices produced in this study were void of fullerene derivatives,
namely PCBM. Recall that in conventional devices, PCBM, an organic molecule with a fullerene
functional group, was used as an electron acceptor. While effective at accepting electrons, this
compound has various drawbacks including weak absorption in various parts of solar spectrum,
limited tunability with respect to spectral absorbance, and high molecular cost.23 These limitations
provided motivation to study P3HT/PFTBT blends as the active layer. In this system, P3HT acts
as the electron donor, while PFTBT takes the place of PCBM and acts as the electron acceptor.
It’s important to note that PFTBT, while not a fullerene-derivative, can still effectively accept
electrons because its LUMO aligns well with P3HT’s LUMO. Further motivation to study
P3HT/PFTBT blends stems from the fact that the two molecules can be synthesized to produce
P3HT-b-PFTBT block-copolymers. All research in this thesis is geared towards understanding
optimal design parameters for idealized ordered heterojunction photovoltaics that contain blockcopolymers. In theory, a system that contains P3HT/PFTBT blend should perform relatively
similarly to a system that contains P3HT-b-PFTBT block-copolymers. So, if blended devices
perform well under certain conditions, block copolymer-based device performance should follow
suit.
IV. Zinc Oxide (ZnO) was used as the electron-selective layer and was added directly on top of the
ITO cathode. This material, among other n-type metal oxides such as TiO2, have conduction
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bands that are well suited to direct electrons toward the cathode.19 Furthermore, ZnO is a wide
band-gap semiconductor with a valence band that is rather deep relative to other compounds used
in organic photovoltaics.22 The deep valence band, ~8ev below vacuum, can effectively block
holes from reaching the cathode, thus improving device efficiency.22 Zinc acetate was spin coated
onto the substrate and was subsequently annealed in air to produce ZnO. The ease of application
makes this layer desirable when considering industrial production methods such as roll-to-roll
processing.
V. ITO, otherwise known as Indium Tin Oxide, is used as the cathode in inverted bulk
heterojunction organic photovoltaics. Recall that ITO is commonly used as the anode in
conventional bulk heterojunction organic photovoltaics because it is highly conductive and has
good optical transparency in the visible light region.7,17 The compound is equally capable at
functioning as the cathode and remains a solid choice for laboratory experimental purposes.
VI. Glass is a common laboratory substrate that is used in all devices studied in this thesis. It is
inexpensive and is easy to handle manually in the lab, so for research purposes, it is ideal.
However, note that glass substrates would likely never be used in an industrial setting because
they take away one of the most notable benefits of organic photovoltaics – flexibility.

Now that inverted device function and structure have been briefly explored, the conversation
must shift towards understanding their role in the overarching goal of this thesis: optimizing organic
photovoltaics and guiding the development of future ordered heterojunction (block copolymer-based)
organic photovoltaics. By optimizing aspects of inverted devices, we take strides towards creating highly
efficient devices. Furthermore, we gain data points regarding which design parameters function better
than others, which can provide insight into unknown device mechanisms. Equally as important, these
results can be applied not only to inverted devices, but to bilayer heterojunction and ordered
heterojunction (block copolymer-based) devices as well. Recall that block copolymers could be used in
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place of blends as the active layer in inverted devices. In theory, P3HT-b-PFTBT block copolymer could
replace the 1:2 P3HT/PFTBT blend that was used in this thesis. Given that ideal block copolymer-based
devices have not been produced yet, the next best thing would be to study devices built with blends that
contain the individual components of the block copolymer. Optimizing such a device can guide the
development of block-copolymer based devices. Note the intentional use of the word “guide” –
conclusions drawn from optimizing blended devices can be applied to block-copolymer devices, however,
a 1:1 correlation should not be expected considering the systems are not exactly the same.
It is now clear that the big-picture rationale for optimizing inverted bulk heterojunction organic
photovoltaic systems is to increase their power conversion efficiency and to guide the future optimization
of inverted ordered heterojunction (block copolymer-based) organic photovoltaic systems – but what
specific aspects of these systems demand optimization? The main unknown within this specific inverted
system concerns the thickness of MoO3 i.e. the hole selective layer. Literature cited within this thesis has
documented the effectiveness of MoO3 within related inverted systems, but the function of MoO3 within
specific Glass/ITO/ZnO/P3HT:PFTBT/MoO3/Ag systems remains relatively unexplored. For this reason,
in-lab research on inverted devices focused on optimizing MoO3 thickness in order to maximize power
conversion efficiency and overall performance/consistency.
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Experimental
Photovoltaic devices were prepared with the inverted architecture of ITO/ZnO (65 nm)/Active
layer (60− 70 nm)/MoOx (0-1nm)/Ag (75 nm). ITO-coated glass substrates (0.162 cm2, 20 ohm/sq, Xin
Yan Technology, Hong Kong) were cleaned by soap, followed by 20 min of sonication in acetone, then
isopropanol, and finally 20 min of ultraviolet light ozonation. Solutions of zinc acetate (150 mg/mL) were
made in 2-methoxyethanol (Sigma Aldrich) with ethanolamine (Sigma Aldrich; 2-4% by volume) and
stirred at ambient temperature for 24 h. Zinc acetate solution, was spin-coated on top of ITO at 4000 rpm
for 2 min, yielding a thickness of about 65 nm. A small strip of zinc acetate was removed at one end of
substrate using acetone/q-tip and was marked accordingly. The zinc acetate/ITO substrates were dried for
10 min at 215 °C in air and then transferred to a nitrogen-filled glovebox. Solutions of P3HT/PFTBT
mixtures (10 mg/mL, weight ratio 1:2) were made with anhydrous chloroform (≥ 99%, amylenes as
stabilizer, Sigma Aldrich) and stirred at 85 °C for about 24 h in a tightly sealed container prior to casting
in a nitrogen-filled glovebox. The active layer of P3HT/PFTBT devices was cast onto ZnO layers from
prepared hot solutions (85 °C) at various spin speeds for 1 min to maintain thicknesses around 60−70 nm.
The devices were completed by vacuum thermal evaporation of 0-2 nm of molybdenum and 75 nm
aluminum at 10−6 Torr on top of the active layer through a shadow mask. Silver paint (Ted Pella) was
applied onto ITO at the ZnO free marked spot. Integrated solar cells were further annealed at 110 °C for
10 min.
Devices were tested in a nitrogen filled glovebox using a xenon lamp solar simulator (Newport
Model SP92250A-1000) that produced a simulated AM 1.5G illumination (97 mW/cm2). This
illumination intensity was calibrated using an NREL certified Si reference photocell (Newport) and an
optical power meter. Measurements of current and voltage were taken using a Keithley 2636A
Sourcemeter. All data was collected using LabVIEW software package.
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Results and Discussion
Overall, 8 sets totaling over 140 devices were made in order to optimize MoO3 thickness within
inverted bulk heterojunction organic photovoltaics. All devices tested were constructed by following the
instructions listed above. In order to optimize photovoltaic design, all but one design parameter was held
constant from set to set. Note that zinc acetate solution concentration was 150 mg/ml, active layer
concentration was 10 mg/ml with 1:2 P3HT:PFTBT ratio, and silver layer thickness was 75 nm for all
device sets. In these trials, MoO3 thickness was varied substantially and ranged from 0-2 nm. See Table
3.1 below for each sets’ MoO3 thickness. Determining optimal MoO3 thickness was a necessary step in
the logical progression of device making strategy. Once optimal MoO3 thickness was determined, it could
be applied to other device systems such as bilayer and block copolymer-based devices, allowing for
optimization of related parameters to subsequently occur. Keep in mind that the overarching goal of this
thesis is to optimize design parameters for various types of closely-related organic photovoltaics in hopes
these findings apply to ideal inverted ordered heterojunction (block copolymer-based) devices.

Table 3.1: Deposited MoO3 thickness for each created inverted bulk heterojunction device set. Thicknesses were
varied from 0.05 nm to 2 nm, while all other device parameters were kept constant.

Device Set

1

2

3

4

5

6.1

6.2

7.1

7.2

8

0.05

0.05

0.10

0.05

.05 & 1

0.5

2

0.10

0.10

0.10

MoO3 Thickness
(nm)

During the MoO3 optimization process, deposited thickness began very low in earlier sets and
increased in later sets. The process of determining which thickness to test each week was iterative and
was very much a back-and-forth process. In addition to this work, other researchers in Gomez group aided
the MoO3 optimization process, including Shijia Zhou and Josh Litofsky. The group’s efforts were
coordinated to ensure timely and non-redundant device work took place.
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Device set 2, created with 0.05 nm MoO3 layer, contained the best device out of any trial with an
overall efficiency of 0.40%, shown below in Figure 3.3. This device was part of the second substrate, and
overall, the entire system performed relatively consistently, shown below in Table 3.2. Note that there are
6 devices per substrate.
Table 3.2: Average, standard deviation, and maximum values for relevant parameters for the second substrate in
inverted bulk heterojunction set 2. MoO3 thickness was 0.05 nm.

Max Eff (%)

JSC (mA/cm2)

Voc (V)

Fill Factor

AVG

0.28

-1.25

0.51

0.40

STDEV

0.10

0.24

0.12

0.12

MAX

0.40

-1.63

0.63

0.63

4.0

Current Density (mA/cm2)

3.0

2.0

1.0

0.0
-0.1

0.1

0.3

0.5

0.7

0.9

1.1

1.3

1.5

-1.0

-2.0

-3.0

Voltage (V)

Max Efficiency (%)

JSC (mA/cm2)

Voc (V)

Fill Factor

0.40

-1.63

0.60

0.36

Figure 3.3: J-V curve and relevant parameters for device 4, member of second substrate, in inverted bulk
heterojunction set 2 – this was the best performing device across all sets. MoO3 thickness was 0.05 nm. This curve
reflects device performance immediately after construction. The completed device was never exposed to air prior to
testing.
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The next logical set in optimizing MoO3 thickness was to increase it marginally and compare the
results to previous sets to guide the optimization process. Set 3, created with MoO3 thickness of 0.1 nm,
under-performed compared to set 2, with summary results shown below in Table 3.3. One cause of error
for poor device performance could stem from production – after first-day production steps were
completed, such as substrate cleaning, solution prep, etc., a few days passed before second-day
production steps were completed. Assuming device components were not altered or moved by anyone in
the lab, results should not have been affected, however, that may not have been the case.

Table 3.3: Average, standard deviation, and maximum values for four device parameters for substrate 2, inverted
bulk heterojunction device set 3. MoO3 thickness was 0.1 nm.

Max Eff (%)

JSC (mA/cm2)

Voc (V)

Fill Factor

AVG

0.10

-1.04

0.25

0.35

STDEV

0.07

0.26

0.13

0.13

MAX

0.16

-1.42

0.33

0.53

Despite these relatively poor results, colleagues who created the same devices had more
promising data, which guided the optimization to test effects of thicknesses greater than and less than 0.05
nm of MoO3.24 Two attempts at creating devices with thicknesses ranging from 0.05 nm – 1 nm failed, but
subsequent trials showed more consistency. To highlight the remaining data, results from set 6.1, set 6.2,
set 7.1, and set 8 will be explored.
Device set 6.1, which tested 0.5 nm MoO3 thickness, performed slightly better than set 3 with
respect to efficiency and open-circuit voltage, however underperformed with respect to short-circuit
current and fill factor. See Table 3.4 for a breakdown of performance statistics for substrate 1, which
belongs to device set 6.1. Device set 6.2, made concurrently with set 6.1, contained MoO3 thickness of 2
nm and performed comparably to set 3. The drastic increase in MoO3 thickness with little to no
performance improvement suggests that MoO3 does not impact device performance very much past a
certain thickness. Researchers from University of Bordeaux studied the effects of varying MoO3 within
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Glass/ITO/TiOx/P3HT:PCBM/MoO3/Ag systems and came to a similar conclusion – varying MoO3
thickness between 1-15 nm did not change device performance.25 Assuming this trend applies to
Glass/ITO/ZnO/P3HT:PFTBT/MoO3/Ag systems, the question now becomes “what is the minimum
thickness required in order to maximize device efficiency?”. For these reasons, the focus of MoO3
thickness optimization trended towards values less than or equal to 0.1 nm because they exhibited the best
performance with the least amount of MoO3. To finalize the optimization process, sets 7.1 and 8 were
created with MoO3 thicknesses of 0.1 nm, while other lab members tested thicknesses less than 0.1 nm.

Table 3.4: Average, standard deviation, and maximum values for four device parameters for substrate 1, inverted
bulk heterojunction device set 6.1. MoO3 thickness was 0.5 nm.

Max Eff (%)

JSC (mA/cm2)

Voc (V)

Fill Factor

AVG

0.16

-0.87

0.75

0.25

STDEV

0.06

0.15

0.31

0.03

MAX

0.21

-1.05

0.96

0.29

Both sets 7.1 and 8 yielded promising results and further solidified the assertion that ideal MoO3
thickness should be around 0.1 nm. Of the two, set 8 performed better regarding individual device
performance and overall substrate consistency, shown in Table 3.5. Device 6 on substrate 3 of set 8 had
the second highest efficiency, 0.32%, of any device created to date (see Figure 3.4). Furthermore, the
standard deviations of each parameter were relatively low, which indicate substrate performance as a
whole was rather consistent.

Table 3.5: Average, standard deviation, and maximum values for four device parameters for substrate 3, inverted
bulk heterojunction device set 8. MoO3 thickness was 0.1 nm.

Max Eff (%)

JSC (mA/cm2)

Voc (V)

Fill Factor

AVG

0.20

-1.30

0.51

0.30

STDEV

0.07

0.15

0.12

0.02

MAX

0.32

-1.58

0.75

0.33
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Figure 3.4: J-V curve and relevant parameters for device 6, member of third substrate, in inverted bulk
heterojunction set 8 – this was the best performing device at 0.1 nm MoO3 thickness. This curve reflects device
performance immediately after construction. The completed device was never exposed to air prior to testing.

When creating organic photovoltaics, device power conversion efficiency is arguably the most
important factor, however, overall device consistency is a close second. In practice, a device that
performs extremely well is not very useful if it cannot be easily reproduced. Having multiple very good
devices is better than having an outstanding device that is paired with poor performers. Using this logic
while considering relevant data, the optimal thickness of MoO3 was determined to be 0.1 nm. While set 2,
created with 0.05 nm MoO3, produced the best overall substrate, those results were not easily replicable
by colleagues.24 Devices produced with 0.1 nm MoO3 performed nearly as well as those in set 2, but did
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so much more consistently. To supplement these findings, previously cited researchers from University of
Bordeaux concluded that MoO3 thickness of 1 nm is enough to generate high efficiencies.25 While this
source explored inverted devices that differ slightly from those in this thesis, its findings are helpful
because they are similar in magnitude and exhibit comparable trends regarding MoO3 thickness and
device performance, which adds confidence to experimental results. For these reasons, a thickness of 0.1
nm MoO3 was assumed to be optimal and was used in subsequent inverted bilayer heterojunction organic
photovoltaics.
We suspect that 0.1 nm MoO3 was ideal for this system because it struck a balance between
blocking electrons and promoting hole movement. At higher thicknesses, MoO3 should block electrons
proficiently, however, hole movement could be hindered. Contrarily, at lower thicknesses, MoO3 should
allow holes to move easily but could be less effective at blocking electron movement. For this system, 0.1
nm MoO3 provided a happy-medium between these two phenomena.
As with any experimental study, there are opportunities for improvement that could be explored
in future projects. Firstly, researchers studying related systems have shown that thermal annealing can
drastically affect MoO3 interaction with nearby layers and therefore affect device performance –
substrates that were annealed at 170 oC for 10 min post deposition had efficiencies that were an order of
magnitude greater than substrates not subject to annealing.25 In this study, devices were annealed at 110
o

C for 10 min after deposition, which was previously determined to be optimal by past Gomez Lab group

researchers. However, for due diligence purposes, the post deposition annealing temperature should be
revisited using optimized MoO3 thickness to further promote performance improvement. Secondly,
inverted device testing should be more rigorous in the future. This thesis only tested devices immediately
after their creation – testing after exposure to air for various time intervals was not performed. Recall that
the one of the main benefits of inverted device structures is that it contains a top electrode (silver) that is
not readily oxidized in air, which makes them inherently more stable. To take this study to the next level,
MoO3 thickness optimization should factor in effects of air on inverted devices.
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Chapter 4
Inverted Bilayer Heterojunction Organic Photovoltaics

Motivation for Studying Inverted Bilayer Heterojunction Organic Photovoltaics
Exciton dissociation, one of the fundamental concepts within organic photovoltaics, is a main
design consideration when choosing what type of active layer to include. Recall the mechanism by which
organic photovoltaics operate. Absorption of photons generates excitons, which subsequently diffuse
through the donor material.10 Sometimes, upon reaching acceptor/donor layer interface, excitons
dissociate which effectively separates the electron from the hole.10 Electrons travel through the acceptor
layer to the cathode while holes travel through the donor layer to the anode.10 If connected to an external
circuit, this electrical energy can be harnessed.10 One can infer that the most important solar cell design
parameters would have strong relation to this mechanism. In the case of exciton dissociation, the main
design parameter involves the active/donor layer interface. Much work has gone into optimizing the
active/donor layer interface in order to promote high exciton diffusion and therefore high charge
collection at electrodes.
Considering that exciton diffusion length in organic semiconductors is around 10nm – 20nm,10
excitons must be created within that amount of distance from the acceptor/donor layer interface in order
to dissociate. In an ideal system, the acceptor/donor layers would be constructed in such a way that gives
every generated exciton a strong chance of reaching the interface. However, this is a daunting challenge
considering active layer thickness must be ~100nm for adequate light absorption.8 Given that maximizing
exciton dissociation promotes higher cell efficiencies, one can understand the necessity to optimize the
acceptor/donor layer interface.
One of the fundamental classes of organic photovoltaics is based on planar donor-acceptor
heterojunctions, which essentially means the active layer is composed of the acceptor layer located on top
of the donor layer, or vice versa in the case of inverted devices. Within inverted planar donor-acceptor
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heterojunction devices, otherwise known as inverted bilayer devices, the acceptor/donor layer interface is
planar, sketched below in Figure 4.1. This means that excitons must be generated within their maximum
diffusion length in order to reach the interface and dissociate. The active layer thickness (~100 nm)8 is
greater than exciton diffusion lengths (10nm-20nm)10, which is an inherent limitation in bilayer device
design that caps its maximum potential. Despite this fundamental flaw, bilayer devices have shown
promise and provide unique insight into the inner workings of organic photovoltaics. Specifically, by
studying bilayer systems, we can better understand charge carrier mobility and exciton dissociation at
acceptor/donor interface, which can guide designs for future systems.
Anode
Hole Selective Layer
Donor Layer
Acceptor Layer
Electron Selective Layer
Cathode
Glass Substrate
Figure 4.1: Schematic of inverted planar donor-acceptor heterojunction (bilayer) organic photovoltaics. Notice how
the acceptor and donor layers are not blended, as they were in inverted bulk heterojunction organic photovoltaics.

This thesis explored the workings of Glass/ITO/ZnO/P3HT/PFTBT/MoO3/Ag inverted bilayer
devices in order to test cell efficiencies, optimize cell design, and gain insight into the aforementioned
concepts in organic photovoltaic function. Specifically, MoO3 thickness was optimized and results were
compared to those of inverted bulk heterojunction devices. Furthermore, conclusions were drawn about
exciton dissociation and charge carrier mobility with respect to the planar heterojunction that can be
applied to related systems such as inverted bulk heterojunction and inverted ordered heterojunction (block
copolymer-based) devices.
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Components of Inverted Bilayer Heterojunction Organic Photovoltaics
The construction of inverted bilayer heterojunction devices is very similar to that of inverted bulk
heterojunction devices, so photovoltaic components will only be briefly outlined in this chapter. A
schematic of inverted bilayer heterojunction devices explored in this thesis is shown below in Figure 4.2.
Silver
MoO3
P3HT
PFTBT
ZnO
ITO
Glass
Figure 4.2: Components of inverted bilayer heterojunction organic photovoltaics studied in this thesis.

Notice how the compounds of inverted bilayer heterojunction devices exactly matches those of
inverted bulk heterojunction devices. We kept all components constant to test the effect of the planar
donor-acceptor heterojunction and compare results to inverted bulk heterojunction devices. MoO3 and
ZnO the hole selective layer and electron selective layer, respectively, while P3HT remains the electron
donor and PFTBT remains the electron acceptor. Furthermore, silver and ITO are the anode and cathode,
respectively. To avoid redundancy, visit Components of Inverted Bulk Heterojunction Organic
Photovoltaics (Chapter 3) to learn why these compounds were selected for their respective device
components.
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Experimental
Photovoltaic devices were prepared with the inverted architecture of ITO/ZnO (65 nm)/Active
layer (60− 70 nm)/MoOx (0-0.5nm)/Ag (75 nm). ITO-coated glass substrates (0.162 cm2, 20 ohm/sq, Xin
Yan Technology, Hong Kong) were cleaned by soap, followed by 20 min of sonication in acetone, then
isopropanol, and finally 20 min of ultraviolet light ozonation. Pre-cut silicon wafers were cleaned by
soap, followed by 20 min of sonication in acetone, then isopropanol, and finally 10 min of ultraviolet
light ozonation. Solutions of zinc acetate (150 mg/mL) were made in 2-methoxyethanol (Sigma Aldrich)
with ethanolamine (Sigma Aldrich; 2-4% by volume) and stirred at ambient temperature for 24 h. Zinc
acetate solution, was spin-coated on top of ITO at 4000 rpm for 2 min, yielding a thickness of about 65
nm. A small strip of zinc acetate was removed at one end of substrate using acetone/q-tip and was marked
accordingly. The zinc acetate/ITO substrates were dried for 10 min at 215 °C in air and then transferred to
a nitrogen-filled glovebox. PEDOT:PSS was spin-coated on top of silicon wafers at 4000 rpm for 2 min,
yielding a thickness of about 65 nm – subsequently, silicon wafers were transferred to a nitrogen filled
glovebox. Solutions of P3HT and PFTBT (10 mg/mL) were made with anhydrous chloroform (≥ 99%,
amylenes as stabilizer, Sigma Aldrich) and stirred at 85 °C for about 24 h in a tightly sealed container
prior to casting in a nitrogen-filled glovebox. A solution of PFTBT was cast onto ZnO layers on ITO
substrates from prepared hot solutions (85 °C) at various spin speeds for 1 min to maintain thicknesses
around 60−70 nm. A solution of P3HT was cast onto PEDOT:PSS layers on silicon wafers from prepared
hot solutions (85 °C) at various spin speeds for 1 min to maintain thicknesses around 60−70 nm. Upon
conclusion of spin coating, ITO substrates and silicon wafers were removed from glovebox. Using the
contact film transfer method,26 P3HT layer was transferred from silicon wafer to ITO substrate, thus being
placed directly on top of PFTBT layer. Afterwards, ITO substrates were placed in vacuum oven at room
temperature for 24 hours. The devices were completed by vacuum thermal evaporation of 0-0.5 nm of
molybdenum and 75 nm aluminum at 10−6 Torr on top of the active layer through a shadow mask. Silver
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paint (Ted Pella) was applied onto ITO at the ZnO free marked spot. Integrated solar cells were further
annealed at 110 °C for 10 min.
Devices were tested in a nitrogen filled glovebox using a xenon lamp solar simulator (Newport
Model SP92250A-1000) that produced a simulated AM 1.5G illumination (97 mW/cm2). This
illumination intensity was calibrated using an NREL certified Si reference photocell (Newport) and an
optical power meter. Measurements of current and voltage were taken using a Keithley 2636A
Sourcemeter. All data was collected using LabVIEW software package.
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Results and Discussion
Seven sets of inverted bilayer heterojunction devices were created at varying MoO3 thicknesses.
The majority of devices were created with 0.1 nm MoO3 thickness which was previously found to be the
optimal level in inverted bulk heterojunction devices. Furthermore, one set with 0.05 nm and one set with
0.5 nm MoO3 thickness was created and subsequently compared to devices possessing 0.1 nm MoO3
thickness. All devices were tested four times. The first test took place immediately after device
construction to highlight performance in an oxygen-free environment. Directly after testing, devices were
taken out of the nitrogen-filled glovebox and exposed to air for 24 hours. Upon being in air for 24 hours,
devices were tested again, and the cycle continued up to 72 hours of air exposure. One thing to note about
inverted bilayer heterojunction device construction, specifically the delamination step,26 is that it is very
tricky to correctly place the P3HT layer on top of the PFTBT layer. The contact film transfer method is
tedious to perform and highly prone to error, which makes it challenging to create a perfect interface
between the two blocks. For example, this method is susceptible to water or dust trapping between layers,
which hinders charge dissociation at the interface. Furthermore, the donor layer can easily fold or break
during transfer onto the active layer, which further reduces the planarity and consistency of the interface.
Consequently, a fair amount of inverted bilayer heterojunction devices failed. To succinctly present
results, the best device at 0.1 nm MoO3 thickness and 0.05 nm MoO3 thickness are presented and
compared. Note that devices with 0.5 nm MoO3 thickness failed, however, colleagues in Gomez Lab
determined this amount was not ideal.24
Of all inverted bilayer heterojunction devices created, those with 0.1 nm MoO3 thickness
performed the best, which was in line with expectations. The highest efficiency produced by any device,
0.099%, possessed 0.1 nm MoO3 thickness, however it failed after 24 hours due to substrate damage from
device testing. The best-rounded device produced an efficiency of 0.017% and is depicted below in
Figure 4.3. Notice how all performance parameters tend to increase as device exposure to air increases.
This trend is ideal and is actually experimentally expected, as shown by other researchers.24,27 Data
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suggests this inverted device performance increase can be attributed to oxidation of silver, which
increases its work function and thus improves hole mobility.27 One thing to point out about Figure 4.3 is
the curve for 72 hours of air exposure has some defects in it. The sudden drops in current can be traced to
morphology defects that stem from excessive handling and testing in the lab.
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Figure 4.3: J-V curve and relevant parameters for device 2, member of second substrate, in inverted bilayer
heterojunction set 5 – this was the best-rounded device across all sets. MoO3 thickness was 0.1 nm.

The best-performing device constructed with 0.05 nm MoO3 thickness, shown in Figure 4.4, was
outperformed across all performance parameters (except fill factor) by the highest performing device with
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0.1 nm MoO3 thickness. This was expected, as a similar trend appeared in inverted bulk heterojunction
devices. It is important to note that while this device did not outperform its 0.1 nm MoO3 counterpart, its
performance improved as air exposure increased, which indicates healthy device performance. Had device
performance decreased significantly with exposure to air, one could suspect damage to the device
occurred, which would discredit this comparison.
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Figure 4.4: J-V curve and relevant parameters for device 18, member of third substrate, in inverted bilayer
heterojunction set 7. MoO3 thickness was 0.05 nm.

53
Given the high performance of inverted bilayer heterojunction devices with 0.1 nm MoO3 and the
similar results observed in inverted bulk heterojunction devices, we are confident that MoO3 thickness of
0.1 nm is ideal for inverted bilayer systems possessing Glass/ITO/ZnO/P3HT/PFTBT/MoO3/Ag
architecture. This thickness of MoO3 provides a fine-tuned balance between hole transport and electron
blocking effects within inverted organic photovoltaics. In addition to results in this thesis, this conclusion
was supported by fellow colleagues in Gomez Lab, thus adding additional confidence to results.24
Now that ideal thickness of MoO3 has been further confirmed, it is important to compare the
absolute device performance of inverted bilayer heterojunction devices to that of inverted bulk
heterojunction devices. Recall that maximum efficiency produced by an inverted bulk heterojunction
device was 0.40% (Figure 3.3). This value is an order of magnitude greater than the best performing
inverted bilayer heterojunction device, which is unsurprising when considering organic photovoltaic
theory. The donor-acceptor interfacial surface area is much greater in inverted bulk heterojunction devices
than in inverted bilayer heterojunction devices. Consequently, the number of excitons that reach the
interface and subsequently dissociate is greater in inverted bulk heterojunction devices, thus explaining
the performance difference. Considering all design parameters (except donor-acceptor interface structure)
were held constant, one can assume that the number of excitons dissociated in inverted bulk
heterojunction devices is approximately an order of magnitude greater than the number of excitons
dissociated in inverted bilayer heterojunction devices. This logic explains why inverted bulk
heterojunction devices had greater short circuit current, open circuit voltage, and fill factor compared to
inverted bilayer heterojunction devices – all three of these quantities depend heavily on charge transport
within a cell.
Given that 0.1 nm MoO3 thickness was confirmed to be ideal for both inverted bulk
heterojunction and inverted bilayer heterojunction systems, the likelihood that this will be ideal for
inverted ordered heterojunction (block copolymer-based) heterojunction systems increases significantly.
Note that MoO3 thickness of 0.1 nm should be ideal only if P3HT-b-PFTBT block-copolymers are used
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and other system components are held constant – if different block-copolymers are used, the active layer
nanomorphology will be significantly different, which will affect charge mobility and therefore affect
required MoO3 thickness. However, that is not to say that the nanomorphology of inverted ordered
heterojunction (block copolymer-based) devices is exactly the same as their related inverted bulk
heterojunction and inverted bilayer heterojunction counterparts. P3HT-b-PFTBT block copolymer-based
devices will have slightly different nanomorphologies at the donor-acceptor interface that will affect
charge mobility, so in practice, 0.1 nm MoO3 may end up not being completely ideal for this system.
Future analysis will have to experimentally confirm the actual ideal MoO3 thickness for inverted ordered
heterojunction devices containing P3HT-b-PFTBT block-copolymers, however, at the very least, 0.1 nm
MoO3 is a great starting point.
In future tests involving inverted bilayer heterojunction devices, inverted bulk heterojunction
devices should be produced simultaneously to ensure laboratory conditions remain adequate. If inverted
bulk heterojunction devices perform well, while inverted bilayer heterojunction devices fail, we can
isolate the problem to an error in device construction, whereas if both devices fail, the problem might
stem from laboratory conditions or equipment malfunction. In this thesis, inverted bulk heterojunction
devices were created alongside inverted bilayer devices for three out of seven sets. In order to increase
confidence in laboratory conditions, simultaneous construction of these devices should always occur.
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Chapter 5
Conclusions and Future Work

Conclusions
Research conducted for this thesis explored a few families of organic photovoltaic systems. To
test laboratory conditions and equipment and master laboratory techniques, conventional bulk
heterojunction devices containing a 1:1 P3HT/PCBM active layer were created. Out of 120 devices, the
highest performer produced a maximum power conversion efficiency of 2.88%, which is comparable to
device performances generated by other lab groups. Thus, a high level of confidence in both laboratory
conditions and personal mastery of device construction procedures was obtained.
Focus then shifted to exploring two branches of inverted organic photovoltaic systems, namely
inverted bulk heterojunction photovoltaics and inverted bilayer heterojunction photovoltaics. Inverted
systems have a few key advantages over conventional systems including reduced oxidation of top
electrode and relatively minimal degradation of active layer, which promote long term device stability
and performance. Specifically, inverted devices containing a 1:2 P3HT/PFTBT active layer were
explored, for two key reasons. Firstly, since the acceptor material (PFTBT) is not a fullerene derivative
(ex. PCBM), researchers can more easily tune spectral absorbance levels and reduce material costs.
Secondly, and arguably most importantly, P3HT and PFTBT can be synthesized to produce P3HT-bPFTBT, a block-copolymer that can be used as the active layer within inverted organic photovoltaic
systems. Block-copolymers inherently possess a few key advantages over polymer blends. Via
microphase separation, block-copolymers can self-assemble into evenly spaced configurations with ~520nm between acceptor and donor domains (Figure 1.3),11 which coincidentally align very well with
diffusion lengths of excitons. In theory, this ordered configuration represents an ideal heterojunction
geometry because the probability of exciton dissociation is maximized, thus promoting higher power
conversion efficiency. Block copolymers have a high potential for success in inverted organic
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photovoltaic systems, however, in practice, they still require much improvement and optimization.
Therefore, by studying inverted systems possessing blended and bilayer P3HT/PFTBT heterojunctions,
we can gain insight into underlying device mechanisms that will guide the future development of inverted
ordered heterojunction systems with P3HT-b-PFTBT block copolymers.
For inverted bulk heterojunction devices studied in this thesis, the electron blocking (hole
accepting) layer of MoO3 demanded optimization. Prior to this thesis, MoO3 had never been used as an
electron blocking layer in Glass/ITO/ZnO/P3HT:PFTBT/MoO3/Ag devices within Gomez Lab. By
optimizing MoO3 thickness, performance of inverted blended heterojunction devices was increased and
insight into the layer’s impact on Glass/ITO/ZnO/P3HT-b-PFTBT/MoO3/Ag devices was obtained.
Through creation of 8 sets totaling over 140 devices, the optimal MoO3 thickness was experimentally
determined to be 0.1 nm. Devices with this thickness were the best-rounded and generated maximum
power conversion efficiency of 0.32% (Figure 3.4).
In order to test this experimental conclusion, optimization of MoO3 thickness was extended to
inverted bilayer heterojunction devices with Glass/ITO/ZnO/P3HT/PFTBT/MoO3/Ag architecture.
Studying inverted bilayer heterojunction devices allowed us to test the pre-determined optimal MoO3
thickness and gain insight into charge transport across the donor-acceptor heterojunction. Through
construction of 7 device sets, the optimal MoO3 thickness was confirmed to be 0.1 nm. Devices
possessing 0.1 nm MoO3 outperformed other devices across all relevant parameters (except fill factor)
and produced a maximum device efficiency of 0.099%. Notice that the maximum efficiency of inverted
bulk heterojunction systems is an order of magnitude greater than that of inverted bilayer heterojunction
systems. Considering all aspects of device design (other than heterojunction style) were held constant, we
can assume that the number of successful exciton dissociations is approximately an order of magnitude
higher in inverted bulk heterojunction systems compared to inverted bilayer heterojunction systems. This
result is expected considering the donor-acceptor interfacial area is much greater in the former compared
to the latter.
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The experimentally determined optimal MoO3 thickness (0.1 nm) can be applied to future
inverted ordered heterojunction (block copolymer-based) systems possessing Glass/ITO/ZnO/P3HT-bPFTBT/MoO3/Ag architecture. Despite this system not being exactly the same as their inverted
bulk/bilayer heterojunction counterparts, they are very closely related, which suggests 0.1 nm MoO3
thickness would be ideal for it as well. This assertion must be experimentally determined – at the very
least, conclusions drawn from inverted bulk/bilayer heterojunction system optimizations provide a great
starting point for future inverted ordered heterojunction (block copolymer-based) optimizations.

Future Work
In order to test the conclusions presented in this thesis, inverted ordered heterojunction systems
with Glass/ITO/ZnO/P3HT-b-PFTBT/Ag architecture must be created analogously to devices studied in
this thesis. The creation of these devices will serve as a reference point and allow for the effect of MoO3
on device performance to be quantified. Upon satisfactory creation of these devices, focus should shift to
creating inverted ordered heterojunction systems with Glass/ITO/ZnO/P3HT-b-PFTBT/MoO3/Ag
architecture. The initial MoO3 thickness should be 0.1 nm, while subsequent trials should test a wide
range of thicknesses both above and below 0.1 nm. The performance parameters of these devices should
be compared to their MoO3-free counterparts, which will direct future laboratory analysis.
While important, the thickness of MoO3 is certainly not the only device characteristic that
requires optimization. The methods used in this thesis can be applied to any device characteristic, such as
active layer thickness, hole-blocking layer thickness, annealing temperature etc. Once all parameters are
optimized in inverted bulk heterojunction and inverted bilayer heterojunction systems, the findings can be
applied to inverted ordered heterojunction (block copolymer-based) systems, similar to the way findings
regarding MoO3 thickness can be applied, in order to strive towards actualizing ideal organic solar cell
design.
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