Photosynthesis-inspired device architectures for
organic photovoltaics
by
Timothy David Heidel

S.B., Massachusetts Institute of Technology (2005)
M.Eng., Massachusetts Institute of Technology (2006)
S.M., Massachusetts Institute of Technology (2009)

Submitted to the Department of Electrical Engineering and Computer
Science
in partial fulfillment of the requirements for the degree of

Doctor of Philosophy
at the
MASSACHUSETTS INSTITUTE OF TECHNOLOGY
February 2010

(© Massachusetts Institute of Technology 2010. All rights reserved.

Department of Electrical Engineering and Computer Science
January 29, 2010

Certified Dy ... ...
Marc A. Baldo

Associate Professor

Thesis Supervisor

Accepted Dy . ..o
Professor Terry P. Orlando
Chair, Department Committee on Graduate Students






Photosynthesis-inspired device architectures for organic
photovoltaics
by

Timothy David Heidel

Submitted to the Department of Electrical Engineering and Computer Science
on January 29, 2010, in partial fulfillment of the
requirements for the degree of
Doctor of Philosophy

Abstract

Organic semiconductor photovoltaics offer a promising route to low-cost, scalable,
emissions-free electricity generation. However, achieving higher power conversion ef-
ficiencies is critical before these devices can play a larger role in our future energy
generation landscape. Organic photovoltaic devices are currently limited by two pri-
mary challenges: (1) a trade-off between light absorption and exciton diffusion and (2)
low open-circuit voltage due to charge recombination at the donor-acceptor interface.
In this work, we demonstrate two new device architectures inspired by photosynthesis
that aim to overcome these two challenges.

First, we overcome the trade-off between light absorption and exciton diffusion
by introducing an external light absorbing antenna layer. We model energy transfer
from the antenna to the charge generating layers via surface plasmon polariton modes
in the interfacial thin silver contact and via radiation into waveguide modes. We
experimentally demonstrate devices with both single layer antennas and strongly
absorbing resonant cavity antennas. We measure energy transfer efficiency from the
antenna layer to the PV active layers as high as 51+10%. We discuss structural
design criteria and describe ideal antenna material characteristics.

Second, we reduce charge transfer state recombination in organic photovoltaics by
inserting a thin interfacial layer at the donor-acceptor interface. The thin interfacial
layer creates a cascade energy structure that destabilizes the Coulombically bound
charge transfer state formed immediately following exciton dissociation. We find the
optimal interfacial layer thickness to be approximately 1.5 nm. In CuPc/Cgy devices,
under simulated solar illumination the short-circuit current increased 34%, the open-
circuit voltage increased 33%, and the power conversion efficiency increased 49%.
Thin interfacial layers can also be used to study the physics of exciton separation.

Thesis Supervisor: Marc A. Baldo
Title: Associate Professor
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Chapter 1

Introduction and Motivation

1.1 The energy challenge

The capture, conversion, and consumption of energy is a multi-trillion dollar industry
that impacts the lives of every human being at every level of society in every country
on Earth every day. Global energy use has grown dramatically since the start of the
industrial revolution, rising from approximately 27.4 exajoules (EJ) in 1850 [1] to 474
EJ in 2008 [2], a twenty-seven-fold increase. During this time the global population
grew from approximately 1.25 billion to just over 6 billion [3]. By the middle of
the twenty-first century the global population is projected to grow to over 9 billion
and global energy demand is projected to double again [4]. Energy is a basic need

underlying all aspects of the global economy.

Unfortunately, all energy sources currently in widespread use are derived from
finite, exhaustible resources that are distributed disproportionately throughout the
world. As the global population continues to grow and the economies of develop-
ing countries continue to grow rapidly, energy resources will become increasingly
constrained. Furthermore, our understanding of the potential risks associated with

anthropogenic climate change, primarily driven by human energy consumption, con-
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tinues to grow. Procuring adequate, environmentally-benign energy supplies is poised
to become a defining technological, economic, and political challenge of the coming

century.

The resurgence of interest in alternative sources of energy is due to three primary
drivers: (1) economic opportunity, (2) national security, and (3) climate change and

environmental risk.

Increasingly, the pursuit of new energy technologies is being viewed as an impor-
tant economic opportunity. Energy is one of the largest industries on Earth. Countries
with technical leadership in new energy technologies in the next century could lead
the global economy. In recent years price volatility for oil has become an increasing
concern. For example, over the past decade the spot price for oil has ranged between
$17 per barrel in January 1999 to more than $140 per barrel in July 2008 [5]. As the
demand for oil and other energy resources continues to rise, price volatility is likely to
continue to be a major concern. High energy costs could threaten the competitiveness

of nations.

Security concerns are also driving the pursuit of alternative energy sources. A
large portion of the world’s petroleum is found in regions of the world characterized by
political instability. For example, the United States currently imports over 30% of its
primary energy, including significant volumes of petroleum from potentially unstable
countries such as [raq and Venezuela. Today, energy security concerns are also driven
by international threats of terrorism, nationalist backlash in exporting countries, fears
of a scramble for limited international energy supplies, and geopolitical rivalries [6].
Further, security concerns are not limited to oil supplies. Electric power blackouts,
such as the August 2003 blackout in North America, cause enormous economic losses
and present serious national security concerns. Indeed, recent evidence has indicated
that the security of the US centralized electric power grid is at risk of foreign intrusion

[7]. Natural gas supplies are also becoming increasingly linked throughout the world.
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Disputes over European imports of natural gas from Russia and the Ukraine have been
a political challenge in Europe in recent years. As the demand for energy supplies

continues to grow, energy security concerns are likely to become even more prominent.

Finally, anthropogenic climate change is motivating the pursuit of new energy
sources. Fossil fuel based energy sources including petroleum and coal emit large
amounts of COs and other greenhouse gases into the atmosphere. The average atmo-
spheric CO4 concentration has increased from approximately 280 ppm by volume at
the start of the industrial revolution in the mid-nineteenth century to approximately
387 ppm by volume today [8]. The specific risks associated with higher atmospheric
greenhouse gas concentrations are subject to significant uncertainty [9]. However,
these risks could include increased mean global temperatures leading to dramatic lo-
cal climate shifts, increased occurrences of droughts, fires and floods, higher ocean
water levels, and increased intensity or volatility of storm systems like hurricanes. In
turn, these natural changes could put enormous pressures on global food production
[10] and change the dynamics of the transmission of diseases throughout the world
[11]. The majority of climate scientists now believe climate change imposes significant
risk and that efforts should be undertaken to reduce future greenhouse gas emissions
[8]. Decarbonizing global energy supplies is one of the most direct ways to stabilize
atmospheric greenhouse gas concentrations [12]. The development of technologies to
economically exploit renewable, carbon-free energy resources is critical to minimize

the potential risks of climate change.

Combined, these three constraints are driving the pursuit of new sources of energy.
A dramatic shift to renewable sources of energy would not be the first dramatic change
in energy production the US has experienced. The United States primary energy mix
has evolved continuously since the start of the industrial revolution. In the United
States, primary energy use grew from approximately 0.5 EJ in 1800 to over 105 EJ in

2008. As illustrated in Figure 1-1, during this time the country’s primary source of
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Figure 1-1: Primary energy sources in the United States since 1850. The primary
sources of energy used in the United States have evolved since the start of the indus-
trial revolution. Biomass (primarily wood) was the dominant fuel initially. However,
by the early 1900s, coal became the most widely used fuel. Petroleum and natural
gas use grew significantly by the middle of the last century. Renewable sources of
energy currently account for a relatively small proportion of the nation’s total energy
use. Data from [4].

energy shifted from over 90% biomass (mostly wood) to a diversified mix dominated
by coal, natural gas, and petroleum. Historically, non-renewable sources of energy
have fueled most of the United State’s total primary energy use. Carbon-neutral

sources of energy play a small role in the United States energy consumption today.

Significant research effrots are underway to develop renewable sources of power
including harnessing energy from wind, geothermal resources, waves, tides, and the
sun. Expanding the civilian use of nuclear power is also an area of active research and
development. Ultimately, all of these energy sources are likely to play a role in our
future energy consumption. This thesis is focused on organic solar cells, a technology

with promise to inexpensively harvest energy from the sun over large areas.
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1.2 Solar power

The sun is an inexhaustible, carbon-neutral source of energy that has the potential
to supply all of mankind’s energy needs. Every hour the sun delivers over 4.3 x
10%° J of energy to the Earth, more than humans currently consume in an entire year
[13]. The sun is a particularly attractive alternative source of energy as it is available
in large supply throughout the world and, therefore, could reduce countries’ energy
interdependence, easing energy-related economic and national security fears. Finally,
the carbon-neutral nature of the energy in sunlight means that it could be utilized at

large scale with no widespread environmental harm.

The United States has an abundant solar resource potential. As illustrated in
Figure 1-2, some regions of the United States have the potential to capture over
6 kWh/m? of solar energy on average each day. Furthermore, it has been estimated
that a square land area approximately 161 km on a side or approximately 1.6% of the
total US land area, could generate all of the US energy needs with 10% efficient solar
cells [14]. Due to the intermittent, variable nature of the solar resource, it will likely
never be feasible to source all of our energy from the sun. However, this calculation

gives a sense for just how large the resource truly is.

The solar resource can be utilized in several different ways. First, solar radiation
can be used directly for heating buildings. Many efforts have focused on integrating
passive solar energy capture into the architectural design of buildings. The energy in
solar radiation can also be used to heat water for domestic use. Roof-mounted solar
water heaters have been adopted widely in some regions of the world. For example,
over 85% of households in Israel currently utilize solar water heaters [16]. Finally,

solar radiation can also be used to generate electricity.

Electricity generation with solar radiation can be accomplished using two pri-

mary methods. First, solar radiation can be used to heat water or other liquids that
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Figure 1-2: Solar resource potential in the United States. The southwestern region of
the United States receives the most solar radiation on average. Some areas average
over 6.5 kWh/m? per day of solar radiation. While the total magnitude of solar energy
reaching the United States each day is far more than the country currently uses, the
low-density nature of the resource complicates efforts to economically capture it at

large scale. From [15].
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are subsequently used to fuel steam turbines in what is known as “solar thermal”
generation [17]. Solar thermal power generation facilities have demonstrated great
promise to provide large amounts of baseload power generation at competitive prices
[18]. Second, the energy in solar radiation can be directly converted to electricity
using the photovoltaic effect. The photovoltaic effect was first discovered in 1839 by
Edmund Becquerel who observed a photo induced current in a device consisting of
two electrodes, one composed of silver chloride, immersed in an electrolyte solution
[19]. While the photovoltaic effect was studied throughout the subsequent century,
the first modern solar cell consisting of a pn-junction in silicon was demonstrated by

Chapin et al. at Bell Labs in 1954 [20].

In the past half century, significant progress has been made towards achieving
high power conversion efficiency in photovoltaic devices, as illustrated in Figure 1-3.
Inorganic, crystalline semiconductor photovoltaics have successfully borrowed exper-
tise and fabrication techniques from the rapidly advancing microelectronics indus-
try. Power conversion efficiencies as high as 25.0+0.5% for crystalline silicon cells,
26.14+0.8% for I1I-V (GaAs) semiconductor cells, and 9.5+0.3% for amorphous sili-
con devices have been reported and verified by independent test centers [21]. The
maximum achieveable efficiency for single pn-junction solar cells is limited by the

Shockley-Queisser limit to approximately 31% [22].

However, despite advances in power conversion efficiency, photovoltaics remain
prohibitively expensive relative to other sources of electricity and have not achieved
widespread success as an alternative means of producing electricity [23]. For much of
the past half century, the use of solar cells was limited to specialized niche markets
such as for satellites [24] or for rural electrification [25]. In these applications, gen-
erating electricity via conventional methods such as using gas or coal burning power
plants would have been too expensive or simply impractical. In addition to high cost,

the intermittent and variable nature of solar radiation complicates efforts to integrate
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Figure 1-3: Record research solar cell efficiencies. The history of progress in power
conversion efficiency is indicated for a range of photovoltaic technologies. Record
cell efficiencies have increased from approximately 9% in 1975 to over 40% in 2008.
The use of multiple junctions in photovoltaics have allowed efficiencies to increase
beyond the single junction limit. However, higher efficiency devices are typically
prohibitively expensive for most applications. Many of the technologies illustrated
have yet to achieve commercial viability. Organic solar cell progress is displayed in
the lower right corner of this plot.

large amounts of solar electricity generation into the bulk power system.

Photovoltaics remain too expensive for widespread terrestrial use [26]. In 2008,
solar electricity generation accounted for less than 0.03% of total US electricity gen-
eration [4]. However, advances in power conversion efficiency, reductions in manufac-
turing costs, and aggressive policy mechanisms including feed-in-tariffs, investment
tax credits, and renewable portfolio standards have resulted in rapid growth in the
deployment of photovoltaics over the past decade. Over the past 20 years, PV manu-
facturing output has grown by a factor of 200, reaching over 5,950 MW in 2008 [27].
The total accumulated installed capacity surpassed 15 GW in 2008 [28]. While this

is less than 0.4% of the world’s total installed electricity generation capacity of 4000
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GW, many industry leaders expect rapid industry growth to continue throughout at

least the next decade [29].

Despite recent growth, photovoltaics remain more expensive than alternative gen-
eration sources. The high fabrication costs associated with crystalline semiconductors
has limited conventional, inorganic solar cells from achieving truly large scale. The
average price for a solar module at the end of 2009 was approximately $4.31 per peak
Watt. Furthermore, installation and balance of system components including invert-
ers, charge controllers, circuit breakers, wiring, and mounting frames continue to add
significant additional cost. The average system cost for photovoltaics was estimated
to be approximately $7.50 per peak Watt in 2007. Estimates of the levelized cost
of electricity (LCOE) with photovoltaics vary widely from as low as approximately
$0.15/kWh to over $0.40/kWh [30, 27]. Calculations of LCOE depend not only on
the cost of solar modules but also on geographic location and financing terms. While
estimates vary, most remain well above the average cost of retail electricity in the
United States, $0.093/kWh in 2007. While incremental improvements in efficiency
and reductions in balance of systems costs are likely to sustain growth in the short
term, new device materials and/or architectures may be needed before photovoltaics

can achieve truly large scale and make a significant contribution to total energy use.

Figure 1-4 illustrates a roadmap for solar cell development originally developed
by Professor Martin Green at the University of New South Wales, Sydney, Australia.
The roadmap suggests that photovoltaics can be classified into three broad technology
generations. The first generation, including the vast majority of current commercial
photovoltaics, are characterized by efficiencies below the single junction limit [22] at
relatively high costs. Figure 1-4 includes dotted lines indicating module costs. Cur-
rent solar modules cost between approximately $1/W and $3.50/W to manufacture.
Second generation photovoltaics are predicted to exhibit slightly lower efficiencies

but significantly lower costs. Thin-film inorganic solar cells, discussed in more detail
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Figure 1-4: Roadmap to higher efficiency photovoltaics. Photovoltaics are expected
to mature via three broad generations of technology. Current generation technology
including single crystal silicon solar cells achieve relatively high efficiencies, but still
below the single junction limit, at relatively high cost. Second generation devices
are predicted to achieve slightly lower efficiencies at significantly lower costs. Thin
film solar cells are an example of second generation devices. Finally, third generation
devices are expected to use new physical concepts or architectures that overcome the
single junction limit at low cost. Organic solar cells are also second generation solar
cells. After Martin Green [31].

below, are considered second generation devices. Organic solar cells are typically
also considered second generation solar cells. Finally, third generation photovoltaic
devices are predicted to utilize new physical phenomenon that will allow efficiencies
to increase beyond the single junction limit and approach the thermodynamic limit
[31]. These cells could employ physical phenomenon such as hot carrier conduction,

multiple carrier photon emission, or multiple band gap structures.

Recently, thin film solar cells have attracted significant interest. Thin film inor-
ganic semiconductor photovoltaics utilize far less expensive semiconductor material

compared to conventional crystalline devices and can be manufactured at large scale
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using less expensive manufacturing processes such as chemical vapor deposition or
printing. The thin semiconductor layers, on the order of microns, allow large ar-
eas to be coated with very little material. Thus far, thin film devices based on
amorphous silicon (a-Si), cadmium telluride (CdTe), and cadmium indium gallium
selenide (CIGS) have attracted the most attention [32]. While thin film devices ex-
hibit lower efficiencies relative to crystalline silicon devices, typically in the range
of 9-13%, the significant cost advantages achieved result in lower overall costs on a
dollars per Watt basis. For example, First Solar, a thin film solar cell leader, recently
announced that it had achieved a solar module production cost of $0.98/W [33]. The
market share for thin film solar cells, primarily CdTe devices, has expanded rapidly in
recent years. Thin film devices captured approximately 13% of global PV production
in 2008 [27]. Furthermore, many analysts have predicted that the market share for
thin film photovoltaics will continue to expand throughout the next decade. While
recent advances have yielded significant growth in thin film inorganic solar cells, it
is not yet known whether these devices will be able to achieve costs low enough to

compete broadly with alternative electricity generation sources.

Organic semiconductor solar cells, the focus of this thesis, are another type of
second generation thin film solar cell. These devices are introduced in the next

section and discussed in detail in Chapter 2.

1.3 Organic semiconductor photovoltaics

Research into organic semiconductor based PVs, using small molecule pigments or
polymers, has gained significant momentum in recent years as efficiencies have contin-
ued to rise steadily. The latest organic semiconductor based solar cells have exhibited
power conversion efficiencies over 6% [34]. Organic semiconductor based devices have

the potential for very low-cost production using techniques common in other indus-
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tries such as roll-to-roll and web-based processing [35]. Many of these techniques are
also well suited for making very large area devices. Finally, the variety of organic ma-
terials available and the ability of chemists to continually synthesize new molecules for
specialized applications may also allow organic solar cells to be designed for innovative

form factors and applications.

However, for any of these potential benefits to be realized the efficiency of organic
PVs must be increased. Current bi-layer heterojunction organic PVs are limited by
two primary challenges. First, the devices are limited by the amount of light they
can absorb. Photogenerated excitons must reach the interface between the donor
and acceptor semiconductor layers in order to be dissociated. Excitons that do not
reach the interface cannot contribute to power generation. Unfortunately, the exci-
ton diffusion length in organic molecules is typically significantly shorter than the
absorption length [36]. Therefore, the absorption efficiency and exciton diffusion effi-
ciency in conventional organic solar cells are coupled, opposing quantities; increasing
absorption by increasing the device thickness leads to a decrease in exciton diffusion

efficiency and vice versa.

Second, recombination of charges immediately following exciton dissociation is a
major loss mechanism in current bi-layer heterojunction organic photovoltaics. Ex-
citons dissociate via electron transfer forming a charge transfer (CT) state at the
donor-acceptor interface. In the charge transfer state, the electron is localized on an
acceptor molecule and the hole is localized on a donor molecule at the interface. Un-
fortunately, the two charges are Coulombically bound in the CT state and eventually
recombine. The mechanism that allows some carriers to escape the charge transfer
state is an area of debate [37, 38, 39, 40, 41]. Reducing charge transfer state recom-
bination is an area of growing focus in the organic solar cell literature [42, 43, 44, 45].

Charge transfer state recombination is discussed in more detail in Chapter 4.
These two challenges will likely have to be overcome before organic photovoltaics
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can achieve the power conversion efficiencies required to compete with alternative
generation technologies. Device structure modifications represent one of the most

promising routes to overcoming these challenges and achieving higher efficiency.

1.4 New device architectures for organic solar cells

In this thesis, we demonstrate two novel device structures that yield increased or-
ganic photovoltaic device performance. First, we demonstrate devices with external
light-absorbing antennas. These devices aim to overcome the trade-off between light
absorption and charge separation by decoupling these two processes. Second, we
demonstrate devices with a thin interfacial layer located at the exciton dissociation
interface. The interfacial layer creates a graded exciton dissociation interface that
serves to reduce recombination of separated charges. These device architectures are
illustrated in Figure 1-5. This thesis will describe the theoretical basis underlying
these device structures and will discuss the results of experimentally fabricating and
characterizing the devices.

The motivations for both of the device structures explored in this thesis come
from photosynthesis. Therefore, prior to introducing the two new solar cell device
architectures, we first briefly review the mechanism for energy transduction in pho-

tosynthesis.

1.4.1 Energy transduction in photosynthesis

Photosynthesis is the dominant energy conversion process on Earth. The vast ma-
jority of life depends on photosynthesis as a source of energy and the process helps
maintain the Earth’s atmosphere. The amount of energy trapped by photosynthesis
has been estimated to be approximately 100 terawatts [46], nearly six times larger

than the current power consumption of humans [4]. The process has evolved over
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Figure 1-5: The device architectures studied in this work. (a) Conventional organic
heterojunction PV cells are comprised of two organic semiconductor layers sandwiched
between a transparent conducting anode and a reflecting cathode. The devices are
designed such that the energy level offset at the interface between the two semicon-
ductor layers makes it energetically favorable for excitons to split at the interface.
(b) An external antenna layer can be used to overcome the tradeoff between light
absorption and exciton diffusion in organic solar cells. (c) An interfacial layer creates
a cascade energy structure at the interface that reduces recombination and, therefore,
increases the efficiency of charge collection.
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Figure 1-6: Structures involved in photosynthesis. The light harvesting antenna
and reaction center serve as the sites of photon absorption and exciton dissociation
respectively. A wide range of light harvesting antenna structures have been observed
in nature. However, reaction centers are similar across all photosynthetic organisms.
After Purves et al. [47].

several billion years and is the source of all the biomass and fossil fuels that we use

today as energy sources.

Photosynthesis is the process that plants, algae, and many species of bacteria use
to convert carbon dioxide into organic compounds using energy from sunlight. The
diversity of species that perform photosynthesis requires that the process occur dif-
ferently in different species. However, some features of the process are always the
same. The process starts with the conversion of solar energy into electrical energy.
The electrical energy is then used to drive a series of chemical reactions. Architec-
turally, photosynthesis can be divided into three distinct energy transduction phases,

as illustrated in Figure 1-6.

First, light is typically absorbed in a protein structure known as a light harvesting
antenna complex. Antenna structures vary widely throughout nature [48]. Antennas
are primarily comprised of strongly absorbing chlorophyll pigment molecules [49].

However, antennas also typically employ additional pigments such as carotenoids and
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phycobilins to ensure sufficient absorption throughout the visible spectrum. Pigment
molecules in photosynthetic antennas capture photons and generate bound excitations
known as excitons. FExcitons consist of a bound electron-hole pair localized on a
single molecule. After exciton generation, the antenna structures energetically funnel
the excitons to charge generation complexes, known as reaction centers via resonant
energy transfer [50]. Antenna structures in many biological systems have evolved
a specific molecular orientation that promotes efficient funneling of excitons to the

reaction centers.

Next, the photogenerated excitons are split into separated charges in the reaction
center protein structures. Reaction centers consist of van der Waals bonded chloro-
phyll derivatives and other electron transfer cofactors that are carefully arranged to
enhance electron transfer and charge separation [51]. While a wide variety of an-
tenna complexes have been observed in nature, reaction centers are strikingly similar
across most photosynthetic organisms [52]. In particular, reaction centers contain
one particular chlorophyll dimer known as the special pair. The special pair is the
lowest energy site for excitons in the system. Excitons generated in antenna systems
are guided to the special pair before splitting [53]. Once an exciton arrives at the
special pair, the exciton is split via a series of redox reactions known as an electron
transfer cascade that rapidly carries the electron away from the special pair where
the hole remains. The electron transfer cascade quickly separates the charges to ~3
nm, suppressing back transfer of the electron. The multi-step electron transfer cas-
cade employed in the reaction center yields highly efficient exciton dissociation [49].
A typical photosynthetic electron transfer cascade is illustrated in Figure 1-7. The
potential formed by the separated charges varies from approximately 0.5 V in purple

bacteria to approximately 1.1 V in more advanced systems [54].

Finally, the oxidized and reduced species are stabilized by secondary reactions,

yielding a chemical potential across the photosynthetic membrane. The energy har-
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Figure 1-7: Electron transfer cascade in photosynthetic reaction centers. The special
pair and electron transfer co-factors in the reaction center complex of Rhodobacter
spaeroides. AG, A, and R correspond to the Gibbs free energy change, the reorgani-
zation energy, and the spatial separation, respectively, for each step in the electron
transfer cascade. Electron transfer reactions are discussed in detail in Chapter 4. Fig-
ure produced from the Protein Data Bank file 1AIJ using Visual Molecular Dynamics
[55].

vested via the light reaction is stored by forming the chemical adenosine triphosphate
(ATP). This chemical is made of the nucleotide adenine bonded to a ribose sugar
bonded to three phosphate groups. The details of the chemical reactions in photo-
synthesis that occur after the initial exciton separation have been described elsewhere

and are beyond the scope of this thesis.

Photovoltaics are essentially an artificial form of photosynthesis. However, the
energy transduction process in photovoltaics stops prior to the chemical stabilization
of the oxidized and reduced species. Instead of completing the conversion of sunlight
into organic compounds, photovoltaics produce the intermediate product of separated
charges which are then collected to generate electrical power. However, in contrast
to the spatially separated components utilized in photosynthesis, conventional pho-
tovoltaic devices use the same material and structure to perform both of the first two

phases of energy transduction. The semiconductor material absorbs the light, serving
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the function of the photosynthetic antenna and the pn-junction, formed by doping

the semiconductor, serves to separate the charges.

The spatial separation between the light absorbing antenna and the reaction center
in photosynthesis and the use of a multiple step electron transfer cascade for charge

separation motivate the new device architectures demonstrated in this thesis.

1.5 Organic solar cells with external antennas

The first new device structure described in this thesis is that of organic solar cells
with an external light absorbing “antenna” layer. In this architecture, illustrated in
Figure 1-5b, light is absorbed by the external antenna and subsequently transferred
into the organic photovoltaic cell. By decoupling the optical and electrical functions
of the cell, this new architecture has the potential to circumvent the tradeoff between

light absorption and charge separation efficiency.

To study this architecture, we first model energy transfer mediated via surface
plasmon polariton modes in the interfacial thin silver contact and via radiation into
waveguide modes. We calculate the expected optical absorption in each layer of
the device and then model energy transfer from the antenna layer into the active
semiconducting layers. The model allows the study of the wavevector dependence
of energy transfer from the antenna to the PV and the dipole coupling efficiency to
each layer in the PV stack. The model is also used to optimize the thickness of layers
throughout the device and predict the energy transfer efficiency.

Next, we experimentally demonstrate devices with external antennas. First, we
demonstrate devices with single layer antennas with high photoluminescence efficiency
achieving high energy transfer efficiencies. Next, we experimentally measure the
energy transfer efficiency from an antenna layer to the PV active layers utilizing a

strongly absorbing material that absorbs significant light near the device cathode. We
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compare this measurement to the model described above. Finally, we demonstrate
devices with strongly absorbing resonant cavity antennas resulting in increased device
performance over specific regions of the solar spectrum. These results yield structural
design criteria for this device architecture and allow us to describe ideal antenna
material characteristics.

We also demonstrate the use of external antennas applied to conventional inorganic
solar cells in luminescent solar concentrators (LSCs) in Appendix A [56, 57]. LSCs
are planar waveguides with a thin-film organic coating on the face and inorganic
solar cells attached to the edges. As in the organic PV devices discussed above, light
is absorbed by the coating and re-emitted into waveguide modes for collection by
the solar cells. We demonstrate optimized single-waveguide and tandem-waveguide
luminescent solar concentrators with increased quantum efficiencies. We exploit near-
field energy transfer, solid-state solvation, and phosphorescence to achieve increased

concentration without the need for solar tracking.

1.6 Organic solar cells with interfacial layers

Second, we introduce a device architecture for organic solar cells that includes a thin
interfacial layer between the donor and acceptor materials, illustrated in Figure 1-
5c. The thin interfacial layer in this architecture creates a cascade energy structure
at the exciton dissociation interface reducing recombination of separated charges.
As introduced above, recombination of separated charges at the exciton dissociation
interface in organic PVs represents a major loss mechanism. Devices with interfacial
layers exhibit greater open-circuit voltages (Voc) and short-circuit currents (Js¢)
leading to higher power conversion efficiencies [58]. We describe an experimental

study of charge collection efficiency in organic PVs using thin interfacial layers.

To study this architecture, we first fabricate devices exhibiting increased charge
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separation efficiency due to the addition of an interfacial layer. Previous efforts to add
an interfacial layer in organic PVs have suffered due to poor materials selection. We
study how the energy level alignment of the interfacial layer impacts recombination
and we develop criteria for optimal interface material design and selection.

Finally, we quantify the optimal thickness of the added interfacial layer by fab-
ricating devices with a range of different interfacial layer thicknesses. Devices with
too thin an interfacial layer demonstrate limited improvements in charge collection
due to partial layer coverage. Devices with interfacial layers that are too thick suffer
from carrier transport problems in the interfacial layers. Determining the optimal
interfacial layer thickness gives greater insight into the physical mechanism of charge

carrier recombination at the exciton dissociation interface in organic PVs.

1.7 Thesis roadmap

This chapter has given a brief background and context for the work described in this
thesis. The energy industry is likely to face many new opportunities in the years
ahead. The motivation for photovoltaic devices and recent progress towards their
widespread adoption have been discussed. Finally, this chapter gave an introduction
to organic photovoltaics and briefly introduced the two new device architectures that
are the focus of this thesis.

Chapter 2 gives a brief overview of organic photovoltaics and details the mech-
anism of power generation in these devices. The two primary challenges limiting
devices from achieving higher efficiencies: (1) the tradeoff between light absorption
and exciton diffusion and (2) low open-circuit voltage due to charge transfer state
recombination at the donor-acceptor interface are discussed. The chapter concludes

with a description of previous efforts to overcome these challenges.

Chapter 3 discusses organic PVs with external light absorbing antennas. The
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chapter first details the physics of surface plasmon polariton mediated energy transfer
across a thin metal film. Devices with external light absorbing antennas are modeled
to optimize energy transfer efficiency. The results of fabricating devices with single
layer light absorbing antennas and resonant cavity antennas are discussed. Finally,
the outlook for devices with external antennas is discussed.

Chapter 4 discusses organic PVs with a thin interfacial layer added between the
donor and acceptor semiconductor layers. The physics of exciton dissociation and
charge transfer state recombination are discussed. The chapter then describes the
results of fabricating devices with interfacial layers. While interfacial layers are found
to increase the efficiency of charge separation in some devices, the efficiency is un-
changed in other devices. Several possible explanations are given for these results and
the outlook for devices with interfacial layers is discussed.

Finally, Chapter 5 concludes and suggests future work.
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Chapter 2

Organic Solar Cells

Organic semiconductor photovoltaics (PV) are a promising route to low-cost, scalable,
emissions-free electricity generation [59]. Organic solar cells can theoretically achieve
similar efficiencies to conventional inorganic photovoltaics [60]. Their compatibility
with inexpensive manufacturing techniques makes organic semiconductor technology
particularly attractive as a route to ubiquitous solar energy generation. However,
achieving higher power conversion efficiencies is critical before organic photovoltaics

can play a larger role in our future energy generation landscape.

Early organic photovoltaic cells were composed of a single organic semiconductor
sandwiched between two metal electrodes with different work functions [61]. The
rectification seen in these devices was due to the formation of a Schottky barrier
between the organic layer and the metal contact with the lower work function [62].

However, these devices exhibited extremely poor power conversion efficiencies.

The introduction of the bi-layer heterojunction device architecture first demon-
strated by Tang in 1986 was a major step forward [63]. Organic heterojunction devices
are constructed from two distinct semiconducting layers placed between metal elec-
trodes. The device structure is similar to inorganic semiconductor pn-junction solar

cells. However, in inorganic devices the p and n layers are created by oppositely
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doping two adjacent volumes of the same semiconductor. Organic heterojunction so-
lar cells employ a different semiconducting material for each layer, one having good
transport properties for holes (also known as a donor layer) and the other favoring
the transport of electrons (also known as an acceptor layer).

Power conversion efficiencies of organic photovoltaic devices have been increasing
steadily in recent years. A small-molecule organic solar cell was reported with an
efficiency of 5.7% under 1 sun AM1.5G simulated solar radiation [64, 65]. Devices
utilizing polymer materials have been demonstrated with power conversion efficiencies
over 6% [34, 66]. It has been suggested that power conversion efficiencies could be
achieved as high as 20% if the quantum efficiency of devices was improved across
the visible spectrum [60]. Increasing the sensitivity of organic photovoltaics in the
near-infrared could lead to even higher efficiencies.

In inorganic cells the electric field generated by the pn-junction acts to separate
excited charge pairs [67]. In contrast, in organic photovoltaics the energy-level offset
between the two different semiconductor materials is needed to dissociate excitons.
This means that the power generation mechanism for organic cells is fundamentally
different than those found in conventional inorganic devices.

The next section discusses the primary power conversion processes found in organic
photovoltaics. Then, the primary barriers to higher efficiency are discussed. Finally, a
brief overview is given of the methods that have previously been employed to overcome

these challenges.

2.1 Mechanism of power conversion

The conversion of light into electrical power in organic photovoltaics occurs in four
distinct steps as illustrated in Figure 2-1. The absorption of light in one of the semi-

conducting layers initiates the process. Optical absorption generates tightly bound,
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charge-neutral hole and electron pairs referred to as excitons [68]. The weak inter-
molecular interactions and lack of long range order found in organic semiconductors
gives rise to highly localized excitons [69]. In order to extract power from the de-
vice, the excitons must be separated into their constituent charges. The excitons
diffuse throughout the layer where they originate via Forster energy transfer between
molecules. If the excitons reach the interface between the donor and acceptor layers
before they recombine they can dissociate into separate charges. The distance exci-
tons travel before recombination is a material dependent parameter, quantified as the
exciton diffusion length, Lp [36]. Lp is typically on the order of 10 — 50 nm. Organic
heterojunction PVs are designed such that the energy level offsets at the interface
between the two semiconductors makes it energetically favorable for the charges to
separate. Charge separation results in electrons being found in the lowest unoccupied
molecular orbital (LUMO) of the electron transport layer and holes in the highest oc-
cupied molecular orbital (HOMO) of the hole transport layer. Finally, the separated
charges diffuse toward the contacts to generate power [70]. The efficiency of each of

these steps is discussed below.

2.2 Quantifying the performance of organic pho-

tovoltaics

The performance of organic solar cells is typically quantified in two ways. First,
current density-voltage characteristics (J-V') are measured in the dark and under
simulated solar illumination. Second, the external quantum efficiency (EQE) of de-
vices, defined as the number of electrons flowing in the external circuit per photon

incident on the PV cell, is measured under monochromatic illumination.
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Figure 2-1: Summary of power conversion processes in organic photovoltaics. (a)
Optical absorption in the semiconductor layers creates locally bound electron-hole
pairs or excitons. (b) Excitons diffuse in the semiconducting layer. (c) Excitons
reaching the interface between the acceptor and donor semiconductor layers before

recombination are dissociated. (d) Separated electrons and holes diffuse to opposite
electrodes. After Peumans et al. [70].
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2.2.1 Current-voltage characteristics

Current density-voltage (J-V') characteristics reveal how solar cells would operate
under actual solar illumination. The spectrum of the sun’s radiation is close to that
of a black body with a temperature of 5,800 K. While the intensity of actual solar
radiation varies throughout the day, standard test conditions have been established to
allow for consistent comparison of different solar cell devices. Standard test conditions
correspond to a radiant intensity of 1000 W/m? with a spectral distribution defined

as “AM1.5G” and a cell temperature of 25°C.

As illustrated schematically in Figure 2-2, under illumination, the J-V curve for
solar cells shifts into the fourth quadrant where power is generated (the product of
current and voltage in this quadrant is negative). Solar cell J-V curves are typically
parameterized using three values: the short-circuit current density (Js¢), the open-
circuit voltage (Voc), and the fill factor (F'F). The F'F corresponds to the ratio of
the product of the current and voltage at the maximum power point to the product

of JSC and Voc.

In organic solar cells, the three parameters described above are dependent on ma-
terial selection and device architecture and vary widely. short-circuit current densities
under 1 sun illumination vary widely based on materials selection and are typically
directly proportional to the light intensity. Open-circuit voltages in organic solar cells
range from approximately 0.3 V to over 1 V. Finally, a wide range of fill factors have
been reported. However, state-of-the-art devices exhibit fill factors of approximately
0.6. As discussed below, the origin of the open-circuit voltage in organic solar cells is

not well understood.
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Figure 2-2: Solar cell equivalent circuit model and J-V curve schematic. (a) The
equivalent circuit model for a solar cell consists of a parallel combination of a current
source, a diode, and a parallel resistance in series with a series resistance. (b) The
current density-voltage (J-V') curve of a solar cell. Solar cell performance is often
parameterized using the short-circuit current density (Js¢), the open-circuit voltage
(Voc), and the fill factor. The shaded box corresponds to the power at the solar
cell operating point. The fill factor corresponds to the ratio of the shaded area to
the larger rectangle formed by the origin, the short-circuit current density, and the
open-circuit voltage.

2.2.2 External quantum efficiency

The performance of organic solar cells is also quantified by the external quantum
efficiency (EQE) of the cells. The EQE is defined as the number of electrons flowing
in the external circuit per photon incident on the PV cell. The EQE is a function of

the efficiency of each of the power generation steps described above:

NEQE = MNabsTdif fTdissTce (2-1)

where 7,5 is the efficiency of photon absorption leading to creation of an exciton,
naifs is the efficiency of exciton diffusion to the donor-acceptor interface, 7g;ss is
the efficiency of the dissociation of excitons that reach the interface, and 7. is the

efficiency with which separated charges are collected at the electrodes.

The efficiency of each of the individual processes listed above is dependent on

device structure and material selection. For example, 14,s depends on the absorption
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coefficient of the semiconductor materials and the thickness of the layers. Thicker
device layers typically lead to higher absorption efficiency. However, 74 is also de-
pendent on layer thickness and decreases as the thickness of the semiconductor layers
is increased. The trade-off between 7q,s and ng;r is discussed in more detail below.
As will be discussed in detail in Chapter 4, the specific mechanism of exciton dissoci-
ation is currently subject to debate. However, the device architecture demonstrated
in Chapter 4 illustrates that 74 can be enhanced via device structure modifications.
Finally, the efficiency of charge collection, 7., is believed to be near 100% in most

practical devices.

2.3 Primary challenges limiting device efficiency

Organic photovoltaics are currently limited by two primary challenges: (1) a trade-off
between light absorption and exciton diffusion and (2) low open-circuit voltage due

to charge recombination at the donor-acceptor interface.

First, electronic localization in organic semiconductors yields structured optical
absorption spectra with pronounced regions of weak absorption; 745 is not uniform
across the solar spectrum. Increasing the thickness of the active semiconducting
layers improves absorption in these weakly absorbing regions of the solar spectrum.
However, as layer thicknesses are increased, photogenerated excitons must travel far-
ther to the charge separation interface. Exciton diffusion lengths, Lp, for organic
materials are typically on the order of 10-50 nm. This is much shorter than typical
optical absorption lengths ((1/a) ~ 50-100 nm). Thus, despite being composed of
highly absorptive organic materials with absorption coefficients exceeding 1075 cm ™1,
organic PV cells are limited by the amount of light they can absorb. Only the light

absorbed near the interface between the active layers contributes to generated power.

The absorption efficiency and exciton diffusion efficiency in conventional organic solar
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cells are coupled, opposing quantities; increasing absorption by increasing the device

thickness leads to a decrease in exciton diffusion efficiency and vice versa.

Second, organic semiconductor solar cells exhibit low Vpo. The Voo observed
in organic photovoltaic devices is significantly less than the lowest energy absorbed
photon (the optical gap of the materials) divided by the elementary charge q. The
low Voo represents a major efficiency loss in these devices. While there is some
debate about the origin of Vj¢, it is becoming increasingly clear that recombination
of separated charges at the exciton dissociation interface reduces the open-circuit
voltage and represents a major loss mechanism [42]. Immediately following exciton
dissociation at the donor-acceptor interface a charge transfer (CT) state is formed that
consists of the electron on an acceptor molecule and the hole on a donor molecule.
Unfortunately, these two carriers are still partially bound in the CT state. Efficient
separation of the charge transfer state is required for higher open-circuit voltage and

efficient power generation.

2.4 Overcoming the light absorption and exciton

diffusion trade-off

The trade-off between exciton diffusion efficiency and optical absorption drives a great
deal of the current research in organic photovoltaics. Previous efforts to overcome
this trade-off have primarily employed one of two main strategies. First, new device
architectures have been demonstrated that employ increased surface areas for exciton
dissociation. Second, an array of strategies have been demonstrated to trap light in
organic PV devices more effectively. Some of the most relevant results are briefly

described in the next sections.
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2.4.1 Increasing the surface area for exciton dissociation

Several classes of organic solar cells have emerged to address the trade-off between
light absorption and exciton diffusion including bulk heterojunction cells and multi-
ple junction tandem photovoltaics. These architectures increase the surface area of
the exciton dissociation interface, thereby decreasing the distance between exciton
generation and dissociation and enabling the use of thicker, more absorptive organic

films.

Bulk heterojunction solar cells. Bulk heterojunction organic photovoltaic cells
were first demonstrated using blends of donor and acceptor semiconducting polymers
[71]. Upon deposition (usually via spin coating) and subsequent solvent evaporation,
the polymers have been shown to partially phase separate forming an interpenetrating
network [72]. This vastly increases the interfacial surface area between the materials,
decreasing the average distance between exciton generation and dissociation.

Bulk heterojunctions are limited by the necessity for continuous pathways within
the two phases for charge collection at each electrode. Disorder in the exciton dis-
sociation region can hinder charge collection and limit performance. Reduced charge
carrier mobilities due to intermixing on the molecular level can lead to recombination
of separated charges. Nonetheless, this technique has led to significant improvements
in the efficiency of polymer devices with internal quantum efficiencies demonstrated
as high as 100% at some wavelengths and power conversion efficiences as high as 6.1%
under 1 sun, AM1.5 solar illumination [66]. Efforts at improving polymer bulk het-
erojunction cells have included optimizing the relative concentrations of each polymer
in solution as well as the exploration of postproduction treatments such as annealing.

The bulk heterojunction concept has also been demonstrated in cells utilizing co-
evaporated small molecule organic materials [73]. However, simply co-depositing the

two materials leads to devices with very poor charge collection as the materials do not
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Figure 2-3: Conduction in bulk heterojunction devices. (a) Idealized interdigitated
structure of donor and acceptor layers with lateral feature sizes no larger than the
exciton diffusion lengths in both materials. (b) Poorly structured mixing of donor and
acceptor molecules with few continuous pathways for hole and electron conduction.
Devices with this structure would suffer from trapping and recombination. (c) Im-
proved mixing conditions with continuous pathways for hole and electron conduction
after exciton dissociation. After Xue et al. [65].

readily phase separate, as illustrated in Fig 2-3. Increasing the substrate temperature
during growth leads to phase separation and crystalline domains. However, increasing
the substrate temperature also yields rougher films that suffer from pinholes, resulting

in lower device yields.

An extension of the bulk heterojunction cell architecture for co-evaporated small
molecules have been referred to as hybrid planar-mixed heterojunctions (PM-HJ) and
organic p-i-n solar cells [74, 65, 75]. In these devices, co-deposited mixed layers of
organic semiconducting materials are sandwiched between films of hole and electron
transport materials. The mixed layer increases the surface area of the interface al-

lowing more light to be absorbed while the sandwich films assist in charge collection.

Multiple junction (tandem) devices. Devices with multiple, stacked hetero-
junctions have also been demonstrated [76]. In these devices, thin semi-transparent
heterojunctions were constructed in layers separated by extremely thin, discontinuous

layers of silver clusters. The Ag clusters serve as charge recombination sites for un-
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paired charges generated in the interior of the device. In the design of these so-called
“tandem cells,” the optical absorption of each individual heterojunction must be bal-
anced so that the photocurrent from each heterojunction is approximately equal. In
principle, each heterojunction can be designed to absorb a separate part of the solar
spectrum. This is especially attractive as most materials only absorb strongly over
a narrow range of wavelengths. In addition, stacking the cells has the effect of sig-
nificantly increasing the open-circuit voltage for the devices. The total open-circuit
voltage is the sum of the built-in voltages of each individual cell.

Initial demonstrations of tandem cells resulted in power conversion efficiencies
nearly double those using single heterojunctions with the same materials [76]. Sub-
sequent efforts stacking hybrid planar-mixed heterojunctions have resulted in the
demonstration of cells with power conversion efficiencies as high as 5.7% [64, 65].
The fabrication of polymer-based tandem cells is complicated by the need to spin
coat multiple layers; the lower layers in the cells can be destroyed by the solvent
used in subsequent layer depositions. Nonetheless, working polymer stacked struc-

ture devices have recently been demonstrated with power conversion efficiencies over

6% [34].

2.4.2 Enhanced light trapping strategies

Another strategy to overcome the trade-off between light absorption and exciton
diffusion is to employ strategies to trap light in PV devices more effectively. This
has been accomplished by modeling optical field intensities within devices [77, 78], by
using diffraction gratings [79, 80, 81|, and by utilizing the field enhancing properties

of metal nanoclusters [82, 83].

Optical modeling. Modeling the optical interference in devices has been used to

increase the light absorbed in organic PV structures while making only minor changes
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to layer thicknesses [77]. The generation of excitons at a given position in a device
is dependent on the optical electric field intensity at that position. Reflections at
each interface in the device modify the electric field distribution. The reflection and
transmission coefficients at each layer can be determined numerically, using matrix
methods and the optical constants of each material. These values can then be used
to determine the location of optical electric field intensity maxima. To maximize
device efficiency, the maxima in the field intensities should be centered on the charge

separation interface.

Figure 2-4, from Pettersson et al. [84], illustrates this method of optimizing layer
thicknesses. The PV devices illustrated are composed of the same materials but in
the top structure the electric field intensity is at a maximum at the charge separation
interface between PEOPT and Cgy whereas in the bottom structure there is minimal

field intensity and, therefore, minimal absorption in the vicinity of the interface.

Furthermore, optical interference modeling has been used to predict the wave-
length resolved photocurrent or action spectra of devices [78]. Comparisons of the
predicted and experimental photocurrents have been used to estimate the diffusion

coefficients of various materials [84].

Diffraction Gratings and Buried Nanoelectrodes. The use of diffractive op-
tical structures built into devices has also been explored as a means of increasing
light absorption. Several different implementations have been demonstrated. In one,
a soft embossed grating was built into an active layer polymer [79]. The structure
was designed to diffract incident light into guided modes in the thin polymer film.
In other attempts, a comb-like array of electrodes embedded in a polymer were used.
As shown in Figure 2-5 the structure of the electrodes was designed to diffract the

incoming light, producing an absorption maximum in the active layer [80].

A similar effort enhanced light absorption by fabricating solar cells on structured
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Figure 2-4: Optical field intensity modeling in organic photovoltaics. (a) The layer
thicknesses in this device result in an optical field maximum at the interface between
the active PEOPT and Cgy semiconductor layers. Locating the interference maxi-
mum at this point improves the efficiency of the device. (b) Devices with a slightly
thicker Cgg layer have a minimum in the optical field located at the charge separation
interface. After, Pettersson et al. [84].
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Figure 2-5: Schematic illustrations of two light trapping device architectures. (a)
Patterning the electrode to form a diffraction grating is one method that has been
employed to trap incident light in organic PV structures. The arrows represent the-
oretical pathways taken by the incident light in this structure. (b) Buried nano-
electrodes have also been used to increase the interaction distance between light and
the organic PV active semiconductors. After Niggemann et al. [80].

substrates [81]. The substrate was structured to act as a prism reflecting the light
through the active layers of the solar cell multiple times. Significant optical model-
ing is still needed to design optimized diffraction gratings and/or substrate shapes.
This approach shows great potential as a way to separate the optical and electrical
components of solar cells. However, typically structures can only be optimized for
a single wavelength of incident light. The efficiency of these structures also depends
on the angle of incidence of the solar radiation. Therefore, in practical applications,
these devices would likely need to track the movement of the sun throughout the sky.
However, the design of the diffraction gratings and substrate shapes is essentially
independent of the layer thicknesses used in the actual conversion of light energy
to electrical power. The solar cell can be designed first, and a diffraction grating

optimized for that cell could be designed subsequently.

Metal Nanoclusters. Incorporating metal nanoclusters in devices has also been
used as a method to increase the efficiency of organic photovoltaics. Several theo-
ries have been proposed to explain the increase in photocurrent observed when metal
nanoparticles are added to a semiconducting layer. One theory proposes that the

electric field is strengthened in the vicinity of the metal nanoclusters. The strength-
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ened electric field increases absorption in the surrounding organic material leading
to a greater photocurrent [85]. Alternatively, exciton plasmon modes in the metal

clusters themselves could emit an electron leading to increased current [86].

Metal nanoclusters have been incorporated in many of the device architectures
discussed above including dye-sensitized cells [82] and tandem cells where silver nan-
oclusters were used in between heterojunctions [83]. In this final demonstration the
optical field close to the nanoclusters was found to have increased by up to a factor
of 100 compared with the incident light intensity. While metal nanoclusters have
yielded significant increases in field intensity, the nanoclusters are also a source of
loss. Excitations can energy transfer to plasmon modes in the metal particles where

they are likely dissipated and lost.

2.5 Achieving higher open-circuit voltages

The open-circuit voltage in organic PVs is also a major focus of current research
efforts. There have been several reports attempting to empirically determine the
origin of the open-circuit voltage. Others have attempted to derive models for the
operation of devices from first principles.

It is generally accepted that the open-circuit voltage is in part determined by the
energy levels of the donor and acceptor semiconductor layers. Several experimental
studies have confirmed that the material energy levels play a role. A direct correlation
between acceptor strength and open-circuit voltage in poly(para-phenylene vinylene)
(MDMO-PPV)-based polymer/fullerene solar cells was reported [87, 88]. Similarly,
the photovoltage in polythiophene-based polymer/fullerene solar cells was found to
vary with oxidation potential of the donor conjugated polymer [89]. A study of 26
different bulk-heterojunction devices in the literature also indicated a linear relation-

ship between the highest occupied molecular orbital (HOMO) of the polymer and the
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Voc [90]. These observations were used to increase the open-circuit voltage in solar
cells based on poly(3-hexylthiophene) (P3HT) donor and a zinc oxide acceptor [91].
Tuning the band offset by substituting magnesium into the zinc oxide acceptor was

found to result in an increase in the open-circuit voltage from 500 mV to 900 mV.

The work function of the contacts has also been observed to have an impact on
the open-circuit voltage in some organic solar cells. For example, decreasing the
work function of the polymeric contact material poly(3,4-ethylenedioxythiophene)
(PEDOT) doped with poly-(styrenesulfonate) (PSS) was observed to decrease the
open-circuit voltage in organic photovoltaics based on [6,6]-phenyl Cg;-butyric acid
methyl ester (PCBM) and poly(2-methoxy-5-(3’,7’-dimethyloctyloxy)-para-phenylene
(MDMO-PPV) [92]. The Vo was also varied in small molecule organic photovoltaics
by chemically modifying the work function of the indium tin oxide anode [93]. How-
ever, the contact work functions do not always impact the open-circuit voltage due to

Fermi level pinning between the contacts and the organic semiconductor layers [94].

A numerical model was developed to predict the current-voltage curves of bi-
layer conjugated polymer photovoltaic devices accounting for charge photogeneration,
charge transfer state recombination, drift and diffusion currents, and the injection and
extraction of carriers at the electrodes [95]. The model suggested that the quantum
efficiency of devices is primarily determined by a competition between charge pair
dissociation and recombination. It was suggested that the charge pair dissociation
rate is field dependent. The model indicated that the open-circuit voltage is pri-
marily determined by the balancing of drift and diffusion currents. Consideration of
space charge effects and electric field-induced drift current were needed to accurately

predict the intensity dependence of open-circuit voltage.

Given that the open-circuit voltage is determined by a balancing of drift and
diffusion currents, it is expected that the open-circuit voltage would depend on the

rate of charge transfer state dissociation. Reducing recombination at the donor-
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acceptor interface will increase carrier generation at that interface. This, in turn,
would lead to an increase in the diffusion current, requiring a larger offsetting drift
current at open-circuit. Therefore, the open-circuit voltage should increase when

recombination is suppressed at the donor-acceptor interface.

Another model for the operation of molecular photovoltaic devices was developed
by Nelson and colleagues [96, 97, 98]. Molecular PVs are model as a two-level sys-
tem, connected to external contacts by chains of one or more charge transporting
orbitals. The model captures the excitation of electrons by photon absorption us-
ing a generalized Planck equation and models electron transfer using Marcus theory
[99]. Marcus theory is described in more detail in Chapter 4. The model finds that
the current-voltage characteristics in organic PVs are dominated by the structure
of the donor-acceptor interface including molecular sizes, orbital energy levels, and
electron transfer rates. The model successfully reproduced a number of commonly
observed features in current-voltage characteristics including a “kink” in the current-
voltage curve close to open-circuit that is often observed when using materials with
low mobilities. The model indicates that the open-circuit voltage is dominated by
the acceptor-donor energy gap when recombination is important, and by the optical
gap at which photon absorption occurs when recombination is insignificant. As in the
earlier model, the open-circuit voltage is predicted to be a function of charge transfer

state recombination at the donor-acceptor interface.

Greenham and colleagues have also developed a model to explain current-voltage
characteristics in organic solar cells [100]. They found that by subtracting out the dark
current, they were able to explain the intensity-dependent characteristics of the J-V
curve. They argue that the open-circuit voltage should be understood as the voltage
at which the opposite dark and light current contributions balance. By studying
the light intensity and voltage dependence of these currents, they identified geminate

recombination at the donor-acceptor interface as the dominant loss mechanism in
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organic solar cells. Further, they measured the field dependence of this recombination
and found it to be material dependent. In agreement with the earlier models, they
find that open-circuit voltages in organic solar cells are limited by recombination
at the donor-acceptor interface. They suggest that the primary route to improved

photovoltaic materials is enhanced charge delocalization.

Starting from the Poisson equation and the basic continuity equations of holes
and electrons, another group derived an analytical expression for the open-circuit
voltage in organic planar heterojunction solar cells [101]. The model agrees that
the Vo is determined primarily by the diffusion of current away from the donor
acceptor interface. The model is used to calculate the resistance at Voo which in
turn determines the fill factor. The slope of the illumination dependence of Voo
is used in the model to determine the dominant recombination mechanism. The
model indicates that recombination in organic solar cells is dominated by geminate

recombination at the donor-acceptor interface, consistent with the earlier studies.

The influence of the offset energies at the donor-acceptor interface on the open-
circuit voltage was recently studied experimentally by measuring the maximum at-
tainable value of V¢ for a range of donor-acceptor material pairs [102]. Maximum
Voc values were obtained for 14 different combinations of donor and acceptor mate-
rials by either reducing the temperature or increasing the light intensity until Voo
reached saturation. The maximum Ve values were found to vary linearly with the
interface offset energy and agreed well with an adapted version of the model for-
mulated by Nelson [96, 97, 98]. It was suggested that many devices do not exhibit
their maximum attainable Voo at room temperature and 1 sun illumination due to
recombination and high dark current. These results indicate that a high Ve can be
attained by increasing the energy offset between the donor and acceptor layers since
large energy offsets result in lower dark current. However, large energy offsets can

also inhibit electron transfer resulting in a reduction in Jgo. The results indicate a
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trade-off may exist between Voo and Jgc.

The importance of the device saturation dark current density (Js) in determining
the open-circuit voltage has also been discussed [103]. A series of devices were fab-
ricated with different donor materials. The different donor materials exhibit varying
intermolecular interaction strengths with fullerene acceptor materials. It was demon-
strated that the Voo values in organic photovoltaics show a strong inverse correlation
with Jg. The intermolecular interactions between donor and acceptor molecules at
the interface impacts the rate of exciton dissociation and charge transfer state recom-
bination. Therefore, these interactions also impact Vpe.

While the details of each of the models described above differ, they all reach
similar conclusions. The efforts to understand the origin of open-circuit voltage in
organic solar cells via modeling agree that open-circuit voltage is at least partially
dependent on charge transfer state recombination at the donor-acceptor interface.

Reducing recombination is expected to increase the open-circuit voltage.

2.6 Conclusion

This chapter introduced organic photovoltaic devices and discussed the primary chal-
lenges limiting their efficiency. Organic photovoltaics have the potential to become
an important electricity generation technology. Their compatibility with inexpensive,
large-area manufacturing techniques makes them a particularly attractive solar cell
technology. Inorganic thin film solar cells utilizing many of the same manufactur-
ing technologies have rapidly achieved commercial scale in recent years. In order to
successfully compete with conventional solar cell technologies (including thin film in-
organic devices) and other electricity generation technologies, higher power efficiencies

in organic solar cells must be achieved.

The power conversion efficiencies of organic photovoltaic devices have been lim-
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ited by two primary challenges: (1) a trade-off between light absorption and exciton
diffusion and (2) low open-circuit voltage due to charge recombination at the donor-
acceptor interface. While several device structures have been demonstrated previously
that successfully increase both the light absorption and exciton diffusion efficiencies,
additional improvements are still needed. The origin of the open-circuit voltage in
organic photovoltaics has been a subject of debate. Previous efforts to explain the
origin of open-circuit voltage have been discussed above.

The next two chapters discuss two new device architectures that aim to overcome
the challenges discussed above. Chapter 3 discusses organic PVs with an external
light absorbing antenna. The anntenna in this device architecture decouples photon
absorption and exciton dissociation in this device architecture; allowing these two
processes to be optimized indepedently. Chapter 4 discusses organic PVs with a
thin interfacial layer sandwiched between the donor and acceptor layers. The thin
interfacial layer in this architecture creates a cascade energy structure at the exciton

dissociation interface that reduces recombination at the donor-acceptor interface.

52



Chapter 3

Organic Solar Cells with External

Antennas

This chapter discusses the design and optimization of organic photovoltaics (PVs)
with an external light absorbing antenna. First, the device architecture is intro-
duced. Next, we discuss the physics of energy transfer across a thin metal film, as
illustrated in Figure 3-1a. We then formulate and solve a model that allows the cal-
culation of the energy transfer efficiency in multilayer organic PV devices. The model
gives insights into the ideal antenna material and antenna thickness. Next, we exper-
imentally demonstrate several different antenna systems with varying characteristics.
We fabricate devices with external antenna layers, illustrated in Figure 3-1b, and de-
vices with resonant cavity antennas, illustrated in Figure 3-1c. Finally, the potential
implications of these results and the future outlook of this device architecture are

discussed.

3.1 Device architecture

As described in Chapter 2, the efficiency of organic photovoltaic devices is limited

by a tradeoff between light absorption and exciton diffusion [104]. Overcoming this
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tradeoff is critical to achieving high device efficiencies. Photosynthesis in plants and
bacteria provide an example of how one might be able to overcome this bottleneck in
organic solar cells. In photosynthesis, light absorption and exciton dissociation occur
in distinct structures [49], as was discussed in Chapter 1 and illustrated in Figure 1-6.
Incident solar radiation is first absorbed in light harvesting antenna complexes. The
generated excitons are then exothermically guided to a different protein structure

known as a reaction center. Exciton dissociation occurs in the reaction center.

In contrast to the energy transduction process in photosynthesis, in conventional
organic photovoltaics the organic semiconductors must both absorb light and promote
efficient charge extraction. The multiple roles required of the semiconductor layers
in conventional organic solar cells significantly restricts the range of materials that
can be deployed. The materials must possess a number of important characteristics
including: (1) strong optical absorption capturing as much of the solar spectrum
as possible, (2) efficient exciton transport throughout the bulk of the material, (3)
optimal energy level alignment relative to the other semiconductor material used to
allow for efficient exciton dissociation, and (4) sufficient charge carrier mobilities to
allow efficient charge collection at the electrodes.

Taking the example of photosynthesis, we describe here a device architecture that
decouples light absorption and exciton diffusion in organic PV via the addition of a
light absorbing “antenna” external to the conventional charge generating layers, as
illustrated in Figure 3-1b. As in photosynthesis, the charge generating semiconductor
layers can absorb photons on their own, but they do not need to do it particularly

well, as they are fed by an external antenna layer.

In this device architecture, energy transduction begins with photon absorption
in the “antenna” layer. Radiation absorbed by the antenna is transferred into the
charge generating layers via guided energy transfer across the thin metal cathode

of the devices. Energy can be transferred radiatively into waveguide modes or non-
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Figure 3-1: Organic photovoltaic devices with external antennas. (a) Conceptual
schematic of energy transfer across a thin metal film, the critical physical process
employed by this device architecture. (b) Schematic of the same energy transfer pro-
cess being utilized by an organic photovoltaic cell with an external antenna. Energy
absorbed in the antenna is transferred across the cathode to the photovoltaic active
layers generating an exciton. The charges are then separated by the photovoltaic
cell and collected at the electrodes. (c¢) Schematic of an organic PV with a resonant
cavity antenna. The resonant cavity increases antenna absorption within the range
where energy transfer is most efficient.

radiatively via surface plasmon polariton (SPP) modes in the interfacial thin silver
contact. A particularly attractive feature of both of these guided mode energy transfer
mechanisms is their propagation in the plane of the device, parallel to the exciton
dissociation interface in the underlying organic solar cells. The dimensions of organic
solar cells in this direction are on the order of 10~2 m, several orders longer than the
thickness of the devices, on the order of 10~" m. By redirecting the perpendicular solar
radiation into parallel guided modes, the interaction distance between the incident
radiation and the charge generating layers is significantly increased. The interaction
distance is limited only by the distance that these modes travel at visible frequencies,
typically several orders of magnitude longer than the thickness of the device. The
large interaction distance between these modes and the PV layers results in efficient
absorption of the guided radiation in the active semiconducting layers of the solar
cell.

Once the energy is transferred to the charge generating layers, the energy trans-
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duction process proceeds as in conventional organic solar cells; the excitons diffuse to
the donor-acceptor interface where they are dissociated followed by collection of the
free charges at the electrodes. By relying on the external antenna to absorb light,
this new architecture has the potential to eliminate the tradeoff found in conventional

organic solar cells between light absorption and exciton diffusion.
The architecture has several attractive features:

(1) Unlike the absorbing materials in conventional organic solar cells, the light
absorbing materials in the antenna are not required to transport charge. New classes
of materials may be deployed that have superior overlap with the solar spectrum.
We will find below that ideal antenna materials will be optically active materials
possessing both strong absorption and a high efficiency for photoluminescence (PL).
A wide range of candidate materials possess these characteristics including strongly
absorbing J-aggregate dyes, nanometallic particles, and quantum dots. Quantum dots
and nanometallic particles have been utilized previously in the active layer of organic
solar cells to increase absorption [83, 105]. However, their poor charge transport
characteristics yielded poor device performance in these earlier efforts. It might also
be possible to use photosynthetic antenna complexes such as phycobilisomes from
cyanobacteria and red algae. Multiple materials can also be combined in the antenna
to ensure broad overlap with the solar spectrum without degrading the electrical

performance of the devices.

(2) Decoupling the light absorption and exciton diffusion in this architecture al-
lows the charge separating PV cell to be optimized at a single peak wavelength corre-
sponding to emission from the antenna. The charge generating layers no longer need
to posess broad solar spectrum overlap. Materials can instead be selected primarily

based on their electrical performance.

(3) Since the PV charge generating layers are not the only layers absorbing light,

their thickness can be significantly reduced. The thickness of the charge generating
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layers can be reduced to less than the exciton diffusion length, Lp, ensuring that
all excitons are generated close to the donor-acceptor interface. With thin charge
generating layers, the efficiency of exciton dissociation should approach unity [106].
Thin charge generating layers also ensure highly efficient charge collection.

External antennas require energy transfer across a thin metal contact, illustrated
schematically in Figure 3-1a. Recently Andrew and Barnes investigated energy trans-
fer from donor molecules to acceptor molecules on opposite sides of a metal film [107].
By exciting molecules on one side of the metal film and measuring photoluminescence
from the film on the opposite side, they observed direct transfer of excitation energy
between the molecules. Coupling was observed for metal films as thick as 120 nm.
The energy transfer occurred primarily via surface plasmon polariton modes at the
interfaces between the metal film and each dielectric material. We seek to use the
same energy transfer mechanism in organic PVs with an external antenna.

The technical feasibility of this architecture depends on the efficiency of the energy
transfer process. To assess the potential efficiency of the energy transfer process, we
must first understand the physics of SPP energy transfer and SPP mediated energy

transfer. Therefore, we proceed with a discussion of the physics of SPPs.

3.2 Physics of surface plasmon polariton energy

transfer

Surface plasmon polaritons (SPPs) are a unique class of waves that exist at inter-
faces between a material with a positive dielectric constant and a material with a
negative dielectric constant. They are most often studied at the interface between
a dielectric (positive dielectric constant) and metal (negative dielectric constant).
SPPs are comprised of a coupled oscillation of an electromagnetic field and surface

charges at the interface between the two materials. The waves can propagate long
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distances, often 1-10 pum, along the interface with a maximum field strength localized
at the interface. The ability for SPPs to propagate over long distances makes them
a particularly attractive energy transfer mechanism from the antenna to the charge
generating layers in the architecture discussed in this chapter. The character of SPPs
depends strongly on the characteristics of both the metal and dielectric material. The
complex dielectric function of the dielectric material and the roughness of the metal
determine the specific nature of SPPs at a given interface. The ability to control the
structure of metals on the nanometer scale has recently generated significant interest
in the application of SPPs to a wide range of fields including optics, sensors, medical

imaging, microscopy, and data storage [108].

The existence of SPPs can be straightforwardly derived from Maxwell’s equations
with the application of appropriate boundary conditions. They are transverse mag-
netic in character. The existence of surface charge requires an electric field normal to
the surface while propagation along the interface also requires an electric field in the
propagation direction as illustrated in Figure 3-2a. The fields decay exponentially
normal to the surface into both of the adjacent media, as illustrated in Figure 3-2b.
The decay length in the metal is the classical skin depth. The bound, evanescent
nature of the excitation restricts power from propagating away from the interface.
However, the waves can propagate long distances along the interface because the

modes are non-radiative.

The electromagnetic field of SPPs excite electron-hole pairs at the Fermi level
of the metal. These electron-hole pairs subsequently relax producing phonons. Ul-
timately, SPPs are damped by electron-phonon collisions in the metal film. The

propagation length of SPPs on a metal dielectric interface is given by [110]:

3/2 2
dspp = 5 <€m - €d> (Em) (3.1)

€m€d €m
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Figure 3-2: Surface plasmon polaritons (SPPs). (a) SPPs are transverse magnetic in
character. SPPs are evanescent waves located at the interface between a material with
a positive dielectric constant and a material with a negative dielectric constant (such
as a metal). The existence of surface charge requires an electric field normal to the
surface while propagation along the interface requires an electric field parallel to the
surface. After Barnes et al. [109]. (b) The electric field associated with SPPs decays
with the classical skin depth in the metal layer. The field also decays exponentially
in the dielectric.
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where €5 and ¢, are the permittivities of the dielectric and metal layers, respec-
tively.

For visible wavelengths, the internal damping of SPPs is least for the noble metals
making silver an ideal contact metal to use on our devices. The propagation lengths
for SPPs at a silver-air interface are typically tens of microns for visible wavelengths.
The propagation lengths will be reduced at silver-dielectric interfaces and are reduced
by silver roughness. However, we expect propagation distances of greater than 1 ym

in our devices.

The frequency, w, of SPP longitudinal oscillations is tied to the SPPs’ in-plane

wave vector magnitude, k,, by the dispersion relation w(k,), described by:

~1/2
w = cky ( Emcd ) (3.2)

€Em + €4

This relation is plotted qualitatively in Figure 3-3. For comparison, the dispersion
for photons in the dielectric medium and for a plasma oscillation in a free electron

gas are plotted. The dispersion for photons in a dielectric are given by:

Ck hot
photon
Wphoton = (33)
nq

where k; is the photon wavevector and ny is the refractive index of the dielectric

medium. The dispersion for a plasma oscillation in a free electron gas is given by:

w2\ /2
Wplasma = ( L ) (34)

14 ¢4

where w, is the plasma frequency. The dispersion for plasma oscillations are

independent of wave vector and thus appear as a horizontal line in Figure 3-3.

The polaritonic nature of SPPs is clearly illustrated in Figure 3-3; at low frequen-

cies the SPP dispersion approaches that of photons in the dielectric material while at
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Figure 3-3: Dispersion relation for surface plasmon polaritons. The polaritonic na-
ture of SPPs gives them hybrid characteristics between photons and bulk plasmons.
However, in-plane momentum (kg sinf) and energy must be conserved for coupling
to occur. The dispersion relation for SPPs does not intersect that of the photon or
plasmon. Therefore, conservation of in-plane momentum and energy are not possible
and direct coupling does not occur. However, photons in a higher index medium (ny)
exhibit dispersion that does intersect that of the SPP so coupling is possible. The
angle of incidence # can be varied to match the in-plane momentum of the SPP and
achieve coupling.
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very high frequencies the SPP has the character of a plasma oscillation independent
of wave vector. At low frequencies, additional momentum associated with the oscil-
lating electrons in an SPP moves the dispersion to the right of the photon dispersion.
Likewise, at high frequencies, the magnitude of electron oscillations in an SPP is al-
ways less than that of a pure plasma wave. The SPP dispersion does not intersect the
dispersion for photons in the dielectric or the plasmon dispersion. Therefore, since
energy and in-plane momentum must be conserved to scatter energy between SPPs
and either photons or plasmons, it is impossible to scatter between an SPP and either

a photon or plasmon without other interactions.

This explains why it is impossible to directly excite a plasmon from air. However,
as suggested by the second photon dispersion line with a higher index of refraction
in Figure 3-3, it is possible to excite SPPs using an alternative experimental con-
figuration known as the Kretschmann geometry [111]. In this geometry, a layer of
another dielectric medium with a higher index of refraction is placed adjacent to the
metal /dielectric pair where the SPP is supported. This is illustrated in Figure 3-4
where the second dielectric has been placed on the opposite side of the metal film.
Light in the dielectric with the higher index of refraction can couple to the SPP mode
under the condition of total internal reflection, where an evanescent photon perme-
ates the multilayered structure. For a given energy, or w, one can adjust the angle of
incidence in the second dielectric medium to access all of the wave vectors to the left
of the second photon line in Figure 3-3. Where the dispersion relations intersect, the

system is in plasmon resonance and energy can be coupled between the two states.

The discussion above yields an important conclusion. For a given wavelength it is
only possible for photons with a specific angle of incidence to excite plasmons. This
does not appear very practical for solar cells. However, for the device architecture
described in this chapter we are primarily interested in coupling between excitons in

the antenna layer and plasmons. Exciton-plasmon coupling is similar to that between
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Figure 3-4: Kretschmann geometry for exciting surface plasmon polaritons. In this
geometry, light is incident through higher refractive index material 2. The interface
between material 1 and the metal can support SPPs. The evanescent wave in material
2 permeates through the thin metal layer when the angle of incidence is greater than
the angle of total internal reflection, allowing scattering with SPPs.

an exciton and a photon. However, the interaction is between the electric field of the

radiative dipole at an excited molecule and the electric field of the plasmon.

The oscillating electric field of the radiative dipole associated with an exciton
can be damped by several mechanisms. First, the exciton can non-radiatively decay
into phonons. However, this non-radiative decay is minimized in materials with high
photoluminescence efficiency. Second, the exciton can emit photons into free space.
This process can be minimized in a multilayer device stack consisting of both metals
and dielectric materials. The rate of photon emission, given by Fermi’s golden rule,
depends on the photonic mode density. Near a metal film, such as the contacts in
an organic PV stack, the photonic mode density drops dramatically as visible light is
strongly absorbed by free charges in the metal. Third, excitons can also radiate into
dielectric waveguide modes in the the antenna/PV stack. Many of these modes exist
within the active charge generating layers in our device structure so this damping

mechanism will aid energy transfer from the antenna. Photons in waveguide modes
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Figure 3-5: Near field dispersion for excitons in a light absorbing antenna. Unlike
photons, excitons can couple to photons and SPPs due to their broad range of acces-
sible wavevectors in the near field. The dipole coupling rate depends on the photonic
mode density.

interact with the charge generating layers identically to incident light. Finally, as
indicated above, the exciton can non-radiatively energy transfer into surface plasmon

polariton modes at the adjacent metal surface.

The theoretical basis for dipole coupling to modes in a multilayer stack has been
described in detail elsewhere [112] and agrees well with experiment [113]. The near
field of the dipole is composed of an infinite sum of plane waves containing com-
ponents of a large range of wavevectors. Thus, the near field of the dipole can be
approximated as having a horizontal line dispersion relation. This dispersion rela-
tion for the dipole associated with the exciton allows direct coupling with photon,
waveguide, and plasmon modes throughout the multilayer device stack, as illustrated
in Figure 3-5. The relative efficiency of coupling to each mode depends on its mode
density as given by Fermi’s golden rule [114]. High efficiency energy transfer from
excited molecules (excitons) to SPP modes has been demonstrated before in metallic

slabs [115] and thin films [107].
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We expect SPP modes to be a particularly effective energy transfer mechanism due
to their long range propagation parallel to the exciton dissociation interface in organic
PVs. Therefore, we seek to design structures that favor this mode of energy transfer.
In order to do this we need to develop a model for energy transfer in multiple layer
organic semiconductor structures. The next section describes our work developing

such a model.

3.3 Modeling energy transfer in organic solar cells

The potential of the architecture described in this chapter to improve organic photo-
voltaic device efficiency depends on achieving as high an energy transfer efficiency as
possible. Understanding the energy transfer from the antenna to the semiconductor
layers in this architecture is critical. Therefore, we model energy transfer within a
multilayer organic solar cell device stack. As discussed above, we seek to design device
structures with enhanced energy transfer via surface plasmon polariton modes in the
cathode contact and via radiation into waveguide modes.

The traditional approach to considering near field energy transfer phenomena and
photonic mode density in thin multilayer stacks relies on the dipole model of Chance,
Prock, and Silbey (CPS) [112]. In CPS theory an exciton within the organic device is
modeled as a point dipole whose electric field is described by dyadic Greens functions.
The model simulates classical damping of an oscillating charge distribution near or
within a multilayer dielectric and metal stack. The technique calculates the dipole
lifetime and the wavevector distribution of its decay. However, the CPS technique
does not directly describe interlayer energy transfer, and, in many cases, a quan-
titative understanding of interlayer energy transfer using CPS theory has not been
possible. Instead, it has been common to couple the exact CPS model with a quan-

tum mechanical model that compares the probability of exciton decay as a function of
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wavevector to the various non-radiative and radiative modes of the multilayer stack
[116]. Such hybrid approaches have been used, for example, to calculate the fraction
of photons emitted by an OLED in a specific viewing direction [117, 118], but they
suffer from complexity and are innately approximate.

In our work, we eliminate the need for the quantum mechanical appendage to
CPS by analytically determining the Poynting vector, P, throughout the multilayer
stack [119]. The derivation of the extension to CPS has been described elsewhere
[119] and is beyond the scope of this thesis. For each radiating dipole, the total
energy transfer to the active charge generating PV layers is found by calculating AP
across the PV layers. In addition to the total energy transfer, the model allows the
study of the wavevector dependence of energy transfer from the antenna to the active
semiconducting layers in the PV.

The energy transfer model also quantifies losses in the silver layers and losses to
free space photons and can be used to optimize the thickness of layers throughout
the device. Before utilizing the model to design organic PVs with external antennas,
we first demonstrate the accuracy of the model by (i) calculating the spatial profile
of Forster energy transfer [120] within a thin film consisting of a mixture of donor
and acceptor molecules and (ii) calculating the efficiency of SPP-mediated energy
transfer across a thin silver film. Elsewhere, we have also used the model to calculate

the angular emission profile and the radiative output of a typical organic light emitting

diode (OLED) [119].

3.3.1 Forster energy transfer

We first demonstrate the accuracy of the model by modeling Forster energy transfer.
Forster energy transfer occurs when the evanescent near field of a donor dipole couples
with the evanescent near field of an acceptor molecule [120]. Since the near fields of

both dipoles decay as 1/R3, the overall rate of energy transfer decays like 1/RS. In
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addition, if the donor is to transfer energy F, it is necessary that the acceptor possess
an allowed transition to a state of energy E above the ground state. Although no real
photon is emitted in Forster transfer, it is common to express this latter requirement
in terms of the overlap between the absorption spectrum of the acceptor and the

emission spectrum of the donor.

In Figure 3-6a, we show the energy transfer spectrum from an excited aluminum
tris(8-hydroxyquinoline) (Alqs) molecule. In this plot, the excited molecule is located
at the origin. The excited molecule is embedded within an infinite film containing 1%
of the acceptor copper phthalocyanine (CuPc) in the donor Alqs. Since the absorption
of CuPc overlaps the Alqs fluorescence spectrum, we expect Forster energy transfer
from Algs to CuPc. The rate of energy transfer is plotted as a function of u, the
component of the wavevector parallel to the surface (k) normalized by the magnitude
of the wavevector in the dipole layer (kg). As expected for evanescent coupling, the
spectrum is dominated by short range energy transfer through modes with large k;.
The z dependence of the normalized energy transfer rate is shown in Figure 3-6b. In
cylindrical coordinates, the typical 1/R® dependence of the energy transfer rate, bpr,

becomes

1 dSLV’”* beT (Z) o0 2 RS T RS

o [dum| [aa=e) - — [T [T dop 0 =770 (35

bo/u ( dz by 0 TTo ¢p(r2+22)3 Py (3:5)

where Ry is the Forster radius, a measure of the strength of the coupling, and
p is the density of acceptor molecules. Thus, we expect the rate of Forster transfer

to decay as 1/2*. Indeed, this is consistent with the model result as illustrated in

Figure 3-6b. The Forster radius is calculated to be Ry = 38 A.

This calculation demonstrates that the model can be used to determine whether

Forster transfer is enhanced in complex planar structures [121].
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Figure 3-6: Forster energy transfer as a function of position. (a) Forster energy
transfer as a function of position z, normalized to the surface parallel wavevector.
The excited molecule is embedded within an infinite film of 1% CuPc in Algs. The
dipole is located at » = z = 0 and the emission wavelength is A = 535 nm. Bright
features correspond to faster energy transfer. (b) The z dependence shows a 1/z%
power law consistent with Equation 3.5 and a Forster radius of Ry = 38 A. At \ =
535 nm, the dielectric constants for CuPc and Alqgs are: ¢ = 1.908 + 0.2651 and € =
2.962, respectively.

3.3.2 Energy transfer across a thin metal film

Next, as an example of layer-to-layer dipole energy transfer, we have calculated the
emission spectrum of the structure experimentally studied by Andrew and Barnes
[107]. This structure is formed on a glass substrate by first spin coating a 60 nm
thick donor film of polymethylmethacrylate (PMMA) doped with 4% Alqs by weight,
then thermally evaporating a 60 nm thick silver film, and finally spin coating a 60
nm thick acceptor PMMA film doped with 1.6% rhodamine-6G (R6G) by weight.
The samples are pumped by a laser on the donor side at a wavelength of A\ = 408
nm. The excitation approximately corresponds to the Algs absorption maximum and
R6G absorption minimum. During photoexcitation the photoluminescent spectrum
is recorded on the acceptor side of the sample.

In the calculation, we integrate the contribution of dipoles throughout the donor
and acceptor films. However, when integrating over dipoles throughout the films the
result is found to be similar to the case where the dipoles are located in two thin strips

at the center of each PMMA film. The quantum yields (q) of the dipoles are taken
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to be 25% [122, 123] and (954+1.5)% [124] for Alqs and R6G molecules, respectively.
Figure 3-7 shows the energy absorption in the silver and R6G-doped PMMA layers as
a function of the normalized surface-parallel wavevector, u. The wavelength used for
this calculation is A = 535 nm. The SPP peak at u ~ 1.1 dominates the absorption
and is strongly evident in both the silver and the acceptor films. Thus, we conclude
that the energy transfer to the R6G molecules occurs mainly via this SPP mode. The
coupling to SPP modes is best for perpendicular dipoles. Parallel dipoles outcouple
better to the air where the energy is lost. Radiative modes have normalized surface-
parallel wavevectors smaller than v = 0.67. Parallel wavevectors between v = 0.67
and u = 1 are guided in the glass and PMMA. (Note that the refractive index of
PMMA is only slightly lower than that of glass.) The magnitude of radiated power
directly from Alqs is low due to the thick silver layer. Thus, the measured light
emission from this structure is dominated by the R6G emission, which in turn gains
its energy predominantly via SPP-assisted energy transfer from the Alqs dipoles. For
completeness, we note that the Alqs dipoles also radiate into the glass substrate, as
indicated by the blue curves in Figure 3-7. The radiated power in the glass substrate

is about 2000 times larger than the power radiated into the air on the acceptor side.

The spectral distribution of the outcoupled energy fraction with respect to the
total dipole energy is shown in Figure 3-8. It compares well with the experimental
data given in Figure 2(b) of Andrew and Barnes [107]. Calculation of the emis-
sion spectra is done by multiplying the out-coupling fractions at each wavelength by
the normalized intrinsic emission spectra extracted from Figure 1(d) of Andrew and
Barnes [107]. We also calculate the total energy transfer efficiency by normalizing to
the energy of an Alqs dipole. Figure 3-8 shows an exponential decrease in the trans-
fer efficiency as the silver thickness is increased. The maximum transfer efficiency is
approximately 6%. Energy transfer can be enhanced by increasing the concentration

of R6G molecules in the PMMA layer. Relative to Forster transfer between point
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Figure 3-7: Spectral distribution of energy transfer across a thin film. (a) Absorption
of parallel dipole energy as a function of position and normalized surface-parallel
wavevector. The dipole is located at the middle of the PMMA:Alqs layer and the
emission wavelength is A = 535 nm. The green and blue curves show the outcoupled
energy flux from the PMMA:R6G-air and PMMA:Alqs-glass interfaces, respectively.
The blue curve is rescaled by 1/2000 to share the same y-axis with the green curve.
(b) Same as part (a) but for perpendicular dipoles. Perpendicular dashed lines divide
the flux into air-outcoupled and glass-waveguided portions. Dielectric constants for
PMMA and R6G were extracted from Andrew and Barnes [107].
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Figure 3-8: Energy transfer efficiency across a thin film. (a) The calculated ratio of
emitted power to the total dipole energy for the structure of Andrew and Barnes [107]
The data is shown for samples without the R6G acceptor (PMMA:Alq;/Ag/PMMA)
(blue curve), samples without the Alqs donor (PMMA/Ag/PMMA:R6G) (green
curve), and samples containing both Algs and R6G (PMMA:Alq;/Ag/PMMA:R6G)
(red curve). The silver layer thickness is 60 nm. The R6G absorption and PL spectra
of R6G and Algs are extracted from Fig. 1(d) of Andrew and Barnes [107]. (b) The
energy transfer efficiency, which is the ratio of the energy absorbed by the R6G-doped
PMMA layer to the total Alqs dipole energy as a function of silver thickness.

dipoles, mediation by the SPP enables energy transfer over much longer distances
[107]. The limitation for SPP-mediated energy transfer is typically the decay length
of the evanescent SPP field in the donor and acceptor dielectrics. This may be on the
order of 100 nm, significantly longer than the typical Forster radius for point dipoles

of < 5nm.

The model indicates that energy transfer depends on both the location and the
orientation of the exciton in the antenna. Exciton dipoles oriented perpendicular and
parallel to the SPP interface couple into SPP modes with different efficiencies. The
PL efficiency of the antenna is also critical for energy transfer. While energy transfer
from the antenna to SPPs does not involve emitting an actual photon, the process
is proportional to the quantum yield of the antenna material. Finally, the efficiency
of energy transfer from the antenna to the active charge generating layers in the

underlying organic PV also depends on the light absorption of the active PV layers
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at the energy transfer wavelength. The PV semiconducting layers must compete with
other SPP decay mechanisms.

The ability of the model formulated above to calculate the efficiency of SPP-
mediated energy transfer across a thin silver film allows us to predict the performance
of organic photovoltaics with an external antenna layer. In the sections that follow, we
utilize the model to design structures that promote energy transfer from an external

antenna to the active charge generating layers in the underlying PV.

3.4 Devices with external antennas

In this section, we demonstrate devices with an external antenna layer. We first
employ (Alqs) as the antenna material. Next, we experimentally measure the energy
transfer efficiency from the antenna to the PV active layers by fabricate devices with

tetrakis(pentafluorophenyl)porphyrin (H,;TFPP) as the antenna layer.

3.4.1 Devices with Alq; antennas

As indicated above, we first employ Alqs as the antenna material. Alqs is a well
studied material that has been used extensively in organic light emitting diodes
(OLEDs). Alqgs’s optical properties, including absorption and photoluminescence,
have been thoroughly studied making it an ideal material to use as an antenna in the

first demonstration of organic photovoltaic devices with an external antenna.

Modeling results We first model our initial prototype structure, consisting of a
conventional small molecule organic bilayer heterojunction solar cell with one addi-
tional layer fabricated on top. As illustrated in Figure 3-9, the device structure is
glass/Ag (400 A)/copper phthalocyanine (CuPc, 180 A)/CuPc:3,4,9,10 perylenete-
tracarboxylic bisbenzimidazole (PTCBI, 1:1, 180 A)/PTCBI (180 A)/bathocuproine
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Figure 3-9: Device structure for photovoltaics with an Alqs antenna. (a) The device
structure fabricated to test the performance of an Algs antenna layer. The device
is illuminated from the antenna side of the device. (b) The antenna materials used
in this section. Alqs is a material commonly used in organic light emitting diodes.
DCM is a common laser dye.

(BCP, 100 A)/Ag (130 A)/Alqs (1070 A). For the purposes of modeling, each material
is described by its wavelength dependent index of refraction and extinction coefficient.
The indices of refraction and extinction coefficients of all modeled thin films were di-

rectly measured using a spectrophotometer (Aquila Instruments, nkd8000).

The coupling probability density of antenna excitons is shown in Figure 3-10 as a
function of distance to the antenna-silver layer interface and the parallel component
of the wavevector, u, normalized by the wavevector of an unconfined photon in the
antenna layer. Normalized wavevectors with u < 1 correspond to radiative modes;
u > 1 corresponds to non-radiative energy transfer. As discussed above, the energy
coupling is dependent on the transition dipole orientation with respect to the plane
of the interface. Therefore, we consider the cases of perpendicular (Figure 3-10a)
and parallel (Figure 3-10b) oriented dipoles separately. At a given dipole distance,

integration of the energy dissipation across wavevectors u yields unity. An isotropic
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film can be approximated as possessing 1/3 perpendicular and 2/3 parallel oriented

transition dipoles.

The modeling results illustrated in Figure 3-10 indicate that the probability of
coupling is greatest for perpendicularly oriented dipoles into modes with u > 1, cor-
responding to SPPs. Coupling to dielectric waveguide modes with u < 1 is strongest

for dipoles oriented parallel to the Ag-antenna interface.

One distinct SPP mode is evident in the calculations of exciton decay in this device
with a normalized propagation constant of u = 1.8, corresponding to localization at
the antenna-silver interface. A second mode with much weaker overlap with antenna
excitons is also visible at v = 1.1, corresponding to localization at the glass-silver
interface. Coupling to SPPs is especially strong approaching the thin silver electrode.
For dipoles oriented parallel to the interface, both dielectric waveguide and SPP
modes are significant. Radiation into dielectric waveguide modes is dominant far

from the antenna-silver interface.

Total energy transfer as a function of dipole location and orientation is shown in
Figure 3-11. For these calculations, we assume that the Alqs antenna is doped with a
randomly-oriented fluorescent dye with a free space photoluminescence (PL) efficiency
of 70% and an emission wavelength of A = 615 nm where CuPc absorbs strongly. In
this PV stack, the average efficiency of energy transfer to the PV is 52% over the
thickness of the antenna layer. We find that energy transfer occurs predominantly
via Forster coupling to the photovoltaic, mediated by the non-radiative SPP mode
localized at the silver cathode. If the silver electrode separating the PV and antenna
is thick, the SPP is confined to either the antenna or the PV. When the cathode is
thin, the SPP mode extends into both the antenna and PV, and can mediate the
transfer of energy. Consequently, the efficiency of energy transfer is maximized for

thinner top silver contacts. In Figure 3-11, we observe that energy coupling via SPPs
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Figure 3-10: Modeled energy transfer in an organic photovoltaic with a light absorbing
antenna. (a) Coupling fraction for perpendicular oriented dipoles with respect to
the device plane. Note that coupling fractions are plotted on a logarithmic scale.
Contours are added (for u > 1 only, dotted lines on color bar) to emphasize peaks in
coupling fraction at u &~ 1.8 and u ~ 1.1. (b) Same as part (a) except for parallel
oriented dipoles. (c) The transverse magnetic (H,) mode profile at v = 1.8 confirms
that the SPP is localized at the antenna/photovoltaic interface and has significant
overlap with the photovoltaic active semiconductor layers. (d) The SPP peak at
u = 1.1 is localized at the glass/photovoltaic interface. The mode profiles were
calculated by artificially setting absorption losses to zero in each layer and calculating
the stationary states of the multilayer stack.
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Figure 3-11: Coupling fraction for energy transfer from antenna to organic layers.
Coupling is strongest for perpendicularly oriented dipoles located close to the Alqs/Ag
interface due to their stronger emission into SPP modes. Over the first 1000 A, the
mean exciton coupling fraction to the organic layers is 52% for an isotropic distribu-
tion of dipoles.

effectively increases the length of Forster energy transfer to ~1000 A.

Experimental results. We fabricate the PV with an external antenna modeled
above. The organic materials were purified by vacuum thermal sublimation prior to
device fabrication. All materials were deposited by thermal evaporation at a pressure
of < 107% Torr. All active device areas were 0.01 cm?. The device structure, identical
to the device modeled above, is glass/Ag(400 A)/CuPc(180 A)/CuPc:PTCBI(1:1, 180
A)/PTCBI(180 A)/ BCP(100 A)/Ag(130 A)/Alqgs (1070 A).

As discussed above, the modeling results indicate that the magnitude of energy
transfer is expected to be approximately proportional to the free space PL efficiency
of the antenna layer. Therefore, to isolate the impact of the antenna while avoiding in-
terference effects due to changes in device structure we fabricate identical photovoltaic
cells with antennas of varying PL efficiency. The PL efficiency of Alqs can be varied
by molecular doping [123]. We vary the photoluminescence efficiency by fabricating

antenna layers comprised of an isotropic mixture of Alqs and either the quenching ma-
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terial CuPc or the laser dye 4-dicyanomethylene-2-methyl-6-(p-dimethylaminostyryl)-
4H-pyran (DCM) co-deposited at a ratio of 100:1. At these doping ratios, the absorp-
tion of the antenna is not significantly changed. However, the PL efficiencies of the
co-deposited films were measured to be ~0% and 75% with CuPc and DCM, respec-
tively. The PL efficiencies were measured relative to Alqs, asuming the PL efficiency

of Alqs is 25% [123].

Comparing the performance of these devices allows us to isolate the photocurrent
originating from light absorbed in the antenna. Devices with an antenna whose PL has
been quenched by CuPc should exhibit negligible energy transfer from the antenna.

We also fabricate devices with no antenna layer.

External quantum efficiency measurements were made using a xenon lamp with
a monochromator, chopped at f = 90 Hz, and measured using a lock-in amplifier.
Light intensity was measured with a calibrated silicon photodiode. The external
quantum efficiencies (EQE) of these devices as a function of wavelength are shown
in Figure 3-12. At wavelengths where Alqs is transparent, the devices are nearly
identical, indicating that interference effects do not cause differences in quantum
efficiency. However, over the region of 350 nm < A < 450 nm, where Alqz absorption is
the strongest, the devices with functioning antenna layers exhibit increased quantum

efficiency.

The increase in external quantum efficiency, Anggg, originates in sequential com-

pletion of three processes:

A77E'QE = 1MABS—Antenna X NEnergyTransfer X NIQE (36)

where n4Bs— Antenna 15 the normalized absorption in the antenna, Ngnergyrransfer
is the energy transfer efficiency across the silver electrode, and ;g is the internal

quantum efficiency of the artificial reaction center. We calculate absorption in the

7



= El

— Gi 1 .ﬂ.
& 5 18
e 5 =
1 fem —
= o {©
1 (7]

O o]

< 1<

: eV — 0
400 500 600 700 350 375 400 425 450
Wavelength [nm] Wavelength [nm]

Figure 3-12: External quantum efficiency (EQE) for photovoltaic devices with an
Alqs antenna. (a) Devices with external Alqs functional antenna layers (dotted line)
exhibit an increase in external quantum efficiency over the wavelength range where
Alqs absorption occurs (dashed line). The photocurrent spectra are identical outside
the spectral range where Alqz absorbs. (b) The change in external quantum efficiency
correlates well with Alqgs absorption.

antenna layer and find n4p5_ Antenna = 24% for all antenna compositions. We have
measured reflection and transmission to calculate total absorption in the device with
an Alqgs:CuPc antenna at the measured fluorescence maximum of DCM at A = 615
nm and calculate n;gr =5%. These values result in a total energy coupling efficiency
across the silver film of Ngnergyrransfer = 46%, similar to the predicted value of 52%.

Despite achieving an energy transfer efficiency of 46%, the overall enhancement in
EQE due to the antenna layer is limited by the low absorption in the antenna layer.
The modeling results discussed above indicate that the SPP mode extends deeply
into both dielectric layers on either side of the silver cathode, extending the range of
energy transfer up to ~1000 A. In order to realize the benefits of the antenna architec-
ture, sufficient light must be absorbed within this distance from the cathode. Efficient
SPP-mediated energy transfer also requires materials with high PL efficiency. Unfor-
tunately, the PL efficiency of highly absorptive organic semiconductors is typically

diminished by intermolecular energy transfer known as concentration quenching.
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3.4.2 Measurement of energy transfer efficiency

To reduce the uncertainties in the measurement of Ngpergyrransfer, We fabricate an
organic superlattice photodetector with an antenna. Organic superlattice photode-
tectors consist of thin alternating donor and acceptor semiconducting layers. The
layers are made thin enough to eliminate all losses due to exciton diffusion. Every
exciton generated is separated. Under an applied bias, all of the separated charges
are swept out of the device efficiently and the devices exhibit an internal quantum
efficiency close to 100% [106, 125]. For the purposes of calculating the energy transfer
efficiency from an antenna, we assume 7;or = 100% which gives a lower bound for
NEnergyTransfer- Lhis structure should enhance Ngnergyrransfer, since it allows thicker
CuPc layers while maintaining a high 7oz, thereby increasing the absorption of SPPs

in the charge generating layers.

For the measurement of energy transfer efficiency we select the antenna material
tetrakis(pentafluorophenyl)porphyrin (HyTFPP). It is selected for its combination of
moderate PL efficiency (npr = 2-3%) and high absorption coefficient (o = 106 cm™*
at A = 400 nm) that allows nearly 100% of incident radiation to be absorbed within
the ~100 nm range of SPP-mediated energy transfer. We fabricate four HyTFPP
antennas with varying np by blending Hy TFPP with different concentrations of CBP,
as illustrated in Figure 3-13. The addition of CBP reduces concentration quenching.

To eliminate energy transfer altogether, additional devices were fabricated with non-

functioning antennas comprised of HyTFPP codeposited with 3.5% of CuPec.

EQE measurements were made at a reverse bias of 3.5 V. The measured absorption
and PL efficiency of the HyTFPP antenna is used to determine ngpergyrransfer from

the increase in external quantum efficiency, Anggr as given by

NEnergyTransfer —

Ansgn. (3.7)
NABSTPL
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Figure 3-13: Experimental measurement of energy transfer efficiency using superlat-
tice photodetectors. (a) Measurement of external quantum efficiency (EQE) of devices
with different antenna compositions: 3.5% CuPc in HyTFPP, PL = 0% (solid); 100%
HoTFPP, PL = 2.4£0.2% (long dashed); 90:10 HyTFPP:CBP PL = 2.54+0.3% (short
dashed); 70:30 HoTFPP:CBP PL = 3.44£0.3% (dotted). (b) Absorption spectra of
different antenna layers on glass. Inset: Calculation of energy transfer efficiency
normalized by the 7py, of the various antennas yields ngnergyrransfer = 51£10%.

Using the quenched antenna as the baseline, and noting that the absorption of
HoFTPP is naps = 75% for A = 450 nm, we obtain ngnergyrransfer = 51£10%, as
illustrated in the inset of Figure 3-13. Note that the overall change in quantum

efficiency remains small in this device due to the weak npy of HyTFPP.

The peak efficiency of SPP-mediated energy transfer in previous studies [107]
was approximately gnergyTransfer = 5% [125], too small for most applications. The
nearly order of magnitude improvement in this work is due to reductions in the
thickness of the interfacial silver layer and increasing the SPP absorption in the
organic semiconductors. The organic semiconductors must compete with SPP loss in

the silver layer. It may be possible to increase the quantum efficiency of an antenna
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further by optimizing the orientation and position of luminescent antenna excitons

with respect to the thin Ag cathode.

3.5 Devices with resonant cavity antennas

Despite measuring an energy transfer efficiency as high as 514+10%, the absolute in-
creases in device performance demonstrated in the previous section were small due to
weak antenna absorption or weak antenna PL efficiency. The ideal antenna material
would possess both strong light absorption and high PL efficiency. Unfortunately,
materials with both of these characteristics are difficult to find. Therefore, to exploit
less absorptive materials with high 7np;, we modify the device architecture, enclos-
ing the antenna within a resonant cavity. The resonant antenna cavity boosts the
absorption in the antenna without significantly impacting the antenna material’s PL
efficiency. The absorption in the antenna layer is increased dramatically by tuning
the cavity to the absorption peak of the antenna material. Off resonance the antenna
acts as a mirror, but near the resonant wavelength, the antenna absorption is signif-
icantly enhanced, and energy is fed back into the PV cell via SPP-mediated energy

transfer.

With the introduction of a resonant cavity antenna, we change the direction of
illumination from the cathode to the anode side of the device. In the earlier devices
light passed through the antenna before passing through to the active PV layers.
If the antenna absorbed all of the light, a true decoupling between light absorption
and exciton diffusion would be achieved in these devices. However, upon further
consideration, it is likely more appropriate to illuminate the devices from the anode
allowing the incident radiation to pass through the active PV layers before reaching
the antenna. In this configuration, the light that would have been absorbed directly

by the PV is still absorbed directly. The antenna enhances absorption in those regions
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of the solar spectrum where the organic PV materials absorb weakly.

In the next sections we demonstrate PV devices with resonant cavity antennas.
We first demonstrate devices using the same antenna material as above, Algs. Then,
we demonstrate devices with tetraphenylnapthacene (rubrene) serving as the light
absorbing material. Rubrene’s absorption is an ideal match for the primary absorption
gap found in conventional organic solar cells based on donor material CuPc and

acceptor material Cgp.

3.5.1 Devices with Alq; resonant cavity antennas

Next, we build devices with Alqs resonant cavity antennas. We model the energy
transfer efficiency in these devices to determine the optimal antenna thickness. We

then fabricate and characterize devices with Alqgs resonant cavity antennas.

Modeling Results. We model devices with the following structure: glass/ITO
(1600 A)/CuPc (200 A)/C60 (200 A)/BCP (85 A)/Ag (200 A)/Alqgs (z A)/Ag (600
A), as illustrated in Figure 3-14a. To find the optimal antenna thickness, we model
absorption in the multilayer stack using a transfer matrix formulation [70]. We find
that a 700 Athick Algs; film tunes the cavity close to the A = 400 nm absorption
peak of Alqs resulting in the greatest absorption enhancement. The absorption in

the tuned Alqz resonant cavity antenna is illustrated in Figure 3-14b.

The spectral dependence of energy transfer in devices with an Alqs resonant cav-
ity antenna is shown in Figures 3-15a and 3-15b for dipoles oriented perpendicular
and parallel to the interfaces, respectively. As in the previous modeling results, the
energy transfer rate is plotted against the component of the wavevector parallel to
each interface normalized by the wavevector magnitude in the antenna, u. Again,
normalized wavevectors with u < 1 correspond to radiative modes while those with u

> 1 correspond to non-radiative energy transfer. We locate the dipole in the middle
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Figure 3-14: Device structure and absorption for photovoltaics with an Alqs resonant
cavity antenna. (a) Device structure with a resonant antenna cavity. Light is incident
from the substrate side of this device. Incident light first passes through the organic
photovoltaic device. A portion of the light that is not absorbed by the organic PV
directly is absorbed in the antenna. (b) Absorption in all device layers with illumina-
tion from glass side and an Alqs-based antenna thickness of 700 A. The tuned cavity
results in significantly increased absorption in the antenna layer.
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Figure 3-15: The spectral dependence of energy transfer with a resonant cavity an-
tenna is shown in (a) and (b) for dipoles oriented perpendicular and parallel to the
interfaces, respectively. Coupling is greatest for perpendicularly oriented dipoles into
modes with u > 1, corresponding to surface plasmon polaritons (SPPs). Coupling to
dielectric waveguide modes with u < 1 is also strong for dipoles oriented parallel to
the Ag-antenna interface.

of the antenna layer for these calculations.

In resonant cavity devices utilizing Alqs as the antenna material, we find that
energy transfer occurs predominantly via non-radiative coupling, mediated by SPP
modes with u > 1 localized at the silver cathode. For parallel dipoles, energy transfer
via waveguide modes with u < 1 is also observed. Loss in the silver layers is significant
but is minimized by reducing the thickness of the silver cathode. Coupling is strongest

to the CuPc semiconductor layer.

Total energy transfer as a function of dipole location is shown in Figure 3-16.
Including PL efficiency losses, the average efficiency of energy transfer to the PV
layers is 40% over the thickness of the antenna layer for an isotropic distribution of
dipoles. The free space PL efficiency of excitons in the antenna was assumed to be 70%
at A = 615 nm. This assumption is consistent with our selection of antenna materials
described below. The peak energy transfer efficiency near the silver cathode is found

to be 53%. The average energy transfer efficiency is reduced slightly by the addition
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Figure 3-16: Dipole location dependence of energy transfer to photovoltaic device
layers. The coupling fraction to organic layers throughout the device is illustrated
as a function of the dipole distance from Alqs-Ag interface. Over the thickness of
the antenna, the mean exciton coupling fraction to the organic layers is 40% for an
isotropic distribution of dipoles.

of the silver layer forming the top of the resonant antenna cavity. While the average
energy transfer efficiency in these devices is lower than the devices demonstrated
above without resonant antenna cavities, the overall impact to device performance is
expected to be higher due to the significant increase in absorption in the antenna due

to the formation of the cavity.

Experimental Results. Next, we again fabricate devices with resonant cavity an-
tennas. As before, we fabricate identical charge generation structures with antennas of
varying PL efficiency to isolate photocurrent contributed by absorption in the antenna
layer. Fabricated devices with resonant antenna cavities have the following structure:
glass/ITO (1600 A)/CuPc (200 A)/C60 (30 A)/BCP (85 A)/Ag (200 A)/antenna

(700 A)/Ag (600 A). As before, the Algs-based antennas consist of isotropic mixtures
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of Alqz and either 1% of the quenching material CuPc or 1% of the laser dye DCM.
To highlight the Alqs-based antenna effect the Cg layer in each device was reduced to
a thickness of 30 A. This modification allowed us to fully characterize the operation

of the antenna. The devices are illuminated from the glass side.

The external quantum efficiencies of devices with an Alqs resonant cavity antenna
as a function of wavelength are shown in Figure 3-17 and compared to the reflectivity
of the antenna cavity. Off-resonance, the devices with the antenna cavity performed
slightly better than devices with no cavity. We found that these differences where
due to higher reflectivity with a resonant cavity relative to the silver contact used
otherwise. However, this difference is artificial as fabricating a thicker silver cathode
on devices without antennas increases the performance slightly. To remove differences
due to the lower cathode reflectivity in the absence of an antenna, in Figure 3-17 we
scaled the performance of the antenna-less devices up by 16% across the spectrum to

match the cavity reflectivity at A > 550nm.

In the region 375 nm < A < 475 nm, where the cavity is tuned to Alqs absorption,
the devices with functioning antennas exhibit increased quantum efficiency of up to
200% compared to those with non-functioning antennas. The peak increase in external
quantum efficiency is approximately 80% for devices with external light absorbing
antennas compared to those without. The energy transfer efficiency is estimated by
summing the photocurrent for the devices with non-functioning antennas and the
antenna absorption multiplied by a scalar representing the energy transfer efficiency.
The efficiency of energy transfer from the resonant cavity in these devices is found
to be 46%. This is slightly higher than the predicted energy transfer efficiency of
40% in these devices. The difference between the modeled and measured efficiencies
of energy transfer are likely a result of the slightly rough nature of silver contacts

fabricated on top of other organic semiconductor layers.
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Figure 3-17: External quantum efficiency (EQE) for devices with an Alqs resonant
cavity antenna. Devices with a functional Algs-based resonant antenna cavity exhibit
an increase in EQE over the wavelength range where Algs absorption occurs and
cavity reflectivity decreases. Functional antennas employ the laser dye DCM whereas
nonfunctional antennas employ the quencher CuPc. The functional antenna shows a
significant performance enhancement versus both the quenched antenna and devices
fabricated without any antenna. The model discussed in the text indicates an energy
transfer efficiency of approximately 46%.
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3.5.2 Devices with rubrene resonant cavity antennas

Small-molecule organic PVs based on copper phthalocyanine and fullerene are char-
acterized by an absorption gap between the phthalocyanine Q and Soret bands, 475
nm < A < 575 nm. Alqgs, with an absorption peak near 400 nm is not an ideal
antenna material to fill this gap. Therefore, next we seek to select a new antenna
material that will boost the performance of a phthalocyanine-based PV by exploiting
efficient SPP-mediated energy transfer. Tetraphenylnapthacene (rubrene), a com-
mon organic light emitting device material, has an absorption coefficient of ~10*

Lat A = 550 nm. Using rubrene as a Forster energy transfer donor for the laser

cm™
dye 4-(dicyanomethylene)-2-t-butyl-6-(1,1,7,7-tetramethyljulolidyl-9-enyl)-4H-pyran-
(DCJTB), yields np;, = 90+10%. This material combination is particularly well-

suited to enhance the performance of a CuPc/Cgo-based solar cell.

Modeling Results. As before, we calculate the expected optical absorption in
each layer using a transfer matrix method to tune the rubrene resonant cavity antenna
structure. A 1250 Athick film of 30% rubrene and 2% DCJTB in transparent carbazole
biphenyl (CBP) tunes the cavity close to the A = 500 nm absorption peak of rubrene.
Figure 3-18illustrates the absorption throughout the PV device with a tuned rubrene
resonant antenna cavity. The tuned cavity results in significantly increased absorption
in the antenna layer. Unfortunately, the resonant antenna cavity impacts the electric
field throughout the device. Therefore, while absorption is increased in the antenna
layer, the direct absorption in the active semiconducting layers in the PV decreases
slightly. In order to improve overall device performance, the absorption and energy
transfer in the antenna will have to overcome these losses relative to devices with no
antenna.

While rubrene’s absorption peaks ultimately determine the strength of absorp-

tion in the resonant cavity antenna with different antenna thicknesses, modifying the
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Figure 3-18: Device structure and absorption for photovoltaics with a rubrene reso-
nant cavity antenna. (a) Device structure with a rubrene resonant antenna cavity.
(b) Calculated absorption within devices with a rubrene resonant cavity antenna
with illumination from the glass side. The tuned cavity yields significantly increased
absorption in the antenna layer.

antenna thickness does yield some flexibility in tuning the antenna’s absorption to
a specific absorption gap in the underlying solar cell. The flexibility in tuning the
antenna should make this technique applicable to a wide range of solar cell material

combinations.

We again model energy transfer within a multilayer organic PV stack. We assume
npr = 90% at A = 650 nm. The wavevector dependence of energy transfer from the
antenna to the PV is shown in Figure 3-19a. The energy transfer is plotted against the
component of the wavevector parallel to each interface normalized by the wavevector
magnitude in the antenna, u. Normalized wavevectors with u < 1 correspond to
radiative modes while those with w > 1 correspond to non-radiative energy transfer.
Once again, for these calculations, the dipole is located in the middle of the antenna
layer. Also as before, we find energy transfer occurs predominantly via non-radiative

coupling, mediated by SPP modes with u > 1.
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Figure 3-19: Energy transfer in organic photovoltaics with a rubrene resonant antenna
cavity. (a) The normalized in-plane wavevector (u) dependence of energy transfer
throughout the resonant cavity devices is shown for dipoles oriented perpendicular to
the antenna/cathode interface. The parallel geometry is similar. Coupling is great-
est for dipoles into modes with u > 1, corresponding to surface plasmon polaritons
(SPPs). (b) The modeled dipole coupling fraction to each layer in the photovoltaic
stack as a function of the dipole distance from the antenna/cathode interface. Cou-
pling to the CuPc and Cg, layers results in photocurrent.

Finally, we model the dipole coupling efficiency to each layer in the PV stack as
a function of the dipole distance from the antenna/cathode interface, as illustrated
in Figure 3-19b. Near the cathode, ngr = 54%. However, the efficiency decreases

beyond ~85 nm. Averaged over the entire antenna thickness, npr = 31%.

Experimental Results. We fabricate devices with rubrene-based resonant cavity
antennas tuned specifically to the absorption gap in conventional Cgg/CuPc PV cells.
We compare rubrene/DCJTB antenna devices to control devices without an antenna
and to devices with quenched antennas. The quenched antennas were fabricated with
2% of the quenching material CuPc instead of DCJTB in the host rubrene. The
external quantum efficiencies of these devices as a function of wavelength are shown
in Figure 3-20 and compared to the reflectivity of the antenna cavity. Devices with

functional external rubrene-based antenna layers exhibit an increase in EQE over
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Figure 3-20: External quantum efficiency (EQE) for devices with a rubrene resonant
antenna cavity. Devices with a functional external rubrene-based antenna exhibit
an increase in EQE over the wavelength range where rubrene absorption occurs and
the cavity reflectivity decreases. Functional antennas employ the laser dye DCJTB
whereas nonfunctional antennas employ the quencher CuPc. The functional antenna
shows a significant performance enhancement versus both the quenched antenna and
devices fabricated without any antenna. Comparison with modeling indicates that
the energy transfer efficiency is approximately 25%. We also show the expected EQE
for energy transfer efficiencies of 0%, 50%, and 75%.

the wavelength range where rubrene absorption occurs and the cavity reflectivity
decreases. The antennas fill in the absorption gap in the underlying solar cells. The
functional antenna devices show a significant performance enhancement relative to

both the quenched antenna and devices fabricated without any antenna.

The absorption of the antenna (from Figure 3-18) and the internal quantum ef-
ficiency at the PL maximum of DCJTB, n;gr = 30£10% at A = 640 nm, is used
to determine Ngpergyrransfer i these devices. We find the energy transfer efficiency
from the antenna is 25+10%, consistent with the calculated result of ngr = 31% in
Figure 3-19b. Figure 3-20 also shows the expected EQE for energy transfer efficiencies
of 0%, 50%, and 75%. As illustrated in the figure, with improved energy transfer, the

quantum efficiency in the spectral gap between the semiconductors’ absorption peaks
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could be significantly improved. The absorption modeling also demonstrates that the
improved quantum efficiency outside the region where the resonant cavity absorbs is

due to reflectivity changes that modify the electric field profile within the device.

3.6 Outlook for this device architecture

On the basis of the results described in this chapter, we anticipate that the addition
of external antennas onto thin film organic photovoltaics provides a flexible route
towards achieving high efficiency devices. Fabricated devices exhibit energy coupling
of 30-50%, demonstrating that plasmon mediated coupling is a viable method of
transferring energy from the external antenna into the charge generating layers. While
the introduction of the antenna necessarily adds a step into the energy transduction
process, the anntenna decouples photon absorption and exciton dissociation; these
two processes can be optimized indepedently, increasing device design flexibility.

The device architecture discussed in this chapter has two primary advantages:

1. The PV charge generating layers are freed from optical absorption constraints.
This offers the opportunity to design PVs on the basis of high internal quan-
tum efficiency, low series resistance, and high stability, negating the necessity
for disordered bulk heterojunctions and thick resistive layers to achieve high
external quantum efficiencies. Also, with a more sophisticated antenna design,
the PVs could be optimized for a single wavelength: the antenna energy transfer

wavelength.

2. Since the optically absorbent material in the antenna does not need to conduct
excitons or charges, new materials are possible for light absorption in organic
PVs, including J-aggregates and quantum dots. Antenna materials should be
selected for high optical absorption and photoluminescence efficiency. Reso-

nant cavity antennas are one route to achieving high absorption in the antenna,
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Figure 3-21: Idealized antenna design. The ideal antenna would likely employ multiple
absorbing materials to achieve maximum absorption across the visible spectrum. The
materials could also be selected to exothermically transfer absorbed energy towards
an “emission zone” close to the silver cathode. SPP mediated energy transfer to the
active organic PV layers is most efficient near the silver cathode. Molecular alignment
could also be used to maximize the efficiency of energy transfer from the antenna.
indicating that antenna structural design could yield further efficiency improve-
ments. Antennas could include multiple materials or material orientations such

as that illustrated in Figure 3-21 to maximize antenna absorption or to focus

antenna emission near the metal film where it is most efficient.

Antennas can be successfully employed with organic solar cells in spectral regions
where the absorption fraction of the PV cell drops below ngnergyrransfer- We expect
this method to be most effective for organic PVs that exhibit weak absorption in some
spectral regions. We have demonstrated an efficiency improvement for CuPc/Cgg
devices which exhibit weak absorption over the wavelength range 475 nm < A\ < 575
nm. However, this technique for improving the efficiency of organic solar cells is also
applicable to other organic solar cell material pairs as the resonant antenna cavity

can be tuned across the solar spectrum. Further improving the efficiency of energy
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transfer through judicious selection of cathode structures or antenna materials could
further expand the effectiveness of this device architecture.

Finally, the external light absorbing antenna concept discussed in this chapter can
also be used with inorganic solar cells. External organic semiconductor light absorbing
antennas can be used to concentrate light on an inorganic solar cell without the need
for expensive optics or mechanical tracking. We demonstrate the use of this concept

in devices known as luminescent solar concentrators (LSCs) in Appendix A.
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Chapter 4

Organic Solar Cells with Interfacial

Layers

This chapter discusses the design of organic photovoltaics (PVs) with a thin interfacial
layer sandwiched between the donor and acceptor layers, as illustrated in Figure 4-1.

First, the device architecture is introduced. Recombination of charges immediately
following dissociation from excitons represents a major loss mechanism in organic
photovoltaics. The thin interfacial layer in this architecture creates a cascade energy
structure at the exciton dissociation interface that reduces this recombination. To
place this device architecture in context, the physics of exciton dissociation and charge

transfer state recombination are discussed.

Next, we demonstrate devices exhibiting increased efficiency due to the addition
of an interfacial layer. We study how the energy level alignment of the interfacial
layer impacts recombination and develop criteria for optimal interface material design
and selection. We quantify the optimal thickness of the added interfacial layer by
fabricating devices with a range of different interfacial layer thicknesses. Devices
with too thin an interfacial layer exhibit limited improvements in charge collection

due to partial layer coverage. Devices with an interfacial layer that is too thick suffer
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Interfacial Layer

Figure 4-1: Energy level schematic of an organic photovoltaic with an interfacial layer.
The interfacial layer creates a cascade energy structure at the interface between the
two organic semiconductor layers. This energy cascade reduces recombination losses
leading to higher efficiency. Photosynthesis uses a similar multistep electron cascade
dissociation architecture.

from carrier transport problems in the interfacial layer. Determining the optimal
interfacial layer thickness gives greater insight into the physical mechanism of charge
carrier recombination at the exciton dissociation interface in organic PVs.

Finally, the potential implications of these results and the future outlook of this

device architecture are discussed.

4.1 Device architecture

As discussed in Chapter 2, recombination of separated charges at the exciton disso-
ciation interface in organic PVs represents a major loss mechanism. Reducing these
losses promises increases in both open-circuit voltage (Vo¢) and short-circuit current
(Jsc) leading to higher power conversion efficiencies. In photosynthesis, exciton dis-
sociation is accomplished by an electron transfer cascade utilizing several molecules,

as discussed in Chapter 1 and illustrated in Figure 1-7. The electron transfer cascade
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quickly separates the charges yielding highly efficient exciton dissociation.

Taking the example of photosynthesis, we insert a thin interfacial layer between
the donor and acceptor layers to destabilize the charge transfer state populated imme-
diately after exciton dissociation. As illustrated in Figure 4-1, the interfacial layer in
this device architecture is selected such that the material’s lowest unoccupied molec-
ular orbital (LUMO) and highest occupied molecular orbital (HOMO) energy levels
are between the corresponding LUMO and HOMO energy levels of the donor and
acceptor materials respectively. The thin interfacial layer creates a cascade energy

structure at the exciton dissociation interface.

In this architecture, the energy transduction process begins with the generation
of excitons by light absorption in either the donor or acceptor material. The excitons
then diffuse to the interface between the donor and acceptor layers as in conventional
organic solar cells and dissociate rapidly and populate a charge transfer (CT) state
across the interface. In contrast to conventional organic photovoltaic devices, the
charges in the CT state are rapidly separated by the energy cascade structure. Once
the CT state is spatially separated, the ability for the separated charges to recombine
is significantly reduced. The physics of the exciton dissociation process is discussed
in more detail in the next section. Finally, the separated charges are collected at the

electrodes.

In addition to reducing the recombination of photogenerated charges, the interfa-
cial layer also reduces the recombination of injected charges, leading to a reduction
in dark current. The interfacial layer creates an energy barrier in the middle of the
device and injected electrons are unable to recombine with injected holes at the donor-
acceptor interface. A reduction in dark current is expected to yield an increase in

open-circuit voltage.

Previously, additional layers have been introduced between the anode and the

donor material in organic PVs in order to reduce dark current and increase the open-
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circuit voltage. The added layer at the anode in these devices has been referred to
in the literature as either a “buffer” or “electron blocking” layer. Kinoshita et al.
inserted a layer of molybdenum trioxide (MoOj3) adjacent to the indium-tin-oxide
(ITO) anode in solar cells based on tetraphenylporphine and Cgo [126]. The addition
of the MoOj3 layer increased the open-circuit voltage from 0.57 V to 0.97 V and
the power conversion efficiency increased from 1.25% to 1.88%. However, the short-
circuit current density and fill factor were unchanged in these devices. The MoOj3
layer was found to have changed the effective work function at the contact. The
enhanced performance was explained by the suppression of Fermi level pinning at
the anode. Similarly, Li et al. demonstrated enhanced efficiency for SnPc/Cgy solar
cells with an electron blocking layer at the anode consisting of either MoO3 or boron
subphthalocyanine chloride (SubPc) [127]. The addition of an electron blocking layer
in these devices was found to increase the open-circuit voltage from 0.16 V to as high
as 0.42 V with a 30 nm layer. However, most of the open-circuit voltage increase
was achieved with electron blocking layers as thin as 2 nm. Devices with an electron
blocking layer also exhibited increases in fill factor and short-circuit current. The
increased short-circuit current was due to absorption in the electron blocking layer.
The devices were thin enough that excitons generated in the electron blocking layer
could still reach the donor-acceptor interface and dissociate. The efficiency of fully
dissociating photogenerated excitons was not shown to have been improved in either

of these earlier efforts.

The addition of an interfacial layer at the donor-acceptor interface has also been
demonstrated previously. However, earlier studies have not demonstrated improve-
ments in the efficiency of exciton dissociation and charge transfer state separation.
Several studies have demonstrated increases in short-circuit current with no change

in open-circuit voltage.

Hiramoto et al. demonstrated three layer organic PV devices based on metal-
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free phthalocyanine and two different n-type perylene layers [128]. While the devices
have a similar energy cascade structure as the device architecture introduced earlier
in this chapter, the interfacial layer was 10-20 nm. As will be discussed later in
this chapter, this is likely too thick to enhance the separation of charge transfer
states. The device enhancement observed was due to the addition of a second exciton
dissociation interface in the device. The efficiency of forming excitons in the middle
layer was enhanced since excitons were always formed close to one of the dissociation
interfaces. They reported no enhancement for interfacial layer thicknesses less than
10 nm. The introduction of an interfacial layer in these devices did not increase the

open-circuit voltage.

Triyana et al. inserted a PTCDI layer in an organic solar cell consisting of CuPc
and PTCBI [129]. However, the thickness of the interfacial layer, 18 nm, was too thick
to enhance charge transfer state separation. Devices with a PTCDI interfacial layer
exhibited increased current due to absorption in the PTCDI layer. The efficiency of
dissociation was not enhanced for excitons originating in the donor or acceptor layers.
The open-circuit voltage was unchanged with the addition of the interfacial layer in

these devices.

Zhang et al. demonstrated devices with three active semiconducting layers [130].
They fabricated devices consisting of m-MTDATA, CuPc, and Cgy. The thickness of
the CuPc layer was varied from 20 nm to 90 nm. These devices exhibited increased
short-circuit current compared to devices fabricated with m-MTDATA and CuPc or
CuPc and Cgp. As in the studies discussed above, the increase in performance was
due to increased absorption and the introduction of two different exciton dissociation
interfaces. CuPc was demonstrated to be capable of bipolar carrier transport. The

open-circuit voltage did not increase in the three layer devices.

Similarly, Dai et al. fabricated three layer devices utilizing zinc phthalocyanine

(ZnPc), lead phthalocyanine (PbPc), and Cgp [131]. The interfacial layer was 20 nm
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thick in these devices. PbPc extended the absorption into the near-infrared in these

devices resulting in a higher short-circuit current. However, no change in Voo was

exhibited.

Yang et al. demonstrated devices utilizing two donor materials, CuPc and SnPc,
in parallel with acceptor Cgg [132]. SnPc was introduced to broaden the spectral sen-
sitivity of the devices into the infrared. The morphology of the devices was controlled
with organic vapor phase deposition to ensure that simultaneous contact between
CuPc and Cgy and between SnPc and Cgg was maintained. In these devices excitons
generated in CuPc were dissociated at the CuPc/Cgg interface while excitons gen-
erated in SnPc were dissociated at the SnPc/Cgo interface. The potential cascade
energy structure (CuPc/SnPc/Cgo) was not utilized to enhance exciton dissociation.
Devices exhibited increase short-circuit current consistent with higher absorption.

The open-circuit voltage was unchanged.

In general, the interfacial layers in the efforts discussed above have been too thick
to enhance the efficiency of charge transfer state separation. When an enhancement
in short-circuit current has been observed, the increase was due to absorption in the

interfacial layer.

Open-circuit voltage increases have also been demonstrated with the addition of
an interfacial layer between the donor and acceptor semiconductors. However, in
these studies the short-circuit current did not change or decreased with the addition

of an interfacial layer.

Sista et al. demonstrated devices with CuPc sandwiched between tetraceno|2,3-
bjthiophene (TT) and Cgy [133]. The interfacial layer thickness was varied from 2 nm
to 13 nm. The open-circuit voltage increased from 0.31 V to 0.56 V with an 8 nm
CuPc interfacial layer. However, the short-circuit current decreased slightly in these
devices. The decrease in short-circuit current density indicates that the efficiency of

exciton dissociation and charge transfer state separation was likely decreased in these

100



devices. Primarily due to the increase in open-circuit voltage and a slight increase in
fill factor, the power conversion efficiency increased from 0.78% to 1.54% with a 13 nm
interfacial layer. The short-circuit current increased slightly with increasing interfacial
layer thickness due to absorption in the interfacial layer. However, the short-circuit

current never reached the same magnitude as in devices with no interfacial layer.

Kinoshita et al. fabricated similar devices utilizing CuPc as the interfacial layer
between donor material pentacene and acceptor material Cgo [134]. The thickness
of the interfacial layer was varied between 0 nm and 10 nm. The interfacial layer
increased the open-circuit voltage from 0.38 V to 0.47 V. This change was attributed
to the larger HOMO level of CuPc (5.1 eV) compared to pentacene (5.0 eV). The
short-circuit current was found to remain constant for thin interfacial layers with
thickness less than approximately 2 nm. However, the short-circuit current decreased
as the interfacial layer thickness was increased beyond 2 nm. Measurements of ex-
ternal quantum efficiency indicated that devices exhibited increased performance in
regions where the interfacial layer absorbs light and slightly decreased performance
elsewhere. These changes offset each other with thin interfacial layers, explaining
the steady short-circuit current with thin interfacial layers. As the interfacial layer
thickness increased, the performance decrease attributed to donor and acceptor ab-
sorption grew larger than the increased absorption in the interfacial layer, resulting
in a reduction in short-circuit current. The optimal thickness for the interfacial layer

was found to be approximately 2 nm.

In all of the previous studies discussed above, the addition of an interfacial layer
successfully increased open-circuit voltage or short-circuit current but not both. How-
ever, while the study discussed above by Kinoshita et al. focused primarily on CuPc
as the interfacial material, they also reported a single data point using ZnPc as the
interfacial layer. They reasoned that ZnPc was superior to CuPc as an interfacial

layer because ZnPc exhibits an increased excited state lifetime. Devices with a 2 nm
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ZnPc interfacial layer sandwiched between pentacene and Cgy exhibited increases in
both short-circuit current density and open-circuit voltage. Jsco increased from 8.02
mA /cm? to 8.75 mA/cm? while the V¢ increased from 0.38 V to 0.43 V. This is
the only report that we are aware of that achieved simultaneous increases in both
solar cell parameters. The power conversion efficiency for devices with a 2 nm ZnPc
interfacial layer increased from approximately 1.8% to 2%. Unfortunately, EQE mea-
surements for devices with a ZnPc interfacial layer were not reported. Therefore, it
is not known from where the increased current originated. The authors imply the
improvement in the short-circuit current is likely due to absorption by the interfacial
layer while the dissociation of excitons originating in pentacene is kept the same.
There is no evidence that either the efficiency of exciton dissociation or the efficiency
of separting charge transfer states was increased in these devices.

The previous efforts to add an interfacial layer in organic PVs appear to have
suffered from poor materials selection. The interfacial layer thickness in many of the
previous devices was also too thick to enhance the separation of the charge transfer
state. We seek to add a thin interfacial layer to organic solar cells to enhance the
dissociation of excitons into free charges by suppressing the recombination of charges
populating the charge transfer state at the donor-acceptor interface. The technical
feasibility of this architecture depends on the physics of exciton dissociation and
charge transfer state recombination. Therefore, we proceed with a discussion of the

physics of these processes in the next section

4.2 Physics of exciton dissociation and charge
transfer state recombination

The physics of exciton dissociation and charge transfer state recombination motivate

adding a thin interfacial layer to organic heterojunction photovoltaic devices. In this
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section, we briefly review the primary physical mechanisms for these processes.

In conventional, inorganic crystalline semiconductors, charge separation upon pho-
toexcitation is not a concern. In those materials, carrier photoproduction is a direct
process; free charge carriers are produced immediately upon light absorption. In
contrast, photoexcitation in organic semiconductors does not form free charge carri-

rs. Strong carrier localization in organic semiconductor materials prevents excited
electrons and holes from escaping from their common Coulomb potential well be-
fore thermalization. The excited carriers are trapped by localized states and form
Coulombically bound geminate pairs rather than free charges. These electron-hole
pairs, also known as excitons, are the primary product of photoexcitation in disor-
dered organic semiconductors. Once created, excitons can recombine or dissociate
into free carriers. These processes are described by the Onsager theory of geminate
recombination. Using Onsager theory [135], the probability that a thermalized charge
pair will escape geminate recombination in the presence of an external electric field,

F. is given by [68]:

oo 00 Am Bm+n

f(r,0) =exp(—A)exp(—B) Y_ > — ol )l (4.1)
m=0n=0
_
 AweeqrkT (42)
B = akr ——(1 + cosb) (4.3)

2kT

where € is the dielectric constant of the disordered organic medium, r is the initial
separation distance between the oppositely charged carriers, € is the angle between
the radius vector r and the applied field vector F', and f(r,#) is the probability that
the charge pair will dissociate as a function of the separation distance and the angle
between the external field and the radius vector connecting the electron with the

parent ion.
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Figure 4-2 illustrates the dissociation probabilities of excitons generated with vary-
ing applied electric fields. In this figure, a positive charge is fixed at the origin. At a
given field strength, the probability of dissociation is illustrated as a function of initial
electron position in both x and y. The applied field is oriented in the x direction.
As illustrated, the probability of dissociation is strongly dependent on the electric
field strength. Photogenerated excitons in disordered solids are typically confined to
a single molecule. Therefore, the initial separation is on the order of 1-2 nm. The
typical electric field strength in an organic semiconductor device can be approximated
as I = % where a typical voltage is 0.5 V and thickness is on the order of 50 nm.
Using these values, the field strength is found to be approximately 10> V/cm. Fig-
ure 4-2, illustrates that with an external field strength of F' = 10° V/cm excitons
have a very low probability of dissociation. Even with an applied field strength of
F = 10° V/cm excitons would be unlikely to dissociate efficiently. Unfortunately,
this indicates that the applied field strength alone is not strong enough to dissociate
excitons into free charges effectively in organic solar cells. Photogenerated excitons

instead will typically be lost to recombination.

As discussed in Chapter 2, the challenge of dissociating excitons in disordered
organic materials requires the use of a donor-acceptor heterojunction device architec-
ture. If photogenerated excitons reach the interface between the donor and acceptor
layers before recombining, the energy level offset between the two materials can pro-
mote dissociation via electron transfer. Immediately following electron transfer a
charge transfer (CT) state is formed that consists of the electron on an acceptor
molecule at the interface and the hole on a donor molecule at the interface. Unfor-
tunately, as discussed below, these two carriers are still partially bound in the CT

state.

Electron transfer at the donor-acceptor interface is energetically favorable if the

charge transfer state energy is lower than the energy of the exciton in both the donor
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Figure 4-2: Electric field dependence of exciton dissociation. The probability of exci-
ton dissociation is strongly dependent on the electric field strength. The probability
of exciton dissociation is plotted as a function of the initial electron position in both
x and y for field strengths F' of 10°, 3x10°, 6x10°, and 10° V/cm respectively. In
these plots, a positive charge is assumed fixed at the origin. The applied field is
oriented in the x direction. Photogenerated excitons in disordered solids are typically
confined to a single molecule. Excitons in these materials are characterized by an
initial separation on the order of 1-2 nm.
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and acceptor layers. If this condition is not met, exciton transfer from donor to the
acceptor (or vice versa) to the lowest energy state is favored. If the charge transfer
state is not the lowest energy state at the donor-acceptor interface, the device is
unlikely to operate as an efficient solar cell. Electron transfer to a charge transfer
state is the critical first step in exciton dissociation.

The process of exciton dissociation via electron transfer from an excited donor

molecule to an acceptor molecule to form a charge transfer state can be derived from

Fermi’s Golden Rule [136]:

ki = o 1 V160) () (1.4

where (1; |V'|1f) corresponds to the electronic coupling matrix element between
states 7 and f under application of a perturbation V', and p(EYy) is the density of final
states.

The electron transfer mechanism described here is driven primarily by vibrational
motions. The transition occurs so rapidly that the nuclei of the atoms involved can
be considered to be stationary during the transition. Therefore, the Franck-Condon
approximation can be used and the electron transfer equation can be factored into

an electronic and a vibrational contribution:

2
ki = = Vg (FCW D) (4.5)

where V;; = (¢;|V|1y) is the electronic coupling matrix element and FCWD
denotes the Franck-Condon-weighted density of states. Assuming that all the vibra-
tional modes are classical (hw; < kgT') as is true at high temperatures, the FCWD

obeys a standard Arrhenius type equation [136]:

1 —(AG? + \)?
FCWD =,/ 16
ArkgTA P ANk T (4.6)
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where A corresponds to the “reorganization” energy, AG? is the Gibbs free energy
or driving force for the reaction, kg is the Boltzmann constant, and 7' is the temper-
ature. Using this expression for the density of states, the electron transfer rate takes

the form of the semiclassical Marcus theory expression [137]:

L —(AG® + \)?
X
NegTHE P kg T

kip = |Vigl? (4.7)

The expression for the rate of electron transfer, Equation 4.7, indicates a number
of important features of electron transfer reactions. First, as discussed in [136], a
complete understanding of exciton dissociation requires detailed knowledge of the
driving force for dissociation (AG?), the electronic coupling between the initial and
final state, and the reorganization energy (A). Quantifying the driving force for
dissociation, while still an active area of research, is fairly well understood. Indeed,
as discussed below, several groups have now directly measured the energy of the charge
transfer state at the donor-acceptor interface in some systems. This energy can be
subtracted from the energy of the initial exciton state to approximate the energy
difference driving dissociation. Even when direct measurement of the charge transfer
state energy is not possible, the energy can be estimated as the difference between
the LUMO level of the acceptor and the HOMO level of the donor minus a term
corresponding to the Coulomb attraction between the two charges. Mathematically,

this is given as [136]:

AG = EPY + B4 —EP* — B+ B, (4.8)
AE, =Yy 1pi4 (4.9)
D 4 €TDA

where EP* and EP represent the total energies of the isolated donor in the equi-
librium geometries of the lowest excited state and of the cationic state respectively,

E4 and E4~ represent the total energies of the isolated acceptor in the equilibrium
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geometries of the ground state and of the anionic state respectively, gp and g4 cor-
respond to the atomic charges on the donor and the acceptor respectively, rp4 is the
charge transfer state separation distance, and ¢ is the static dielectric constant of

the medium.

Unfortunately, the electronic coupling between molecules in a solid state, thin
film device is difficult to measure given current experimental tools. The electronic
coupling matrix element is determined, in part, by the overlap of the initial state and
final state wavefunctions. Therefore, the electronic coupling term can be impacted
by the specific alignment of molecules at the donor-acceptor interface. In many
cases, the quantities are also impacted by conformational changes that occur when
different molecules are brought into close proximity as at the donor-acceptor interface
in organic PV. Calculations of electronic coupling between molecules typically require
quantum chemical calculations [138]. Much attention has been given to estimating the
electronic couplings associated with electron transfer reactions in organic materials
[139]. Rates of recombination and charge transfer state separation are sensitive to
the extent of the wavefunctions of the electron and hole on either side of the junction

[140].

The reorganization energy is also difficult to measure experimentally. The re-
organization energy consists of both intramolecular and intermolecular components.
The intramolecular component corresponds to changes in the geometry of individual
molecules before and after electron transfer. The intermolecular component refers
to changes in the polarization of the surrounding molecules before and after the
change in state. The intramolecular component of the reorganization energy can
be estimated using density functional theory calculations [141]. The intermolecular
component of the reorganization energy is difficult to calculate in nonpolar systems.
However, the reorganization energy is expected to be relatively consistent for all or-

ganic semiconductor materials. Therefore, it is unlikely to change dramatically with
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the introduction of an interfacial layer.

4.2.1 Electron transfer calculations

One calculation of particular relevance to small molecule organic solar cells was re-
ported by Yi et al. [141, 136]. They calculated electron transfer and charge re-
combination rates at the donor-acceptor interface in pentacene/Cgg solar cells [141].
They performed calculations for several pentacene/Cgg spatial configurations, corre-
sponding to different interface morphologies. For example, the pentacene chain can
be oriented perpendicular or parallel to the Cgy molecule. The intermolecular dis-
tance, lateral displacement along the pentacene chain, and the pentacene rotation
angle with respect to the Cgg molecule can also be varied. As discussed above, in
performing these calculations three quantities are critical: (i) the electronic coupling
between states, (ii) the reorganization energy, and (iii) the total change in energy
between the initial and final state. The results of the calculations confirmed that
the electronic coupling between states is dependent on the molecular configuration;
the morphology at the donor-acceptor interface is likely to have a significant impact
on the rates of exciton dissociation and recombination. The calculations also yielded
an exponential dependence on intermolecular distance: as the distance between the
molecules increases, the electronic coupling, corresponding to the molecules’ wave-
function overlap, decreases. The authors estimated the overall reorganization energy
to be approximately 0.5 eV and calculated the rates for electron transfer and charge
recombination. The results of these calculations are illustrated in Figure 4-3 [141]. As
illustrated, the charge recombination rates are consistently lower than charge trans-
fer rates for this material system. Also, both the charge transfer and the charge

recombination rates fall quickly as the intermolecular distance d; is increased.

Brédas and colleagues have also calculated the electron transfer and charge re-
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Figure 4-3: Charge transfer and charge recombination rates in pentacene/Cgy So-
lar cells. The rates of charge transfer from excitons to charge transfer states in
pentacene/Cgq solar cells are illustrated for parallel and perpendicular molecular con-
figurations as a function of intermolecular distance d;. (Solid and dashed lines corre-
spond to charge transfer.) Charge recombination rates from charge transfer states to
the ground state are also illustrated. (Dotted lines correspond to charge recombina-
tion.) Charge recombination rates are consistently lower than charge transfer rates
for this material system. Adapted from [141].
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combination rates at the donor-acceptor interface in a dimer of phthalocyanine (Pc)
and perylene bisimide (PTCDI) [136]. The calculations indicate that while the rate
of electron transfer is consistently higher than the rate of charge recombination, this
difference was sensitive to the dielectric constant of the medium. The ratio of the
dissociation rate constant to the recombination rate constant, kg;s/kyee, was found to
vary from 45 at € = 3 to 2.5 at ¢ = 5. Charge recombination becomes more important
as the polarity of the medium is increased. The results also indicated very different
values for the electronic coupling, V;¢, for exciton dissociation and charge recombi-
nation. Vj; was calculated to be 447 cm™! for exciton dissociation and 1600 cm™!
for charge recombination at ¢ = 3. The results confirm that the electronic coupling
terms can make important contributions to rates of exciton dissociation and charge
recombination.

However, the calculations also indicate that charge transfer states at the donor-
acceptor interface are often strongly bound due to Coulomb attraction between the
two charges [136, 141]. The binding energy for the charge transfer states is calculated
to be several tenths of an electron volt, far larger than k7. Exciton dissociation
occurs rapidly and efficiently. However, the charges then become trapped in bound
charge transfer states. The calculations indicate that organic solar cells fabricated
from pentacene/Cgy and Pc/PTCDI should not be capable of efficiently separating

photogenerated excitons.

4.2.2 Experimental studies of exciton dissociation

Exciton dissociation and the separation of charge transfer states in organic solar cells
has also been studied experimentally. Initial exciton dissociation to populate a charge
transfer state has been shown to occur rapidly, on the order of 10-50 fs, in a variety of
material systems [142, 143, 144]. However, the separation of the charge transfer state

is not well understood. Recently the Coulomb binding energies of charge transfer
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excitons were measured using time-resolved two-photon photoemission spectroscopy
[41]. Coulomb binding energies of up to 0.43 eV, far larger than k7T, were measured

for CT excitons formed on a crystalline pentacene surface.

The theoretical calculations and experimental results discussed above indicate
that the initial separation of charges after exciton dissociation would have to be very
large in organic heterojunction solar cells to overcome Coulomb binding. The theory
of exciton dissociation discussed above does not support a sufficient initial separation
of the charges. Therefore, charge transfer states formed after the initial dissociation
of an exciton are predicted to predominantly decay by non-radiative recombination
or light emission. However, efficient charge separation has been demonstrated in a
variety of electronic devices, including devices fabricated using the materials discussed

in the theoretical calculations above [145].

There have been several attempts to quantify the efficiency of charge separation.
A total efficiency of charge transfer and separation of 78% was measured in a copoly-
mer blend using time-correlated single photon counting (TCSPC) [146]. A charge
transfer state dissociation efficiency of 60% was calculated in a polymer blend solar
cell by formulating a model for device operation based on Onsager’s theory [147]. A
similar model indicated that at open-circuit voltage nearly all photogenerated charge
carriers are lost to recombination [148]. The illumination intensity dependence of the
photocurrent indicated negligible recombination in a bulk heterojunction solar cell
comprised of poly-3(hexylthiophene) (P3HT) and methanofullerene (PCBM) [149].
Finally, bulk heterojunction devices exhibiting near 100% internal quantum efficiency

were recently demonstrated [66].

Interfacial charge transfer states have also been probed directly in bulk hetero-
junction solar cells using Fourier-transform photocurrent spectroscopy (FTPS) [150].
Features in the absorption spectra of polymer-fullerene blends were identified that

were inaccessible in the spectra of both the materials individually. These below-
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gap absorption features were only found for blends and were modulated by changing
the morphology and relative material concentrations in the blend. These absorption
bands were also found in the external quantum efficiency spectrum for these devices,
indicating that directly photoexcited charge transfer states can dissociate to form
free charges, contributing to photocurrent [42]. Furthermore, the Vo for a series of
polymer-PCBM solar cells was found to scale linearly with the charge transfer state
energy. The photophysics of below-gap excitations of polymer-fullerene solar cells
were also recently described [43]. Efficient generation of free charges following below-
gap, charge transfer state excitation was demonstrated. Finally, charge transfer states
have also been studied via photoluminescence (PL) [44] and electroluminescence mea-
surements (EL) [45]. PL measurements indicated that the binding energy of charge
transfer states in MDMO-PPV/PCBM solar cells is approximately 130 meV [44]. EL
measurements were found to be a simple and efficient way to characterize the energet-
ics of the CT states in some material systems [45]. The Ve under solar illumination
was found to vary linearly with the CT state EL peak position in a number of different

polymer bulk heterojunction solar cells.

4.2.3 Proposed mechanisms for charge transfer state separa-
tion

Several mechanisms have been proposed that might explain the separation of the
bound polaron pairs at the donor-acceptor interface into free carriers that has been
observed experimentally. First, interface dipoles between the donor and acceptor lay-
ers in polymer solar cells could play a role in dissociating charge transfer states [37].
Immediately after the initial electron transfer from the exciton state, an effective en-
ergy barrier for the hole could be formed on the polymer chain nearest to the interface
due to zero-point oscillation of the hole on the donor polymer chain. When the hole

is transferred to the next polymer chain away from the donor-acceptor interface this
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barrier separates the two Coulombically bound charges, reducing the probability of
geminate recombination. Unfortunately, this explanation is dependent on a specific
molecular morphology at the donor-acceptor interface and may not be widely appli-
cable. This model has also been criticized [38] since it requires that the hole effective
mass along the polymer chain be less than one tenth the rest mass of an electron, a
condition that is unrealistic in organic semiconductor materials. The theory also fails
to explain efficient exciton dissociation in devices comprising small molecules as both

donor and acceptor materials.

Peumans and Forrest [38] propose an explanation for efficient exciton dissociation
based on the Onsager model. They suggest that the donor-acceptor interface confines
the electron and hole to the layer in which they reside. This confinement limits recom-
bination since the volume available for electron-hole recombination is reduced relative
to that described in the original Onsager theory. Furthermore, the donor-acceptor
interface orients the charge transfer state, favoring charge separation perpendicular
to the interface plane. Finally, if the materials at the interface have different carrier
mobilities, they suggest that that charge in the material with the greater mobility
will sample a far larger volume of space prior to the opposite charge reaching the
interface where it can recombine. It was suggested that these features of the donor-
acceptor interface in organic PVs explain the observations of higher efficiency exciton

dissociation and charge transfer state separation than might otherwise be expected.

It has also been proposed that impurity doping in organic solar cells focuses the
voltage drop across the devices at the donor-acceptor interface [39]. Unidentified
impurities were found to significantly increase the performance of bilayer devices. It
was proposed that dopants in each layer could yield a strong electric field at the
exciton dissociation interface. As discussed above, the dissociation probability of
excitons increases with field strength. Modifying the electric field across the exciton

separation interface via semiconductor doping could reduce recombination of charge
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transfer states.

Janssen and colleagues have pointed to the possible role of disorder [40]. They
study the evolution of the charge transfer state using transient absorption spec-
troscopy. The dynamic behavior of the charge transfer state can be studied by
monitoring changes in the absorption band of the materials in the spectral region
where the charge transfer state absorbs. They propose that molecular disorder and
defects at the donor-acceptor interface create energetic disorder among different local
sites in the bulk. The energetic disorder causes carriers to migrate away from the
interface to sites of lower local energy. The migration of carriers to sites of lower
energy, enabled by disorder, compensates for the Coulomb attraction and allows for

efficient recombination.

Finally, the separation of the charge transfer state populated immediately follow-
ing exciton dissociation could occur prior to the thermalization of the polaron pair.
The excess energy associated with the exciton state could assist in the separation
of charge transfer states [41]. Similarly, it has been suggested that changes in local
polarization of the medium prior to relaxation could promote charge transfer state
separation [151]. Similar models have been suggested to explain exciton dissociation
in conjugated polymers [152]. In polymers, it has been suggested that excess photon
energy above the exciton energy is converted into the vibrational heat bath of a poly-
mer segment. This excess vibrational energy could give the carriers sufficient energy
to dissociate fully. The field and temperature dependence of carrier photogeneration
in conjugated polymers has been demonstrated to be consistent with this model [153].
Correlation has also been observed in polythiophene/PCBM blends between the free
energy difference for exciton dissociation and the efficiency of charge separation using
transient absorption spectroscopy [154]. These results are consistent with the theory

of hot exciton dissociation.
It is not yet clear which of the mechanisms discussed above may contribute to

115



the charge transfer state separation that has been observed experimentally in or-
ganic photovoltaics. However, while some charges are separated fully in organic solar
cells, recombination of the charges populating interfacial charge transfer states re-
mains a major loss mechanism. In the device architecture demonstrated in this chap-
ter, excitons dissociate to form charge transfer states at the donor-interfacial layer
or acceptor-interfacial layer interfaces. However, when the interfacial layer is thin,
charge transfer state dissociation is promoted as the charge on the interfacial layer
is immediately adjacent to lower energy states in either the donor (hole) or acceptor
(electron) layers. The charge on the interfacial layer rapidly electron transfers to
the other semiconductor layer, populating a more spatially extended charge transfer
state across the interfacial layer. The Coulombic binding between the two charges is
reduced in this second extended charge transfer state. The reduced binding energy
between the charges is expected to suppress charge recombination. Therefore, we ex-
pect the efficiency of separating excitons originating in both the donor and acceptor
layers to increase. In the next section, we fabricate devices to test the impact of

adding an interfacial layer to organic solar cells.

4.3 Devices with interfacial layers

We add a thin interfacial layer to organic solar cells based on two different donor-
acceptor heterojunctions. First, we fabricate devices utilizing 4,4’,4”-tris-(2-methyl-
phenyl phenylamino) triphenylamine (m-MTDATA) and 3,4,9,10-perylenetetracar-
boxylic bis-benzimidazole (PTCBI) as the donor and acceptor materials, respectively.
m-MTDATA and PTCBI do not form a high performance organic solar cell. However,
the wide band gap of m-MTDATA allows us to clearly identify the impact of adding
an interfacial layer. m-MTDATA’s wide electronic bandgap ensures we achieve a

cascade energy level alignment for excitons generated in both the donor and acceptor
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layers, despite significant uncertainty in LUMO energy levels. These devices serve as
a proof of concept for the device architecture. Second, we add an interfacial layer
to organic solar cells using the donor material CuPc and the acceptor material Cgg.
CuPc and Cgg are two of the most common organic semiconductor solar cell materials.

In the experimental sections that follow all organic materials were purified by
vacuum thermal sublimation prior to use and all materials were deposited by thermal
evaporation at ~ 107% Torr. All active device areas were 0.02 cm?. Current density-
voltage (J — V') characteristics for devices with and without an interfacial layer were
measured under 1 sun AM1.5G illumination (1000 W/m? ) using a solar simulator
(Newport Oriel Model 91191). The illumination intensity at the devices was calibrated
using a broadband power meter. External quantum efficiency (EQE) measurements
were made using a xenon lamp with a monochromator, chopped at f = 90 Hz, and
measured using a lock-in amplifier. Light intensity was measured with a calibrated

silicon photodiode.

4.3.1 m-MTDATA /PTCBI devices with an interfacial layer

LUMO levels in organic semiconductors are notoriously difficult to measure with
accuracy; uncertainties in LUMO measurements are often 0.5 eV or higher [155].
Unfortunately, in state-of-the-art organic solar cells, the difference between donor and
acceptor LUMO levels is only ~ 0.5 eV. Therefore, it would be difficult in these devices
to have certainty regarding the energy cascade at the interface with an interfacial
layer. In order to prove the concept of using an interfacial layer, we first fabricate
devices employing a wide band gap donor material. The large gap between the LUMO
levels of the donor and acceptor layers allows us to choose an interfacial layer that we
know will create the desired energy cascade for all excitons, despite the uncertainties
in LUMO levels.

We fabricate devices utilizing m-MTDATA (HOMO = 5.14£0.15 eV; LUMO =
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2.0+0.5 eV) [156] and PTCBI (HOMO = 6.2+0.15 eV; LUMO = 3.6+0.5 eV) [157]
as the donor and acceptor materials, respectively. m-MTDATA’s wide bandgap pre-
vents it from absorbing solar radiation effectively. Therefore, it is not an attractive
solar cell material. However, m-MTDATA has commonly been used in organic light
emitting diodes making it a well studied material and a good candidate for the ini-
tial proof of concept devices. m-MTDATA’s wide bandgap ensures we achieve the
desired interfacial energy cascade between the donor and acceptor materials for all
photogenerated exciton even with significant uncertainty in the LUMO energy levels.
To achieve the desired energy cascade between m-MTDATA and PTCBI we desire a
material with a LUMO level between 2.0 eV and 3.6 eV and a HOMO level between
5.1 eV and 6.2 eV. The dye material tetraphenylnapthacene (rubrene) (HOMO =
5.36+0.15 e¢V; LUMO = 3.15+0.5 eV) [158], the same dye material we used in the
previous chapter, has the correct energy level alignment. The energy level diagram

for these devices is illustrated in Figure 4-4.

We fabricate devices with the following structure: glass/indium tin oxide (ITO,
160 nm)/m-MTDATA (25 nm)/rubrene (z nm)/PTCBI (25 nm)/bathocuproine (BCP,
9 nm)/Ag (60 nm). The rubrene interfacial layer thickness is varied 0.5 nm < z <
10 nm. We also fabricate devices with no interfacial layer as a control. We model
absorption in these devices using a transfer matrix formulation [70] and find the thin
interfacial layers utilized here have a negligible impact on the electric field distribu-
tion within these devices. Changes in absorption in the donor and acceptor layers are
negligible.

Current density-voltage curves for m-MTDATA /PTCBI solar cells with different
rubrene interfacial layer thicknesses are illustrated in Figure 4-5. Devices with no
interfacial layer exhibit a short-circuit current density, Js¢, of 0.19 mA /cm?, an open-
circuit voltage, Voo, of 0.51 V, and a fill factor, F'F', of 0.34. The power conversion

efficiency of the control devices is calculated to be 0.033%. When a thin interfacial
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Figure 4-4: Device structure for m-MTDATA/PTCBI solar cells with an inter-
facial layer. Rubrene is employed as the interfacial layer between wide-bandgap
donor material m-MTDATA and acceptor material PTCBI. The device structure is:
glass/indium tin oxide (ITO, 160 nm)/m-MTDATA (25 nm)/rubrene (x nm)/PTCBI
(25 nm) /bathocuproine (BCP, 9 nm)/Ag (60 nm). The rubrene interfacial layer thick-
ness is varied 0.5 nm < x < 10 nm. Energy levels are available in the literature
(156, 157, 158].
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Figure 4-5: Current density-voltage (J-V') characteristics for m-MTDATA /PTCBI
solar cells with an interfacial layer. Devices with thin interfacial layers exhibit in-
creases in both short-circuit current and open-circuit voltage. As the interfacial layer
thickness increases, the open-circuit voltage continues to increase but the short-circuit
current decreases. The shape of the curves indicate series resistance becomes signifi-
cant as the interfacial layer thickness increases.

layer of rubrene is introduced the Js¢o, Voo, and F'F' all increase. Devices with a 1.5
nm rubrene layer exhibit Jgo = 0.41 mA/cm?, Voo = 0.61, and FF = 0.45. The
photocurrent increases 126% compared to the control devices, a remarkable increase
given the relatively small change to the device structure. The power conversion
efficiency for devices with a 1.5 nm thick rubrene interfacial layer is calculated to be

0.112%, representing a 239% improvement over the control devices.

As the thickness of the interfacial layer is increased beyond 1.5 nm, the Ve
continues to increase linearly, as illustrated in Figure 4-6. However, the Js¢c and F'F
both decrease as the thickness of the rubrene interfacial layer increases beyond 1.5 nm.
As a result, the power conversion efficiency also decreases. The optimal thickness for

a rubrene interfacial layer sandwiched between m-MTDATA and PTCBI is found to
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be ~1.5 nm. This layer thickness corresponds to approximately one monolayer of the
interfacial material. Unfortunately, the interfacial layer is likely to be discontinuous
for thin layers. Therefore, we are likely not improving the performance of the device
uniformly throughout its area. We have not measured the spatial performance of the
device. However, it might be possible to achieve even higher increases in performance

with a continuous thin interfacial layer.

Next, we measure the external quantum efficiency (EQE) of m-MTDATA /PTCBI
solar cells with a thin rubrene interfacial layer. EQE measurements enable us to
identify the origin of the the short-circuit current enhancement identified in the J-V
characteristics. Figure 4-7 shows the EQE for devices with three different rubrene
thicknesses as a function of wavelength. The control device EQE is characterized by
two primary absorption peaks. PTCBI absorbs broadly in the region 450 nm < \ <
700 nm while m-MTDATA absorption is characterized by a well defined peak 325 nm
< A < 400 nm. The orthogonal absorption spectrums of these materials enables us

to straightforwardly identify the origin of the short-circuit current improvement.

As illustrated in Figure 4-7, with a 1.5 nm rubrene interfacial layer the photocur-
rent is enhanced for excitons generated in both m-MTDATA and PTCBI. However,
the rubrene interfacial layer also absorbs a portion of the incident light. Rubrene
exhibits three closely spaced absorption peaks in the region 450 nm < A < 550 nm.
These features are easily discerned in the EQE data for devices with a 10 nm in-
terfacial layer. However, rubrene does not absorb in the region 325 nm < A < 400
nm where m-MTDATA absorbs most strongly. Similarly, rubrene does not absorb at
wavelengths A > 600nm. PTCBI absorption extends into the region A > 600nm. Fig-
ure 4-7 shows an increase in EQE across the entire visible spectrum, despite rubrene
absorbing only over the region 450 nm < A < 550 nm. The quantum efficiencies
associated with only PTCBI absorption (A > 600nm) and m-MTDATA absorption

(325 nm < A < 400 nm) also increase. This indicates that the increased performance
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Figure 4-6: Performance parameters of m-MTDATA /PTCBI solar cells with an in-
terfacial layer as a function of interfacial layer thickness. The Vi increases linearly
with interfacial layer thickness. The Jg¢ is observed to more than double with thin
interfacial layers. However, Jgo decreases as the interfacial layer is further increased.
The fill factor also increases with thin interfacial layers. The fill factor decreases for
devices with a thick interfacial layer. The power conversion efficiency, np, increases for
thin interfacial layers but then decreases as the interfacial thickness increases further.
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is not simply due to light absorption in the rubrene layer. The EQE increases for

excitons originating in both the donor and acceptor layers.

However, similar to the trends observed in the J-V characteristics above, as the
thickness is increased further, the short-circuit current enhancement falls. When a
10 nm interfacial layer is introduced, the EQE associated with PTCBI returns to
the same level found for devices with no interfacial layer while the EQE for excitons
generated in m-MTDATA falls to below that for the control device. The differences
in the reduction in performance with a thick interfacial layer is likely explained by the
different charge carrier mobilities in rubrene. As the thickness of the interfacial layer
is increased, excitons separate across either the donor-interfacial layer or acceptor-
interfacial layer interfaces. With thick interfacial layers, the charge transfer state is
not impacted by the energy cascade structure. The charge on the interfacial layer does
not immediately see the lower energy state in the opposite semiconductor material
from where it originated. Therefore, the charge transfer state must separate as usual
followed by carrier diffusion through first the interfacial layer and then the opposite
semiconductor. Relatively high hole mobilities have been measured in rubrene thin
films [159]. Therefore, holes originating from excitons in the PTCBI acceptor layer can
likely reach the donor layer without significant recombination. Electrons originating
from excitons in the m-MTDATA donor layer are likely not transported through thick
rubrene interfacial layers efficiently, leading to lower performance on that side of the

device.

We isolate the contributions to EQE from each of the three light absorbing ma-
terials by scaling the absorption for each material within the devices to fit the EQE
data. Figure 4-8 illustrates the modeling results for a typical m-MTDATA/PTCBI
device. In order to fit the EQE curves we selected a single fit parameter for each
layer, corresponding to the efficiency of exciton dissociation in each layer. A unique

set of the three fit parameters (one for each layer) fit the dataa best in each case.
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Figure 4-7: External quantum efficiency (EQE) for m-MTDATA /PTCBI devices with
an interfacial layer. The control device EQE (black squares) is characterized by two
primary absorption peaks. PTCBI absorbs broadly in the region 450 nm < A <
700 nm while m-MTDATA absorption is characterized by a well defined peak 325
nm < A < 400 nm. The orthogonal absorption spectrums of these materials enables
the identification of the origin of the short-circuit current improvement. With a 1.5
nm rubrene interfacial layer (red circles) the photocurrent is enhanced for excitons
generated in both m-MTDATA and PTCBI. Rubrene absorption in the range 450 nm
< A < 550 nm is apparent in devices with a 10 nm interfacial layer (blue diamonds).
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Figure 4-8: Identification of the donor and acceptor layer contributions to external
quantum efficiecy (EQE) in m-MTDATA/PTCBI devices with an interfacial layer.
The black dots represent EQE data for m-MTDATA /PTCBI solar cells with a 25
Arubrene interfacial layer. The contributions to EQE originating from excitons in m-
MTDATA (red line), PTCBI (blue line), and rubrene (brown line) are illustrated. The
sum of the three individual contributions, representing the total EQE, is illustrated
by the green line. The model achieves a good fit to the device data. Separately, we
have performed the same analysis illustrated here for all of the devices fabricated with
a rubrene interfacial layer.

The unique fit to the measured EQE curves indicates that the model is successful at

separating the EQE contributions for excitons generated in each layer.

Figure 4-9 plots the maximum EQE contributions from the m-MTDATA donor
layer and the PTCBI acceptor layer as a function of the thickness of the interfacial
layer. The efficiency of exciton dissociation and charge transfer state separation is
greatest with an interfacial thickness of approximately 1.5 nm. Relative to the control
devices, the maximum EQE in the m-MTDATA layer increased from 2.0% to 4.3%
with a 1.5 nm thick interfacial layer. Likewise, the maximum EQE in the PTCBI layer
increased from 7.3% to 10.1% with a 1.5 nm thick interfacial layer. As the thickness

of the interfacial layer is increased beyond 1.5 nm, the maximum EQFE decreases in
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Figure 4-9: Interfacial layer thickness dependence of donor and acceptor contributions
to external quantum efficiency (EQE) in m-MTDATA /PTCBI devices. Following the
model methodology discussed in the text, the maximum EQE contributions from
the m-MTDATA donor (black triangles) and PTCBI acceptor (silver circles) layers
are plotted as a function of interfacial layer thickness. The efficiency of dissociating
excitons from both layers is enhanced with thin rubrene interfacial layer thicknesses.
The dashed lines serve as a guide to the eye.

both the donor and acceptor layers, as expected from the J-V characteristics. The
maximum EQE for excitons originating in the m-MTDATA and PTCBI layers falls

to 1.7% and 1.4% respectively with a 10 nm rubrene interfacial layer.

The results of adding an interfacial layer to m-MTDATA /PTCBI solar cells ap-
pear promising. Introducing a rubrene interfacial layer increases the power conversion
efficiency by up to 239% compared to devices without an interfacial layer. The re-
sults match the theory developed above and indicate that a cascade energy structure
at the donor-acceptor interface can facilitate separation of the charge transfer state
formed immediately following exciton dissociation. Ultimately, devices comprised of
m-MTDATA and PTCBI as the donor and acceptor materials respectively are poor

solar cells. Even with the dramatic efficiency improvement achieved here, the per-
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formance of these devices is unimpressive. The wide bandgap nature of m-MTDATA
yields poor overlap with the solar spectrum. Therefore, we next seek to apply this

concept to standard organic solar cells.

4.3.2 CuPc/Cgy devices with an interfacial layer

To demonstrate that the interfacial layer architecture can successfully be applied to
higher performance organic solars cells we next add an interfacial layer to a conven-
tional copper phthalocyanine (CuPc)-fullerene (Cg) heterojunction solar cell. Or-
ganic PVs based on CuPc and Cgg, common in the literature, are among the best
small-molecule devices demonstrated to date [64]. We fabricate devices with the
structure illustrated in Figure 4-10. The energy levels for CuPc (HOMO = 5.240.15
eV; LUMO = 3.440.5 eV) and Cgy (HOMO = 6.4+0.15 eV; LUMO = 4.0£0.5 eV)
are found in the literature [160, 161, 162]. We concentrate on two interfacial layer
materials: chloro aluminum phthalocyanine (CIAIPC; HOMO = 5.40.15 eV; LUMO
= 3.70.5 e€V) and titanium oxide phthalocyanine (TiOPC; HOMO = 5.74+0.15 eV;
LUMO = 3.940.5 eV).

The device structures fabricated are the following: indium tin oxide (ITO) (160
nm),/CuPc (20 nm)/CIAIPC or TiIOPC (x nm)/Cgp (40 nm)/BCP (9 nm)/Ag (60 nm),
where the thickness of the interfacial layer is varied 1 nm < x < 4.5 nm. Figure 4-10
illustrates the energy level alignments for these devices. As before, the interfacial
layer materials have been selected to create an energy cascade structure at the charge

separation interface for excitons originating in both the donor and acceptor layers.

The J-V characteristics for devices with a CIAIPC interfacial layer are shown in
Figure 4-11. There are two important changes as the thickness of the interfacial layer
is increased. First, as the thickness of the interfacial layer is increased, the open-circuit

voltage (Vpc) under illumination increases linearly from 0.43 V with no interfacial
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Figure 4-10: Energy level schematic for CuPc/Cgy and CuPc/PTCBI devices with
an interfacial layer. Thin interfacial layers of either CIAIPC or TiOPC are inserted
between the donor and acceptor semiconductor layers to provide a multistep electron
transfer cascade for exciton dissociation. The interfacial layer destablizes charge
transfer states at the donor-acceptor interface.

layer to 0.57 V with a 4.5 nm interfacial layer. This effect has been demonstrated
previously [127] and is believed to be due to a reduction in charge recombination
with a corresponding decrease in dark current. Second, devices with an interfacial
layer exhibit an increase in photocurrent from 4.4 mA/cm? to 5.9 mA/cm? with
the introduction of a 1.5 nm interfacial layer. The photocurrent then decreases as
the interfacial layer thickness is increased. The power conversion efficiency of the
CuPc/Cgy PVs increases from 1.10% for the control device with no interfacial layer
to 1.64% with a 1.5 nm interfacial layer, decreasing to 1.53% for a 4.5 nm interfacial

layer.

The EQE as a function of wavelength for devices with a CIAIPC interfacial layer
is shown in Figure 4-12a. CuPc and Cgy absorb light in distinct portions of the
visible spectrum; Cgg dominates the absorption of the device in the range 380 nm
< A < 550 nm while CuPc dominates the absorption in the range 550 nm < A < 700

nm. CIAIPC absorbs primarily in the range 700 nm < A < 800 nm. Therefore, as
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Figure 4-11: Current density-voltage (J-V) characteristics for CuPc/Cg devices with
CIAIPC interfacial layers. The control devices (black circles) have no interfacial layer.
The insertion of a thin 1.5 nm interfacial layer (blue squares) increases the short-
circuit current and the open-circuit voltage. As the thickness of the interfacial layer
is further increased to 3 nm (red diamonds) and 4.5 nm (green triangles) the open-
circuit voltage increases but the short-circuit current decreases.
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before, the EQE measurements can be used to understand the origin of the device
performance improvements upon insertion of the thin layer of CIAIPC. The effect
observed here is for very thin interfacial layers and any change in light absorption in

the donor and acceptor layers is negligible.

The EQE spectrum demonstrates that the improvement in Jgo observed in the
current-voltage characteristics was primarily due to increased EQE from excitons
generated in Cgy. The EQE associated with Cgy absorption (380 nm < A < 550 nm)
increases from 28% at A\ = 452 nm with no interfacial layer to 45% at A = 452 nm with
a 1.5 nm interfacial layer. As the thickness of the interfacial layer increases further,
the EQE associated with Cgy absorption decreases. The EQE associated with CuPc
absorption decreases slightly with the introduction of an interfacial layer. Finally, the
observed peak in EQE in the range 700 nm < A < 800 nm is due to direct absorption
by the CIAIPC layer [163].

The EQE versus interfacial layer thickness for devices with CIAIPC and TiOPC
interfacial layers at selected wavelengths is shown in Figure 4-12b. A = 452 nm
corresponds to Cgy absorption while A = 624 nm corresponds to CuPc absorption.
TiOPC has similar energy levels to CIAIPC and TiOPC interfacial layers yield sim-
ilar efficiency trends when added to CuPc/Cgg solar cells. The optimal interfacial
layer thickness is found to be approximately 1.5 nm for both materials. However,
the CuPc performance does not appear to be improved using these interfacial layer
materials. As described above, LUMO measurements typically have high uncertainty.
Unfortunately, this means we cannot know with certainty that the devices fabricated
here actually have the desired energy cascade for excitons originating in the CuPc
layer. This likely explains the lack of improvement in the CuPc EQE. Alternatively,
it is possible that poor electron mobility in the interfacial layer accounts for the lack
of improvement in charge generation from CuPc excitons. However, this explanation

is unlikely given no increase in performance is found even for very thin interfacial
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Figure 4-12: External quantum efficiency (EQE) of CuPc/Cg devices with an inter-
facial layer. (a) External quantum efficiency versus wavelength in devices with and
without CIAIPC interfacial layers. (b) External quantum efficiency versus interfacial
layer thickness for devices with CIAIPC and TiOPC interfacial layers at selected wave-
lengths. A = 452 nm corresponds to Cgy absorption while A = 624 nm corresponds
to CuPc absorption. The error bars are determined by comparing the efficiency of a
pool of CuPc/Cgq control devices to a CuPc/Cgy control device grown together with
each test device. The dashed lines serve as a guide to the eye.

layers.

4.3.3 CuPc/PTCBI devices with an interfacial layer

Finally, we further test the generality of the multistep interface substituting PTCBI
(HOMO = 6.2+0.15 eV; LUMO = 3.6+0.5 e¢V) for Cgo as the acceptor material.
PTCBI is another material that is often utilized in organic solar cell devices with
CuPc. We fabricate devices with the following structure: glass/ITO (160 nm)/CuPc
(20 nm)/CIAIPC (0 nm or 1.5 nm)/PTCBI (40 nm)/BCP (9 nm)/Ag (60 nm).
PTCBI has similar energy levels as Cgg. Therefore, we expect to observe a simi-
lar increase in performance with a CIAIPC interfacial layer.

Figure 4-13a illustrates the current density-voltage characteristics for devices with
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and without a CIAIPC interfacial layer. A 1.5 nm CIAIPC interfacial layer is found to
enhance both the short-circuit current and the open-circuit voltage. The interfacial
layer increases the short-circuit current density from 2.6 mA /cm? to 3.7 mA /cm? and
the open-circuit voltage increases from 0.41 V to 0.46 V.

Figure 4-13b illustrates the impact on EQE of the interfacial layer in these devices.
Unfortunately, there is no apparent benefit to the efficiency of charge generation
from CuPc or PTCBI excitons. The increased performance observed in Figure 4-
13a appears to have originated from direct absorption in the interfacial layer. This
result is striking because the HOMO levels of PTCBI and Cgg are similar. A similar
interfacial cascade energy level alignment was created with CIAIPC in devices with
Cgo. However, while the energy level alignment yielded a significant increase in the
efficiency of separating excitons originating in Cgg, there is no apparent increase in

the efficiency of separating excitons generated in PTCBI.

4.4 Discussion of results

There are several possible explanations for why the efficiency of separating the charge
transfer states formed upon exciton dissociation is not always enhanced. First, the
LUMO energy alignment in these devices could be different. If the PTCBI LUMO
is higher than that of the CIAIPC interfacial layer, electrons would preferentially
transfer to the interfacial layer. The PTCBI layer would then impose a barrier to
electron collection, and significant charge could become trapped in the CIAIPC layer.
Indeed, the LUMO values given in the literature for CIAIPC (3.7£0.5 ¢V) and PTCBI
(3.6£0.5 €V) indicate that this could be the correct explanation. However, as indi-
cated, there is typically significant uncertainty in LUMO measurements so we cannot
know with certainty that this is the correct explanation.

Another possible explanation is that a cascade interfacial energy gradient alone
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Figure 4-13: Characterization of CuPc/PTCBI devices with an interfacial layer.
(a) Current density-voltage characteristics for CuPc/PTCBI based solar cells with

and without a 1.5 nm CIAIPC interfacial layer.

(b) EQE versus wavelength for

CuPc/PTCBI devices with and without a 1.5 nm CIAIPC interfacial layer. Although
PTCBI and Cgy exhibit similar energy levels, the interfacial layer does not improve
the dissociation of excitons originating in PTCBI (indicated by the absorption shoul-
der at A ~ 500nm). The observed improvements at A ~ 700nm are due to direct

absorption by CIAIPC.
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is insufficient to guarantee a decrease in charge transfer state recombination. The
rates for electron transfer and charge transfer state recombination also depend on the
electronic coupling between states. The electronic coupling depends on the specific
wavefunction overlap and, therefore, the morphology of the interface. It is possi-
ble that the CIAIPC interfacial layer disrupts the morphology at the donor-acceptor
interface differently with Cgy and PTCBI. If CIAIPC only minimally disrupts the mor-
phology of the CuPc/PTCBI interface, the rate of charge transfer state recombination
may not decrease significantly.

Finally, as discussed earlier in this chapter, it is possible that bound charge trans-
fer states are not always formed. Instead, excitons may dissociate via a “hot” process
where the excess energy of the exciton state aids dissociation of the charges prior to
themalization and population of a charge transfer state. If a hot exciton dissocia-
tion process dominates, charge separation may already be very efficient. Therefore,

introducing an interfacial layer may not decrease recombination in some devices.

4.5 QOutlook for this device architecture

The results described in this chapter indicate that introducing thin interfacial layers
between the donor and acceptor semiconductor layers in organic solar cells can reduce
interfacial recombination and enhance device performance. Planar heterojunction
organic solar cells with thin interfacial layers exhibit enhanced short-circuit current
density, Jsc, and open-circuit voltage, Voc.

The trends in Voo indicate the interfacial layer is successful in reducing the re-
combination of injected charge. Injected charges no longer reach the donor acceptor
interface where they can readily recombine. The charges may instead collect adjacent
to the interfacial layer and contribute to the enhancement of the electric field at the

interface. This potential electric field enhancement could enhance the open-circuit
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voltage further and may also enhance exciton dissociation.

The increase in Jg¢ indicates that the interfacial layer also reduces the rate of
recombination of coulombically bound charges immediately upon exciton dissociation
at the donor-acceptor interface. Reducing the rate of recombination allows these
charges to escape more efficiently, contributing to higher current and greater power
generation. The interfacial layer reduces recombination by destabilizing the charge
transfer state. After formation of the charge transfer state, the charges undergo a
second electron transfer reaction to a more spatially separated charge transfer state
consisting of one charge on the donor layer and the other charge on the acceptor layer.
The interfacial layer spatially separates the two charges. The charges in this second,
more spatially separated, charge transfer state are less coulombically bound and are
therefore less likely to recombine. We found the optimal interfacial layer thickness to
be approximately 1.5 nm in solar cells based on m-MTDATA and PTCBI and solar

cells comprised of CuPc and Cgp.

However, while we have demonstrated improved performance in several different
devices and using several different interfacial layers, the introduction of an interfacial
layer does not always aid exciton dissociation. The interfacial layers employed above
did not improve the efficiency of dissociating CuPc excitons in CuPc/Cg solar cells.
The interfacial layer also did not improve the efficiency dissociating PTCBI excitons
in CuPc/PTCBI devices. A number of hypothesis are described above for why per-
formance enhancements were not observed. The introduction of thin interfacial layers

may prove to be an important probe of the physics of exciton separation in organic

PV cells.

While the introduction of interfacial layers successfully increased the performance
of some solar cells, unfortunately, the physics of exciton dissociation remain unclear.
It is known that organic solar cells require an interface to efficiently dissociate tightly

bound excitons [63]. But it is now evident that charge transfer states at the donor-
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acceptor interface can also be strongly bound [41]. The multi-step interface introduced
in this chapter destabilizes bound charge transfer states at the donor-acceptor inter-
face, thereby reducing a potentially important cause of recombination losses [164].
However, devices with thin interfacial layers do not always exhibit higher perfor-
mance. These results indicate that understanding energy levels alone is insufficient
to fully understand exciton dissociation in organic solar cells. It remains unclear how

widely the introduction of an interfacial layer can be deployed successfully.
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Chapter 5

Conclusions and Future Work

In this thesis we have demonstrated two new device architectures for bilayer het-
erojunction organic semiconductor photovoltaics inspired by photosynthesis. These
two device architectures are designed to overcome the two primary challenges facing

organic photovoltaics.

First, the trade-off between light absorption and exciton diffusion was overcome by
introducing an external light absorbing antenna layer. Light absorbed by the antenna
layer was transferred to the charge generating semiconductor layers via coupling into
waveguide modes and energy transfer mediated by surface plasmon polariton modes.
Plasmon mediated coupling was found to be a viable method of transferring energy
from the external antenna into the charge generating layers and fabricated devices
exhibited energy coupling as high as 51%. In addition to single layer antennas we
also demonstrated devices with resonant cavity antennas. Resonant cavity antennas
were employed to achieve high absorption in the antenna within the distance from the
silver cathode where surface plasmon polariton energy transfer is most efficient. We
demonstrated an efficiency improvement for CuPc/Cgy devices which exhibit weak
absorption in the wavelength range 475 nm < A < 575 nm. On the basis of the

results described in this thesis, we anticipate that the addition of external antennas
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onto thin film organic photovoltaics provides a flexible route towards achieving higher
efficiency devices. However, additional work is needed to achieve large increases in

performance with this device architecture.

Additional efficiency gains are likely possible with more sophisticated antenna
designs. Antenna materials should be selected for high optical absorption and pho-
toluminescence efficiency. The materials do not need to efficiently transport excitons
or charge. Therefore, materials can be used in external antenna layers that have not
previously been used successfully in organic photovoltaics. Dyes like J-aggregates or
quantum dots might be particularly attractive materials to integrate into antennas.
Antennas could also be designed to include multiple materials or material orienta-
tions to maximize antenna absorption or to focus antenna emission near the metal

film where it is most efficient.

In addition to designing more sophisticated antennas, the increase in performance
achieved with this device architecture could be enhanced by designing PVs on the
basis of high internal quantum efficiency, low series resistance, and high stability.
With a well designed antenna, the PV could be designed to absorb strongly only at a
single wavelength - the energy transfer energy. While the introduction of the antenna
necessarily adds a step to the energy transduction process, the antenna decouples
photon absorption and exciton dissociation; these two processes can be optimized

independently, increasing PV design flexibility.

Antennas can be successfully employed with organic solar cells in spectral regions
where the absorption fraction of the PV cell drops below the energy transfer efficiency.
We expect external light antennas to be most effective for organic PVs that exhibit
weak absorption in some spectral regions. However, this technique for improving the
efficiency of organic solar cells is also applicable to other organic solar cell material
pairs as the resonant antenna cavity can be tuned across the visible spectrum. Further

improving the efficiency of energy transfer through judicious selection of cathode
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structures or antenna materials could further expand the effectiveness of this device

architecture.

Second, charge transfer state recombination at the donor-acceptor interface in or-
ganic photovoltaic devices was suppressed by adding a thin interfacial layer. Planar
heterojunction organic solar cells with thin interfacial layers demonstrated simultane-
ous increases in both short-circuit current, Jgc, and open-circuit voltage, Voo. The
interfacial layer reduces recombination by destabilizing the charge transfer state pop-
ulated immediately after exciton dissociation. Charges in the charge transfer state
undergo a second electron transfer reaction to populate a more spatially separated
charge transfer state. The electron transfer cascade in these devices is similar to the
electron transfer cascade found in photosynthetic reaction centers. The interfacial
layer also reduces the dark current by suppressing recombination of injected charges.

Reduced dark current yields an increase in V.

We found the optimal interfacial layer thickness to be approximately 1.5 nm in
solar cells based on m-MTDATA and PTCBI and solar cells comprised of CuPc and
Ceo. In CuPc/Cgg devices, the addition of a 1.5 nm interfacial layer increased the Jg¢
by 34% and Vo by 33% under simulated solar illumination. The power conversion

efficiency increased 49% in these devices.

However, while we demonstrated improved performance in several different devices
using several different interfacial layers, the introduction of an interfacial layer does
not always aid exciton dissociation. We described a number of hypotheses that could
explain why performance enhancements were not observed in all devices. Further
work is needed to identify which of the suggested mechanisms are most important.
Unfortunately, conclusively confirming the specific physical mechanisms at work may
be unattainable using current measurement techniques. In particular, methods to
more accurately measure the lowest unoccupied molecular orbitals in organic semi-

conductors are needed. A more detailed understanding of the impact of morphology
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on electron transfer and charge recombination rate constants is also needed. Ul-
timately, the introduction of thin interfacial layers can be used as a probe of the
physics of exciton separation in organic PV cells. Further characterization of devices
with interfacial layers could make important contributions to our understanding of
how bilayer heterojunction organic solar cells work.

In conclusion, organic semiconductor photovoltaics are a promising route to low-
cost, scalable, emissions-free electricity generation. Organic semiconductors are plen-
tiful, inexpensive, and compatible with inexpensive large area manufacturing pro-
cesses such as roll-to-roll or web-based deposition. However, achieving higher power
conversion efficiencies is critical before OPVs can play a larger role in our future en-
ergy generation landscape. In this thesis we demonstrated two new device architec-
tures exhibiting improved performance relative to conventional organic photovoltaic
devices. These results indicate that device architecture engineering is one of the most

promising routes to higher efficiency.
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Appendix A

Luminescent Solar Concentrators

The external light absorbing antenna concept discussed in Chapter 2 can also be
used with inorganic solar cells. However, the motivation for using an external light
absorbing antenna with inorganic solar cells differs from that for using organic devices.
Unlike organic devices, inorganic semiconductor photovoltaics typically exhibit effi-
cient light absorption above the electronic bandgap of their semiconductor material.
An external antenna is not needed to fill absorption gaps. Inorganic semiconductors
also possess far lower binding energies for excitations and do not form bound excitons
that must subsequently be dissociated. However, the crystalline nature of inorganic
solar cells typically makes them expensive to manufacture over large areas. Reducing
the cost of deploying inorganic solar cells remains one the primary barriers to broader

adoption.

Photovoltaic concentrators have generated significant interest as a potential inex-
pensive alternative to conventional PV cells. In a PV concentrator, light is gathered
by a large collector and focused on a small area of high-performance semiconductor
PV such as crystalline Si or GaAs. Concentrator systems often employ large lenses or
mirrors to concentrate sunlight. However, the focal point of a fixed lens- or mirror-

based concentrator moves as the sun transits the sky [165, 166]. For a lens-based
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concentrator, this imposes a limit on the achievable increase in power generated per
unit area of PV cell [167]. To achieve larger flux gains, conventional solar concen-
trators must employ large mobile mirrors to track the sun during its transit across
the sky each day. Unfortunately, these systems are typically expensive to deploy and
maintain. Furthermore, solar cells at the focal point of conventional concentrators
must be actively cooled as all of the energy above the bandgap of the PV’s active
semiconductor material is lost to heat during conversion. Furthermore, mechanical
tracking also typically requires extra space around the perimeter to avoid shadowing

neighboring concentrators.

External organic semiconductor light absorbing antennas can be used to concen-
trate light on an inorganic solar cell without the need for expensive optics or mechan-
ical tracking. We demonstrate the use of this concept in a device architecture known
as a luminescent solar concentrator (LSC). First proposed in the 1970’s, LSCs consist
of a planar waveguide with a thin-film dye coating on the face or embedded within
the waveguide with solar cells attached to the edges [56, 57, 168, 169], as illustrated

in Figure A-1a.

A.1 Mechanism of power conversion

Light incident on an LSC is first absorbed by the dye coating. Instead of emitting
light into surface plasmon polariton modes, in these devices the dye layer re-emits
light into waveguide modes in the glass substrate. After re-emission the light is col-
lected by inorganic solar cells attached to the waveguide edges. Optical concentration
is achieved because the dye behaves as an optical heat pump; light is absorbed at
one energy and re-emitted at a lower energy [167]. The energy difference is lost to
heat, but this allows the radiance at the lower energy to be increased far beyond the

concentration limit conventionally achievable without mechanical tracking. Further-
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Figure A-1: Luminescent solar concentrator (LSC) device architecture. (a) LSCs
consist of a thin film of organic chromophores deposited on high refractive index
glass substrates. The chromophores absorb incident solar radiation and re-emit it at
a lower energy. Approximately 80% of the re-emitted photons are trapped within the
waveguide by total internal reflection for ultimate collection by a PV device mounted
on the substrate edges. Photon loss (dashed lines) occurs via non-trapped emission
or re-absorption by other chromophores. (b) Light transmitted through the first LSC
can be captured and collected by a second LSC whose chromophores absorb and emit
light at lower energies for electrical conversion at a second, lower bandgap PV device.

more, if the emission wavelength of the dye in an LSC is placed at the bandgap energy
of the PV semiconductor, active cooling of the edge mounted solar cells may not be

necessary; heat loss occurs in the waveguide instead of the solar cell.

To obtain higher efficiencies, LLSCs can be utilized in a tandem configuration where
multiple waveguides are used. In Figure A-1 we show a tandem LSC [168]. Incident
solar radiation first encounters an LSC employing a short wavelength dye. Longer
wavelengths of light are transmitted through the first LSC (Figure A-1a) and absorbed
by a longer wavelength dye in a second LSC (Figure A-1b). If the PV cells in each
LSC are matched to each emission wavelength, the power efficiency of the tandem
system can surpass the single junction limit. Alternatively, solar radiation transmitted
through the first waveguide could be gathered by a bottom PV cell or used to heat

water in a hybrid PV thermal system.
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A.2 Reducing self-absorption in LSCs

The performance of early LSCs was limited by self-absorption losses. Self-absorption
refers to the ability of a dye to absorb its own emission. Self-absorption leads to
the re-absorption and re-emission of waveguided photons many times in the LSC
waveguide. Re-absorbed photons in the waveguide may be lost to free space photon
emission outside the devices or be lost to non-radiative decay via phonons. Lower self-
absorption allows waveguided photons to travel farther before reaching a solar cell at
the edge of the glass. High self-absorption limits the ability of LSCs to economically
achieve high concentration factors.

The ability to precisely control thin film composition and intermolecular energy
transfer using low-cost manufacturing processes has advanced considerably since the
early LSC studies. We exploit these abilities to reduce self absorption in LSCs. Specif-
ically, we apply recent advances in organic optoelectronic devices to LSCs, exploiting
Forster energy transfer [120], solid state solvation [170], and phosphorescence [171].

We first demonstrate an LSC consisting of the dye molecule DCJTB in host mate-
rial Algs [172]. We fabricate the LSC using thermal evaporation on a glass substrate.
Thermal evaporation allows precise control of film composition. DCJTB belongs to
the DCM class of laser dyes, characterized by large Stokes shifts and red emission with
near unity quantum efficiency. DCJTB is characterized by low self-absorption due to
its large Stokes shift. Similar to the initial antenna layers studied in Chapter 2, to
reduce concentration quenching of photoluminescence, we dope the dye DCJTB into
the host material Algs at low concentration (2% v/v). In addition, self-absorption
is reduced further when DCJTB is doped into Alqs as Alqs provides a polar envi-
ronment that stabilizes the highly polar DCJTB excited states. This effect, know as
solid-state solvation, red-shifts the DCJTB photoluminescence [170].

We fabricate a 5.7 pm thick film of Alqs:DCJTB (2%), achieving an absorbance of

1.1 absorbance units (au) at the DCJTB absorption peak. We quantify self-absorption
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losses in LSCs using the self-absorption ratio, .S, defined as the ratio of the absorption
coefficients at the absorption and emission maxima. The self absorption ratio for the

Algs:DCJTB LSC is approximately S = 80, as illustrated in Figure A-2a.

Next, we utilize Forster energy transfer to reduce the required concentration of
the emissive dye and achieve even lower self-absorption with DCJTB. We fabricate
an LSC with a 1.6 pum film of Algs:rubrene (30%):DCJTB (1%) with an absorbance
of 1.2 au at the rubrene absorption peak. Forster energy transfer from rubrene to
DCJTB increases the self absorption ratio relative to the LSC with only Alqs and
DCJTB. Unfortuneately, rubrene is nonpolar and, together with a slight reduction
in the DCJTB concentration, the DCJTB PL blue-shifts 20nm negating some of the
potential increase in self-absorption ratio. Nonetheless, as illustrated in Figure A-2a,

we achieve a self-absorption ratio of S = 220 with rubrene.

Finally, we use phosphorescence to reduce self-absorption further. We fabricate
an LSC using the phosphorescent material platinum tetraphenyltetrabenzoporphyrin
(Pt(TPBP)). Pt(TPBP) is a phosphorescent material that emits in the infrared at
A = 770 nm with a PL efficiency of approximately 50% [171]. Compared to conven-
tional fluorescent dyes, phosphorescent materials are particularly attractive as their
emissive state is only weakly absorptive. We fabricate an LSC with a 5.8 um film of
Algs:DCJITB (2%):Pt(TPBP)(4%) with an absorbance of 2.1 au at the Pt(TPBP) ab-
sorption peak. The absorption of Pt(TPBP) is dominated by strong transitions from
the Soret band at A = 430 nm and the Q band at A =611 nm. To complete the absorp-
tion spectrum of Pt(TPBP)-based LSCs, we employ DCJTB to fill in the Pt(TPBP)
absorption spectrum and transfer energy to Pt(TPBP). The self-absorption ratio for
the Pt(TPBP)-based LSC is approximately S = 500, as illustrated in Figure A-2b.
Energy transfer and phosphorescence are illustrated schematically in Figure A-2c and

Figure A-2d, respectively.
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Figure A-2: Normalized absorption and emission spectra of LSC films. (a) The
ratio between the peak absorption coefficient and the absorption coefficient at the
emission wavelength provides a measure of the self-absorption in an LSC film. The
self-absorption ratio in a DCJTB-based LSC is S = 80 (dotted lines). A larger
self-absorption ratio of S = 220 is obtained in a rubrene-based LSC (solid lines).
The self absorption ratio increases because the amount of DCJTB is reduced by a
factor of three. DCJTB’s absorption is replaced by rubrene, which then transfers
energy to DCJTB; see (c). Inset: DCJTB chemical structure. (b) Phosphorescence
is another method to reduce self-absorption; see (d). The self absorption ratio in a
Pt(TPBP)-based LSC is S = 500. Inset: Pt(TPBP) chemical structure. Near field
dipole-dipole coupling known as Forster energy transfer can efficiently transfer energy
between host and guest molecules. The concentration of guest molecules can be less
than 1%, significantly reducing self absorption. (d) Spin orbit coupling in a phosphor
increases the PL efficiency of the triplet state and the rate of intersystem crossing
from singlet to triplet manifolds. The exchange splitting between singlet and triplet
states is typically about 0.7 eV, significantly reducing self-absorption.

146



A.2.1 Low self-absorption LSC performance

To characterize the performance of the LSCs described above, we first measure optical
quantum efficiency (OQE), the fraction of incident photons emitted from the edges of
the LSC waveguide. This metric is used to quantify the ability for LSCs to effectively
waveguide light to edge-mounted solar cells. For an organic film with refractive index
of n = 1.7, assuming isotropic emission, approximately 80% of the absorbed photons
should be re-emitted into waveguide modes in the organic film or glass substrate [167].
If self-absorption and scattering losses are negligble, these waveguided photons will
all emerge from the edges of the LSC and be incident upon solar cells. The remaining
photons are not subject to total internal reflection upon emission and are lost into
the air through the top and bottom faces of the LSC. Of course, scattering and self-
absorption losses cannot be eliminated completely and some waveguide losses will
inevitably occur.

We measure OQEs within an integrating sphere. We distinguish between edge and
facial emission by selectively blocking edge emission using black tape and permanent
black marker. The OQEs of the single waveguide LSCs at low geometric concentration
(G = 3) are compared in Figure A-3a. The geometric concentration factor, G, also
known as the geometric gain is the ratio of the area of the concentrator, A.,,., to
the area of the PV cell, Apy. Therefore, in this example, the area of the face of
the collector is three times larger than the total area of the collectors edges. Our
glass substrates measure 25 by 25 by 2mm. The OQE for the three LSCs described
above all appear uniform throughout the regions where each LSC absorbs light. The
Pt(TPBP) clearly has the advantage of absorbing light further into the infrared. At
low geometric concentration, self-absorption is negligible for all three of these LSCs.
Therefore, the ratio between OQEs are approximately equal to ratios between PL

efficiencies for these devices.

Next, we combine LSCs to form tandem configurations. The rubrene-based LSC
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Figure A-3: Optical quantum efficiency (OQE) spectra of LSC films. The OQE is
the fraction of incident photons that are emitted from the edges of the substrate. (a)
The OQE spectra of the DCJTB- (red), rubrene- (blue) and Pt(TPBP)-based (green)
single waveguide LSCs at a geometric gain of G = 3. (b) In the tandem configuration
light is incident first on the rubrene-based LSC (blue). This filters the incident light
incident on the second, mirror-backed, Pt(TPBP)-based LSC (green). The composite
OQE is shown in black.

is used on top to collect blue and green light and the Pt(TPBP)-based LSC on the
bottom to collect red light. Together, this tandem LSC combines higher efficiency
collection in the blue and green with lower efficiency performance further into the

red, as shown in Figure A-3B.

Next, we measure the external quantum efficiency (EQE) of the LSCs. EQE is the
number of harvested electrons per incident photon. In addition to waveguide losses,
EQE also includes the coupling losses at the PV interface and the quantum efficiency
of the PV. To obtain the EQE in the range G < 50, thin films were evaporated onto
a 100 mm x 100 mm x 1 mm glass substrate with n = 1.72. A 125 mm x 8 mm
strip of solar cell, manufactured by Sunpower Corporation, was attached to one entire
edge of the substrate using EpoTek 301 epoxy. The remaining edges were blackened

with black permanent marker to prevent reflections from the other edges. EQE(G)
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is measured by sweeping a monochromatic excitation perpendicular to the attached
solar cell while monitoring the photocurrent. Figure A-4a shows the dependence of
the EQE dependence with G for each of the films, taken at A\ = 534nm and A =
620 nm for the fluorescent and phosphorescent systems, respectively. The DCJTB-
based LSC shows the strongest self-absorption. The self-absorption is lower in the
rubrene-based LSC, consistent with the spectroscopic data in Figure A-2a. Finally,
the Pt(TPBP)-based LSC shows no observable self absorption loss for G < 50.

The increase in PV power that is gained per unit area of the PV cell is known as
the flux gain, F' [56, 57]. The flux gain includes the possible changes in the power
efficiency of the PV in the concentrator system, 7.,,., compared to the efficiency of
the detached PV cell. Flux gain determines the magnitude of power that is obtained
per unit area of PV cell. A large flux gain allows the area of PV to be reduced further
without reducing power harvesting capability. In Figure A-4b, the flux gain, F', for
the three films coupled to bandgap-matched solar cells are compared. LSCs with
emission from DCJTB are paired with GaInP solar cells [173]; those with emission
from Pt(TPBP) are paired with GaAs [174]. For G < 50, all three films demonstrate
increasing flux gain with G. We extend the theoretical fit of OQE versus G to project
performance at high geometric gain. The DCJTB-based LSC is predicted to peak at
F = 1242 at G = 80. The rubrene-based LSC is predicted to peak at [’ = 1742 at
G = 125. Finally, the Pt(TPBP)-based is estimated to peak at F' = 46+15 at G =
630.

Finally, the LSC power conversion efficiencies were estimated by integrating the
product of the OQE, the AM1.5G standard solar spectrum, and the external quantum
efficiency of the solar cell, weighted by the emission spectrum of each film. Again, the
DCJTB LSCs are paired with GalnP solar cells [173] while those with emission from
Pt(TPBP) are paired with GaAs [174]. The resulting power conversion efficiencies
are listed in Table A.1. At G = 3, the DCJTB-, rubrene-, and Pt(TPBP)-based LSCs
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Figure A-4: LSC efficiency and flux gain as a function of geometric gain. (a) With
increasing GG, photons must take a longer path to the edge-attached PV, increasing the
probability of re-absorption. The fit lines apply theory described in the text. (b) Flux
gain compares the electrical power output from the solar cell when attached to the
concentrator relative to direct solar illumination. The flux gain increases with G, but
reaches a maximum when the benefit of additional G is canceled by self-absorption
losses. Near field energy transfer and phosphorescence substantially improve the flux
gain relative to the DCJTB-based LSC.

exhibit power conversion efficiencies of 5.9%, 5.5%, and 4.1%, respectively. The tan-
dem structure achieves a power conversion efficiency of 6.8% at G = 3. Unfortunately,
the power conversion efficiency decreases as the gain increases due to self-absorption.
Achieving higher efficiency LSC performance at higher geometric gains remains a

critical challenge.

A.3 Outlook for this device architecture

The results described in this appendix indicate that the external light absorbing an-
tenna concept discussed in Chapter 2 can also be successfully employed with inorganic
solar cells in the luminescent solar concentrator device architecture. The flux gains
demonstrated in this appendix may enable the economical use of high performance
PV cells in low cost systems. A large flux gain is likely most advantageous in > 1

MW scale PV installations where the cost of the solar cells is paramount. Usually
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Table A.1: Calculated LSC power efficiency and flux gains. We calculate the power
conversion efficiency of the LSCs by integrating the product of the OQE, the AM1.5G
solar spectrum, and solar cell EQE curves. EQE values can be found in the literature:
the DCJTB LSCs are paired with GalnP solar cells [173] while those with emission
from Pt(TPBP) are paired with GaAs [174]. The Pt(TPBP) LSCs, with the low-
est self-absorption, maintain high power conversion efficiency and flux gain at high
geometric gain G. However, the performance at low G is reduced compared to the
DCJTB- and rubrene-based LSCs due to the lower PL efficiency of Pt(TPBP).

Terminal Emitter Power Flux gain at Projected
absorber conversion G =45 maximum
efficiency at flux gain
G =3, 45
DCJTB DCJTB 5.9%, 4.0% 9 1242 at G = 80
Rubrene DCJTB 5.5%, 4.7% 11 1742 at G = 125
Pt(TPBP) Pt(TPBP) 4.1%, 4.1% 7 46+15 at G=630
Tandem: DCJTB/ 6.8%, 6.1% N/A N/A
Rubrene/ Pt(TPBP)
Pt(TPBP)

higher power efficiencies are desired in smaller scale domestic solar applications due
to high installation costs and size constraints. Further, there remains significant op-
portunity to improve the efficiency of LSCs. The PL efficiency of the terminal dye can
be increased, an antireflection coating could be applied to the waveguides, and the
solar cells could be optimized for monochromatic excitation. Finally, the absorption

spectrum should be expanded into the near infrared.
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